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PREFACE TO THE SEVENTH EDITION

\pcordmg to a rcliafalo and conscr%ati\e estimate some half billion ttonis are published

annuallj on medical subjects in the journals of English speaking countries alone Much
of the mass of scientific WTiting turned out bj the laboratories and clinics comes within

the scope of this book, at least for rcMcw With each succeeding re\T<Hon we lx“camo

increasingly con'^cious of the hopelessness of trying to co%er«o great an evpan^eof me<lical

literature Even those whose mterests are brgelj confined to one or anotlicr siiecial fit Id

are inundated and complam that they often find it hard to keep their heads abov c the

swelling tide W^e ourselves now marvel at the intrepid not to sav reckless spmt in which

this book was conceived and its first edition written Though we arc not abject in our

apology we fully reahze and regret the insufficiency of the last revision There was a <iis

concerting gap between its text and the more recent advances m pliysiologv and nliteti

branches of scientific medicine, which made us acutely aware of the ncccs«itv of calling

upon others for help This we hav e done and our colleagues hav e responded magnificentlv

and most generously to our appeal Wc have been extremeh fortunate m gathering to

gether for this edition a galaxy of contributors, each of whom is outstanding m the field

which his contribution covers We believe tliat this, the seventh is the most eomprthtn

Bivc and authoritative edition since the inception of the book twenty five years ago \^e

wish to extend our most cordial tliaaks to our colleagues for this liappv outcome whicli

the excellence of their contributions lias brought about

The names of the contributors arc bstod alpliabetically on page ii

The section on Circulation, Chapters 14 through 28, has lieen rewntten, mainlv bv

Dr Donald E Gregg and his associates

CTiapters 1 to 13, on the Physiology of the Blood, and tlio«e numljonxl 44 to 40 and 31

to 55, all inclusive, have been rcvi'ed or rewntten bv members of the staff of the Dtpirt

mciit of Physiology, and of the Banting and Best Dvpartmint of Mtolical He«^ jrrh

Lnncrsity of Toronto Professor C II Best Im e\erei«erl generil sufiervasinn over these

clnptcrs

More specific reference to the contnbulions of the several authors will lx* found in the

Table of Contents



PREFACE TO FIRST EDITION

Phj*«io!ogj IS a science in its oim nght and the Lsboratoij worker who pursues his

rc®carchcs quite detached from medical problems need offer no apologj for Iiis academic

outlook Indeed some of the mo«!t valuable contributions to medical science Iui\t Ixvn

the outcome of lalioratorj studies who'se applications could not ha\e lK“en forewn
x^eicrthcless, w’e feci that the teacher of phi’«tjoIc^ m a medical «c?iooI ohcs it to h«
students, whose ultimate interest it mu«t be conceded ts m the dwgnosis and treatment

of disease, to emphasize those aspects of the subject wluch will throir light upon diviidcrs

of function Tlie phj-siologisl can in tins wa> plaj a part m gi\Tng the student and practi

tioner a \ antage point from w hich he maj gam a rational a lew of pathological proccss^^

We ha%e cndea\ored to write a book which mil «er\e to Imk the laboratorj and the

chnic, and which will tlicrc/orr promote cootmmt^ of phj'siological teaching tliroughout

the pre-clmical and clinical j cars of the undor-graduatc cour^ It is ako hopctl that when
the principles undcrlpng diseased states are pointed out to the medical student and he

13 shown how a knowledge of such principles awls in the interpretation of symptoms or m
directing treatment, he wall take a keener interest m phj-siological studies ^\he^ such

studies are restneted to the cbssical aspects of the subject apparcntlj nraoto fri)m

clinical application, the student is hkclj to regard th<m onlj ns a ta«k which his teachers

m their inscrutable wisdom ha^ e condemned him to perform Too often he gams the idea

from such a course, that phjsiologj is of \erj limited utilit> and comes to belieit that

ha\ing once passed mto the clinical jears, most of what he lias crammed for evamma
tion purposes maj be forgotten without detnment to his more purch medical stmlies

Unfortunatelj
, he does not alwaj's realize at this stage in his education how gnat Ins

hein the part which pfij*«iological di«co\cnc8 have plajcil in the progress of medicine

and tint the practice of todaj has evohed from the "theories of M>stcrda>

Manj phj-siological problems can be approached onl^ through animal eepenmonta
tion \d\anccs in man> fields, most notabi> in tho«e of carbolndrate mctaboli*-m mitn
tion and endocnnologj

,
bear witness to the fertilitj of tins melluxl of research On the

other hand, man> problems can be elucidated onh h\ obscri-atioiis upon ra.in and phj-si

olog3 lias gamed much from clinical research Tlie normal human subject as an eTjxn
menfa? ammaf pos, csiW unique aefnintages for mane t>T>cs of mcrstigation and m di«

ease, nature produces abnormalities of stnictun, and function wluch the j h\‘siologieal

Lahoratorj can imitate onl\ in the crudest waj Within recent jears the clinical phjsiol

cgi-t, fullj realizing the«e adenntages and the opjiortunitics affonlcd hj the ho«pitil

Wank, lias contributed aerj Lugeh to physiological knowltslge In man\ lastances

clinical rest arch lias not only reN caletl the true laturc of the undcrii ing proccs-s m dis<“isf

I Ut Ins ca«t a light mto some <lark comer of phy<ioI<^ ns will, «« \rra! examples of elm
ical uiMstigation which ha\e pointed the way to the ph\siologisl could lx cihsl In the

last rinturc
,
knowlcsbe of the processes of disease w is sought mamh m studn-s of morbid

anatomy, \ lochcmi try was m its infants and many of the proctslures now commonh
cmplorcd for the iniestintion of tlie liutnan pubjeet had not l*een (h \L'0«1 Today , the

student of scientific medicine is threcting his attention more an<l mon to the sfu h of

morl id j>hjnol4>gj m hi.'' efforts to «ohe clinical pnihh m.s Tins newer outlook Lis borne

fruit m nuiin fields It ha« had the Ix'ncfirent result of ilrawing the clime an 1 lli* jih\'‘io-

loginl and hiochomienl lalxiratones onto common ground from wluch it h.a-s often Ixen

possible to launch a joint attack uf*on discast We fi-el tliat this mfHicni trend m ll * Ml
of resoarih hliould l^e nficcted in tin teaclnng of mcdir“i! rtu lonts, and Inac tin rrforc



\m PREFACE TO FIRST EDITION

given greater prominence to cluucal aspects of the subject than is usual m phj-siological

texts

In order to understand the function of an organ it is usually essential to have a knowl

edge of its structure For this reason ne have foUoryed the plan of preceding the account

of the phj Biology of a part by a short description of its morphology and,m manj mstances

of its nerve and blood supply The arclutecturc and functions of the central nervous sys

torn are so intimately related that some space has been devoted to a description of the

TuoTc important fiber tracts and grey massoa of the cerebrum
,
cerebellum and spinal cord

Vte vnsh to thank our colleagues m physiology, biochemistry and anatomy whom we
have drawn upon on so many occasions for information and advice, without their generous

help the undertaking would have been an almost impossible one We are also deeply

grateful for the unstinted assistance winch we have received from our friends on the

clinicsl staff, several of whom have read parts of the text in jnanuscnpt or m proof We
wish especially to acknowledge our indebtedness to Professor A M Wynne, who has

written the section on the oxidizing systems of living cells to Dr J K. W Ferguson for

his collaboration in the preparation of Chapter 33, and to Professor C B Weld and Dr
E T Waters whose stimulating criticisms and sound counsel have been mvaluable

Finally , we wish to thank our eecretanes Mias hfabel Cory and Miss Dudley Martin,

who have spent so many tedious hours in preparing the manusenpt for the press, m check

mg the refercncoa and m compiling tbc index

October 15, 193$

C H B
N B T
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SECTION ONE
The Blood and Lymph

1

THE PHYSIOLOGICAL PROPERTIES, PHYSICAL
CHARACTERS AND COMPOSITION

Outline of the Functions of Blood

In animals vshose bodies are composed of many
cells (Sletazoa) the blood serves those purposes,

which for unicellular organisms (Protozoa) are

earned out bj the fluid medium, the salt or fre«h

water, which sunounds them and bathes their

surfaces For example, an organism such as the

amoeba acquires ox>gcQ by diffusion directly

from the environment into the mtenor of the cell

Similarly the carbon dioxide diffuses outwards

The procwscs of nutrition and the excretion of the

products of the cell's metabolism arc accom

plished in a manner equally simple Food is taken

m through the cell membrane either m solution

or as particulate matter, and waste products pass

mto the surrounding medium Other requirements

of this organism, such as the maintenance of an

optimum temperature and the proper degree of

moisture, are dependent on the immediate (m
tcmal) environment, the mifieu interne of Claude

Bernard

The elemental needs of each cell in a multi

cellular individual from the most pnmitnc type

to the highest vertebrate arc the same m for the

umceWular organism, yet in the evolution of the

higher forma the cells composing their bodies have

become farther and farther remov ed from imme-

diate contact with the outside world Mjnads of

cells hav c become packed together, and the deeper

ones could not pwssiblj satisfj their needs after

the direct and simple fashion of the unicellular

forms Tlie more primitive multicellular tj-pes

overcame the difficult} b} the development of

canal 5}'stcms which openctl to the exterior and

through which the ocean vraters flowed freely in

and out, brmging oxygen and aliment to the more

dccpl} I}'mg cells and bearing carbon dioxide and

other excretor} products awa} This the fir^t at-

tempt at a circulation, was an open one As higher

forms evoh ed the circulation became closed and

the waters of the env irooment no longer flowed

and ebbed through the bod} No longer could the

interchange of the respirator} gases and the ab-

sorption of nutriment be carried out m tlus direct

and sunple wa} \ et the v easels of this closed cir

culatory 6}stem were filled nithafiuid which took

the place of and fulfilled the duties of the watery

environment of the more primitive t}T>cs Tlie

blood and other bod} fluids ma} be looked upon

as that environment which has become enclosed

wjthio the bodies of the higher forms, and has

undergone certain modifications in its composi

tion to meet the requirements of the more spe

cializcd cells vvhich it bathes

The similantj between the compositions of sea

water and blood which has been stressed b} the

researches of Macallum lends support to these

Views on the evolution of the blood ' Tins brief

account will also scrv c as an introduction to a con

Eidcration of the functions of the bod} fluids, «incc

their duties arc to sattsf} in the eamc wa} as did

them prototype, the requirements of the indind

ual cells

• Sea water of today differs from blood scrum in

having a total rail concentration of about 3 per
rent, a much higher concentration of magneaium
and a lower coneentratioo of potaiumm But
Macallum points out that the sea water of the geo
logical penod when the ancestors of mammalian
forms adapted themselves to a terTrilnsl life was
pn^al ly clo<c]} similar in its inorgamc componi
Uon to blood renim
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1 Respiratory Tlje transport of oxygen from
the air m the lungs to the tissues, and of carbon
dioxide from the tissues to the lungs

S Nulntnc The conve>ance of food materials,

glucose, ammo acids and fats from the alimentary
canal to the tissues

5 Excretory The removal of waste products of
metabolism, e g , urea, unc acid, creatinine, etc

4 The maintenance of the water content of the

tissue* Though the blood itself is contained nithin
vascular channels, a constant interchange of fluid

through the vessel nails taKes place This fluid

nhich has left the hlood vessels and come into

direct contact mth the tissue cells is known as the

tissue or interstitial fluid It cIoacI> resembles the

blood plasma m chemical composition, and is

identical nith lymph Through the medium of the

transuded fluid the final stage in the transports

tion of 0T>gen and food materials to the tissues

and the first stage in the journey of COiand naste

products from the tissues are made
6 To regulate body Umperature The bod} ones

Its ability to regulate its temperature (ch 53)

largely to the water of the blood and tissue fluids

Uater possesses three qualities nhtch fit it pre

eminently to fulfil this purpose

a The speeifie heal* of water is considerably

higher than that of any other liquid or solid On
account of this great heat storage poner of water,

sudden changes of body temperature are avoided

and even a cold blooded animal such as the frog

has, due to this purely physical quality, some
ability to maintain a relatively constant body

temperature against transient fluctuations m en

vtroamental temperature A man of average ncight

develops 3000 Calories m 24 hours This amount
of beat IS capable of raising the temperature of

his tissues (which are largely water) only about

32°C Heat elimination (radiation, etc ) is able lo

keep pace with heat production and the body (cm

perature vanes but slightly within normal limits

But it has been pointed out by L J Henderson

that if the tissues had the low heat storage capac

ity (spec heat) of most substances, an amount of

heat equal to 3000 Calories would raise the tem
perature of the tissues and fluids of the body by

from 100* to 150°C

b High conductintji The thermal conductmly
of water is greater than that of any other ordinary

liquid The advantage of this in the dissipation of

heat from deeply situated regions of the body is

obvious

c High latent heal of evaporation More heat is

required for the vaponzation of water than for

that of an equivalent amount of any other liquid

One cubic centimeter of water requires about 0 6

Calones for its vaporization This figure is 50 per

cent higher than that of water’s closest competi

* The specific heat of a substance is defined as

the number of calories required to raise 1 gram of

the substance 1*0

tor Fluid IS being constantly lost from the body
through evaporation from the lungs and skm A
large amount of heat is lost in the process
These physical properties of water which make

It ideal as a heat regulating medium are enhanced
by other purely physiological factors The mobility
of the blood and the readiness with which it may
be quickly redistributed in the body, combined
with the unique physical properties of the fluid

Itself, render it so highly efficient as a regulator
of body temperature The blood may m a moment
be brought from deeper to superficial regions and
spread out in fine vessels over a broad area just
beneath the skin, and in this way will greatly in

crease the radiation of heat At another lastant,

in order that heat may be conserved, the fluid is

drained from the surface areas and collected in the
deeper parts of the body—internal organs mus
cles, etc

6 Proleetne and regulatory The blood and
lymph contain certain chemical substances of a
complex nature, antitoxins, lysms, and other anti

bodies, which are the basts of the body s defense

against injurious agents of various kinds The
circulating fluids are also the vehicle by which the

hormones of the dilTcrcot ductless glands are

brought into direct contact with the cells of the

tissues

The Composition of Blood

The blood is n highly complex fluid m which

solid elements are suspended—the earpuseUs or

hlood cells Its specific gravity \anes between in

dividuals from 1 050 to 1 OGO and its viscosity

from 5 to 6 times that of water If blood is cen

tnfuged before it has had tune to clot, or if clot

ting IS presented by special means (ch 12), the

sobd elements are thrown down and separated

from the fluid portion The latter is called the

plasma and contains proteins, as well as many
organic and inorgamc substances in solution—
nutntive and excretory materials, antibodies and

hormones, and other «ubstanees of an unknown

or imperfectly known chemical constitution Tlie

specific granty of plasma is normally around

1 027 but vanes with its concentration in protem

The cells constitute about 46 per cent of the

volume of human blood, the plasma 54 per cent

Small xanatioDS abo\"e or below the^e values are

commonly encountered

The apecific gravity of a small sample of blood

or of plasma may be measured by the method of

Phillips, Van Slyke and associates A «ene3 of

small bottles is set up containing copper sulfate

solutions varying by small equal increments

(00&4) in specific gravity A drop of blood or

plasma w allowed to fall gently from the tip of a
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TABLE 1

1

Inorganic consltluenCs of plasma, red eells and whole blood, mtlhgranxs per 100 cc aterage latues

jsodiLui]
Potao-

Calcium Chio l™
1

'

Sul/ile
Tout Base
ee S/IO
NaOll

Plasma 340 20 10 2 7 370 0 2 160

Cells
j

20 410 0 6 0 190 100 0
Whole blood

1

190 220 5 2 4 0 250 0 01 50 0
i

01
1

3 0
^

20

The concentrations of these vanous inorganic constituents are also commonly expressed as milh
equivalents (meq) per liter Thus serum contains 100 mg ol calcium per liter The molecular vrcight

of Ca 13 40 07 So being divalent its millieqmvalent is 20 03 The concentration of calcium m serum is

therefore = 4 9 milliequivalents perliter Sodium is monovalent nnd baa a molecular weight of

23, serum therefore contains = 147 8 m eq per liter

medicine dropper into each of a number of the

bottles whose solutions are within the expected

speciGc gravity range of the blood or plasma aam
pie The drop of blood or plasma, upon entering

the solution becomes coated ivitb a Him of copper
proteinate and remains suspended neither rising

nor falling for a few seconds, if it is of the same
specific gravity as the solution, thus, since the

specific gravity of the solution is known, that of

the blood or plasma is indicated

In the following outline are given the constit-

uents of the blood, grouped upon a physiological

basis

Whole blood

A Cellt

(1) Red corpuscles or erythrocytes

(2) White corpuscles or leucocytes

(3) Platelets or thrombocytes
B Plasma

(1) n'ofer, 91 to 92 per cent

(2) Solids, 7 to 9 per cent

(a) Proteins, 7 per cent Scrum albumin,

scrum globulin and fibrinogen *

(b) fnorffantc constituents, 0 9 per cent

Sodium, calcium, potassium, roagne

Slum, phosphorus, iodine, iron, cop

per, etc

(c) Organic constituents {other than (a)

and (d)) Nonprolein nitrogenous sub

stances, (urea, uric acid, xanthine,

hjiioxantlunc, creatine and creatinine,

ammonia and nmino acids) neutral

fats, phospholipid-*, cholesterol, glu

(d) Internal secretions, antibodies and vart

ous fnrjrmcs, (amytases, proteases, h
pases, esterases, etc

)

* Plasma from wl ich the fibrinogen has l»een re-
moied through clotting (ch 12) is spoken of as
scrum

IsOnOANTC CONSTITUEVTS

The concentration of the plasma in the xanous

inorganic matenalg 19 git en m table 1 1

It will be noted that the plasma is rrlstncly

nch in sodium and calcium but poor in potaraium

and magnesium whereas m the cells conditions arc

reversed Tlic cells show a relatively high concen

tration in potassium and magnesium, but are

lacking m calcium and have a low concentration

of sodium (human) In the blood of some species

sodium IS absent or present only m traces Except

for a mmute amount of iron m the plasma, this

element is confined to ilic red cells and the greater

part of it IS attached to the hemoglobin molecule

(ch 6) It has been suggesled that the small

quantity of nonhcmoglobin iron in the crythro

cyle 13 bound loosely wnth the lecithin of the cell

stroma (p 71), (sec also chapter 8)

Phosphorus

Phosphorus exists in blood in four mam forms

One of these is inorganic phosphorus (orthoplios-

pliate) The three other phosphorus fractions are

m or^me combination and arc as follows

J Ester phosphorus, e g , diphosphogly cerate,

adcnosinetnpliosphatc, hexoee phosphates, glyc

cropbospliatc

S Lipid phosphorus, e g ,
the phosphaticds

leciUiin, cephahn, splungomyelm

3 A ucleic and phosphorus

According to Kaj the nucleic acid phoiphorui in

normal human blood H ncghpfife It la denved

from the nuclei of white celUand the reticulutn of

the reticulocytes In abnormal blood containing a

large numl>er of leueocjti-* rcticulocytea or nu

dented red cclLa thii fraction may I owever con

alitute a considerable proportion of tlie tots!

phosphorus
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The iDorganic phosphorus (3 mg per 100 cc ) is

according to most observers about equally dis

tnbuted between cells and plasma The quantilj
of organic phosphorus m blood is many times
greater than the inorganic In whole blood it

amounts to from 35 to 40 mg per 100 cc and the
greater proportion of this is in the cells

The inorganic and ester fractions are CTtracted

from blood by the precipitation of the proteins

with trichloracetic acid and filtering The phos
phorus contained in the filtrate is spoken of as the
acid soluble phosphorus Upon extraction of blood
with alcohol ether the lipid phosphorus is ob
tamed The phosphorus of blood is therefore aepa
rable into two classes

(1) The aetd toluble which includes

(a) Inorganic phosphorus

(b) Ester phosphorus
|

(2) Alcohol ether toluble, i e organic phospho
lipid phosphorus

j
rus

The ester, or organic aeid soluble phosphorus is

obtained by determing the total acid soluble P and
subtracting from it the inorganic phosphorus Of
the ester phosphorus, all of which is intracellular,

about one quarter is hj drolj sable by bone phos

phatase (ch SO) The h>droI> sable portion is

mainly adenosinetriphosphate, and the nonhy
droljsable part mainly diphosphogl) cerate Since

the nucleic acid phosphorus is negligible m normal

blood, the acid soluble + the alcohol ether soluble

phosphorus equals the total phosphorus as de

lermined by wet ashing

In the following table is given the distribution

of inorganic, ester and lipid phosphorus m normal

Wood

Phosphorus tn whole blood

Milligrams per 100 cc , average figures

1 Total phosphorus , 40

2 Total acid soluble—90 per cent m cells 27

3 Inorganic—in cells and plasma 3*

4 Ester (2-3)—practically all in cells 21

5 Lipid (1-2)—in cells and plasma 13

The phosphorus compounds of the blood and

tissues plaj an important role in maintaining the

electrolyte equilibrium within the red celts and in

regulating the acid base balance Diabetic acido

SIS, for example, and the acidosis induced bj the

ingestion of ammonium chloride, are accompanied

bj increased excretion of phosphorus in the unne
and a pronounced reduction of the organic acid

soluble phosphorus in the blood cells Reverse

changes occur in alkalosis, the reduction in the

chloride of the blood following pyloric obstruc

tion, and the alkalosis caused by overbreathing

are associated with a reduction in the onnary

* In infants and young children, the inorgamc
phosphorus is from 1 to 3 mg per cent higher than

It is in adults

excretion of phosphates and a decrease in the m
organic and ester phosphorus of the blood In renal

insufficiency, the inorganic phosphorus in the
plasma and cells and the ester phosphorus (dipbos
phoglycerate) in the cells are greatly increased

The inorganic and ester phosphorus are reduced in

rickets but a rapid increase accompanies the heal

ing process The inorganic phosphorus is dimin
ished after the injection of insulin and in hyper
parathyroidism (ch 59) In anemias associated

wnth high reticulocyte counts and in leukemia, the

concentration of ester phosphorus in the blood is

increased The inorganic phosphorus is increased

in some forms of tetany

ORoavic Constituents (Other than
Oroamc Phosphorus)

Plasma Proteins

The concentration of total protein in the

plasma and the proportions of the three fractions

—o/frumm, globulin and fibrinogen—tary from

species to species but under ordinary conditions

of health remain relatncly constant between in

ditnduah of the same species

Serum globulin can be separated by “salting

out” into two fractions—euglobuhn and pseudo

glotmhn, or into three fractions—a , fi and y
globulins—by electroplioresia The euglobuhn is

tlirown out of solution by saturation with NaCl

half saturation with MgSOi
,
or one third satura

tion with (NHil^SOi ,
it is msolublc in water The

pseudoglobulin is not “salted out” by NaCl but

IS thrown down by saturation of its solution with

MgSOi or half saturation with (NHOiSOi It is

soluble ID water

The electrophoretic separation of proteins is

based on the difference in electric charges of van

ous proteins and consequently their different rates

of migration in an electric field In addition to the

"salting out and electrophoretic procedures two

other methods are available (a) Cohn s chemical

fractionation method which utilizes the different

solubilities of the proteins and the sensitivity of

the solute to variations m ionic strength m etha

nol concentration and in metallic ions (b) The

uUraceotrifugalization procedure which separates

proteins on the basis of their differences in density

a , ^ and y globulins have isoelectric points of

51, 56 and 6 0 pH, respectively It is question

able whether the«e fractions are distinct chemical

entities It is more probable that they are merely

artificially produced as a result of the methods of

treatment employed In other words, it is likely

that serum globulin is a smgle large molecule

which IS split into tw 0 or three separate parts by
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Jaboratorj manipulation Yet however thts may
be, the 7 globulin is more mtimateh assomted

with antibod> production, and undergoes an in

crea<5c m manj acute and chrome infections

Pbcudoglobulm contains 85 per cent a globuhn

and 15 per cent 7 globulin, whereas, euglobulin

contains less a but more of the ^ and 7 globulins

Tlie Ee\eral electrophoretic fractions of plasma

protein are not pure, all contain hpid and carbo-

hj drate material combined probahh os prosthetic

groups The albumm fraction also contains bill

nibin (ch 6) Approximatclj 75 per cent of the

carbohidrate and all of the hpid, bound to pro-

tein, IS found in the a and P globulin fractions

ITie role plajed bj the lipoprotein complexes in

athcrost!ero«*ia is discussed elsewhere in the book

Other substances, e g , cakium, phosphorus, sul

foTiamide drugs anti the dje T IS24 (p 17) arc

bound to the albumin fraction (see fig 1 1)

Fibrinogen has been isolated and prepared m
cri stallmo form X raj diffraction studies indi

catc that its molecule is structuratlj simitar to

such fibrous proteins as collagen and mjo«m («ee

ch 53) The molecular weights of the plasma pro

trinsan given on p 7

The total pla«ma protein can be calculated from

the specific gravitv of the pla«ma bj moans of line

charts, or bj using the formula P » K (S — A),

where P is the plasma protein m grams per 100

cc , S the specific grantj and K and A are con

slants with values of 304 and 1 000, rc«pecti\clj

llius, if the specific gravitj is I 020, the protein

in grams per 100 cc is 7 28 » 304 (1 020 - J 000))

1 he values of total protein and of the different

fractions m human p/asina are given in the fol

lowang table

Protein fraeliona tn humait pta^ma

Fradionitina b? S*lt nc out
FncUoDatiQnbyEleclrophorts t wilh Sod um SuUale

t'ami/IOOic gTomt/irntt

Total protein C 03-6 72 Total protein G O-S 0

Alhumin 3 32—1 01 Albumin -I 3-5 0
Total glohulin2 23-2 39 Total globulin I 1-3 1

a globuhn 0 7'l-0 luglobnlin 0 1-0 4

8 glolnitm 0 7S-0 SI i’-eudoglob

1 globuhn 0 66-0 70 ulin 1 0-2 7

Iibrinogcn 0 34-0 43 Fibrinogen 0 2-0 3
Albumin/glob
uhn (A/G)
rntio 1 V)

In some animals the globuhn 19 equal to or ex

ceetl^ the albumin Of the three fractions filmno

gin is alwats in lowest concentration and it it

consulcrahh lower in human plasms than m that

of some animalf (c g ,
0 S'* 0 72 0 GO gram per

Alb a, 02 a r
Globulins

100 CC 10 dog cow and goat respcctivclj ) (see

6g 11)

Patholooical V vniATioss IS sbitoM rno

TE1S8 The several protein fractions of plasma

mav change m value mdependcntlj of one an
other, and either with or without alteration m tlic

quantiti of total profem, in several pitlio/ogical

'tales the albumin and globulin frictions mav

change in opposite direction', 1 c a fall in allrn

min accompanied hj a ribc in globulin

The fihnnogen concentration is mcrea'od in

pregnancy and menstruation, in tissue injury of

various kinds, m parattiyroid orerdosage, acute tn

Jections, malana and several other conditions

TJiis fraction is markcfllj reduced in animals after

bcpalcctomv orKVen liver damage and in fcvcrnl

invxdving the liver In nrr in<hinccb it i<

congemtalh considerablj lx low normal or al>'cnt

In hemorrhage a loss of nil fraetiona of plasma

protem occur*, their concentrations arc bM di

mmi'hcd as vvtll, since the blo(xl volume is at

firft made good hv tfic passage ofa saline solution

or one of low proti in concentration from the tis

sue f|u(v' into the blocul «tream In extensive

hunu, on the otlicr hand, especnllv ilunng the

fullowing few davx all fractions arc rrviiinsl ax a

rr^Hlt 0/ tJie leakage of Mood fluid Srvm the d-'
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nuded surface and into the tissues in the region of
the burned area, but since the lost fluid 13 usually

relatively low in its content of protein, the protein

concentration of the plasma tends tow ards an in

crease In cirrhosis of the liter, ckronxc ^pahlu
(depressed synthesis by liier), chronic infections,

the albumin fraction is reduccil

In nephrotic and nephritic conditions (due to loss

of albumin in the urme) and in severe mcdnvtnhon
(owing to the low intake of tlie neccssarj ammo
acids for protein sj nthesis) the albumin fraction

IS al«o reduced As a result of the duninished con

centration of albumin, the oncotic pressure of the

plasma tends to fall, less water is held in the vea

sels and, as a con«equcnce, the plasma volume is

reduced As a consequence of the«!c changes, the

globulin, though not raised absolutely, shows m
creased concentration In any condition associ

ated with a loss of w ater from the blood {dehydra

turn, anhydremia, p 25), thougli no change may
occur in the absolute amount, le, in the total

quantity in the blood, the concentrations of all

fractions w ill show an increase In order to deter

mine whether an a5<olu(e reduction or increase in

one or other of the plasma proteins exists, it

would be necessary to measure the total plasma

volume (ch 3) as well as the concentration of the

particular fraction Tliey globulin shows an abso

lute increase in multiple myeloma, cirrhosis of the

Itrer, subacute yellow atrophy of the liter, acute

hepatitis and acute nephritis, leukemia, lubercu

losis, scarlet feier and in acute and chronic tnfec-

tions In liver disease the a globulin is also m
creased, and in later pregnancy the concentration

of ^ globulm, which contains a high percentage of

lipid, IS raised Prothrombin appears to be a

0 globulin This fraction serves to bind a con

siderable proportion of the plasma cholesterol,

carotene and phospholipids of the plasma, and is

mcreased in the later months of pregnanej The

magglutimns (anti A and anti B, and anti Bh,

ch 5) are associated with the 7 and globulin

fractions of the plasma

Origin In the embryo, the mesenchyme cells,

through a process of secretion or by the actual

solution of their substance, furnish the fluid (em

bryonic plasma) which floats the primitive blood

ceUs (ch 11) The albumin fraction is formed

earlier than the other proteins which do not ap

pear m the plasma of the chick embryo until after

the 14th day of incubation

In the adult, e possible sources of the plasma

proteins have been suggested—namel>, dismle

grating blood ceils (red or white), the genera! tis-

sue i»lls, reticuloendothelial cells of spleen, bone
marrow, etc

, and the bver

It is now well established that the liver is the

Bite of the production of plasma albumm, this

fraction undergoes a pronouced reduction in con
ditions which depress hepatic function It is

thought that the Kupffer cells are especiallj con

cemed m the manufacture The albumin fraction

(but not the globulm) in the plasma of dogs can
be reduced and maintained at a subnormal level

by mtravenous injections of a solution of gum
acacia (p 50) In these expenments the hepatic

cells become swollen and vacuolated The fall m
scrum albumin is therefore considered to be due,

in part at least, to the failure of the bv er to make
good the normal "wear and tear” of serum olbu

nun (which amounts to several grams daily),

though, possibly, there is also a withdrawal of

albumm from the plasma to the bver as a com
pensatory response to rectify the increase in on
eotic pressure caused b> the presence of acacia in

the circulation

The ev idence points definitely to the liver as the

site of fibrinogen production since, as mentioned

above, the concentration of this fraction la re*

duced by bver damage or hepatectomy When the

liver returns to a healthy state after injury has

been induced by an agent such as phosphorus or

chloroform, tbe fibrinogen level also returns to

normal Following sbght bver injur> or during

the repair of a hepatic lesion, which might be

expected to stimulate the functional activity of

the organ, the fibrinogen maj be actuallj higher

than normal

Tbeongm of serum globulm has not been defi

nitely settled Elman and Heifetz succeeded m
reducing the albumm fraction m the serum of dogs

by dietarj measures to 50 per cent of the normal

No reduction was observedm the serum globulm

The livers of the ammals showed pronounced

histoli^ca! and chemical clianges, the water con

tent of the hepatic tissue was increased, the cells

became vacuolated This was accompanied by

severe depletion of hepatic protein

On the contrary, the experiments of Miber and

his associates who perfused the mtact bvers of

rats with blood containing Ijsuie labeled with

isotopic carbon (C^ mdicate that the liver fur

Dished about 80 per cent of the senim globubn

The remainder is supplied bj extrahepatic tissues,

the greater part of which, if not the whole, are

derived from the lymphocj'tes (White and Dough

erty, ch 10) The conflict between the results of

Uie expenments of Elman and Heifetz sad those
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ot SIiHer and acetates maj be e^piamed per

haps b> the great functional resenc of the h\er,

hepatic lesions m the experiments of the former

being insufficient to cnpple its globulin producing

function

There is cxpcnmental exndence that the adreno

corticoptrophio hormone of the pituitarj through

its action on the adrenal cortex affects the manu
facture of ^ and 7 globulins Injections of this

hormone or of adrenal cortical hormones into rats

causes withm 24 hours a rise m ^ globulin of 30

per cent, and in 7 globulin of from 70 to SO per

cent OATiite and Doughertj

)

FervernoNs 1 Fibrinogen in essential for the

dolling of the blood (ch 12)

2 411 three proteins serve to maintain the

ostnoltc pressure (p 26) of the blood The large

molecules of the protems do not pass readily

through the normal capiUarj membrane The
osmotic pre«sure which thej exert amounts to, in

man, beli'ccn 25 and 30 mm Hg The pressure

which each fraction exerts is inxcrscly related to

the size of its molecule and directly related to

its concentration m the plasma The molecular

weight of fibnnogen is over 200,000 and its con

ccntration is low, it therefore contnbutes little

toward the total o«motic pressure Albumin is m
the highest concentration and its molecule has the

lea<it weight <70,000-75,000) The osmotic pres-

sure of the plasma, therefore, depends largely

upon this fraction The molecular weight of scrum

globulin IS between 150,000 and 190,000 and its

concentration is considcrabI> less than that of

a.U'UOTjfl la fffu/ypleai rcaeeatratiaa?, scjvsa al

buroin has an o‘'motic activitj 2 4 times that of

«erutn globulin (Kej s) ,
it furnishes about 80 per

cent of the oncotic pressure of the plasma

S Viscojify Tlie proteins give a ccrlam ms
cosily to the blood which is a factor m the roam

tenance of the normal blood pressure

4 Tliej aid in the regulation of the aad base

balance of tlie blood (cli 13)

5 SlabtlitijofUieb1ood(peep 01) The globulin

and fibnnogen fractions influence the tendency of

the corpuscles to adhere to one another and form

rouleaux or clumps

G Trcphoncs Carrel has shown that the leu

cocy irs prepare substances from the plasma pro-

teins which arc essential for the nounshraent of

tissue cells grow n m cultures The^ fubstaners he
has Unne<l trephones

7 Immune subilanees (antibodies) which react

with the nnlig( ns of pc\cnl mtcroorgam«ms, c g ,

tlijilitlieria, typhoid and streptococcal infctlions.

and the viruses of mumps, influenza and measleg,

are associated with the 7 globulin 7 Globulin,

separated from the other fractions, is used as a
means of artificially immunizing against measles,

infectious hepatitis, rubella and pohomyolitisi

Certain other antibodies, the isoagglutmins A and
B, are present m the 7 and 0 fractions \s might
be cjqiected, the globulm fraction of the serum

tends to increase dunng the process of immumza
tion against the infective diseases mentioned

above

8 ITicy ^erve as s reserte ofprolan upon nhich

for a time the body draws dunng fasting or when
the protein intake is inadequate

Plasmapheresis The importance of the plasma
proteins is demonstrated b> this procedure which
consists tn bleeding an animal and returning the

red cells suspendedm LoeVe s solution to the bodj

A state of shock results, followed by death when
the total protein is reduced to between 1 and 2

per cent No ill efTecls result however if the cells

are suspended m scrum before they are remtro

duced ^V1lCD depletion of the proteins is not car

ned to the point where fatal shock ensues n

marked n*e in protein coDcentrstion occurs withiR

15 minutes which indicates that during this tune q
store of preformed protein is drawn upon for thg

replacement of the protein which has been ra

moved The regeneration is slower after thi4,

though fairly rapid for the first 24 hours It be

cornea progressively slower during succeeding

days The proteins aro restored to the normal

level in from 2 to 7 days provaded that the diet

contains a sufficiency of high quality protein

Plasma proteins themselves have been found to be
best for this purpo»e, the proteins of liver run ii

close second

Id more chronic plasmapheresis expenments,

edema commences when the total protein conecn

tration reaches a value ol 5 5 per cent and albumiR

a concentration of 2 5 per cent

The Xonprolein Nitrogen {N P A' ) or Noneoag

ulable A ilrogen of Blood

By the terra nonprotem nitrogen is meant thi.

nitrogen of those substances, e g ,
urea, unc acid,

creatinine, etc ,
listed on page 8 Tliey mav lx‘

extracted from blooil or plasma by treating cither

of these watha reagent, such as trichloracetic acid,

•Gamma Rlohiilin olitoincd from any normal
pcr'on Uiiuatiy contauis sufficient immune l>o<lics

lor protection ncainst measles and infectious hepa
titis, but for protection aRainst rubella ((icrman
measles), poliomyelitis whooping cough chicken
pox ami mumps an nctise immune gtolmlin cm Im*

obtaine 1 ouh from subjecls convalf-srent from tiie

particular dj«ca*e
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TABLE 1 2*

Tke ntlragen parMion in ihe blood of normal tndmdual$ and Ike dj»/r«6u/K>n of the vartota nitrogenous
c^aliiuents between tJle cells and serum

j

Coipotclci

1

Fluma
1

Whole Blood

1-is
1

Mini 1 Aver
•se

Maxi

1

Mini
»ge

Mtil Mini Aver

1
mt ttr too a m c tmocIre

(a) Taken from Wu
Total nonprotein nitrogen 61 39 49 20
Urea N 22 12 17 13
Amino acid N 11 8 10 5
Unc acid 4 1 2 2
Creatine 8 4 6 0 0 0
Creatinine 3 1 6 2 5 1

Undetermined N
(b) Taken from Berglund

Total nonprotein nitrogen 55 38 44 30 18
^

25 39 28
Urea N 13 8 10 17 10 12 15 9 12
Ammo acid 11 7 8 6

j

^
i

S
Undetermined N 34

:

18 25 12 7 18 10 14

•Reprinted from Peters and Van Slyke <?ua«/«rol»te Cfmical CAemi»<ry vol I, p 267 The Williams
& WiIkiQS Company, Baltimore, 1<M6

which precipitates the proteins, filtering and de
tcrmining the nitrogen in the filtrate These eub

stances are in part absorbed with or denied from

the food, and m part are the naste products of

tissue catabolism The total N P N of whole

blood amounts to from 2S to 40 mg per 100 cc

It constitutes from 1 to 2 per cent of the total

nitrogen of the blood Its concentration in the

cells IS nearly double that m the plasma The
proportions of the different constituents are given

in table 1 2

The term undetermined nitrogen embraces the

iwfwgKD nf jjMMvanb ssd pihey jc®

protein substances of unknown or undefined na

ture

PathoI/OGIcal variations The NPN of

blood at any given level represents the balance

struck between mtrogenous materials formed in

the intermediary metabolism of mgested and tis

sue protein and the excretion of these products in

the urine In renal insufficiency, therefore, the

nonprotein mtrogen is elevated, and in certain

cases maj be ten times the normal On the other

hand, a rise in the NPN occurs in conditions

which are associated with excessive tissue cstab

olism, such as infections, fevers, thyrotoxicosis,

starvation or Mvere malnutrition It is also in

creased following hemorrhage into the stomach

or upper mtestinal tract In the later months of

pregnancy the N P N is reduced The reduction

has been attnbuted to the diversion of nitrogen to

the growing fetus and the reduction of protem
catabolism m the maternal tissues

The chief conditions associated with an eleva

tion of the N P N of the blood are

Adrenal insufficiency

Dehydration

Hemorrhage into the gastrointestinal tract

Infectious fevers lobar pneumonia
Intestinal obstruction

Parathyroid intoxication (m animals)

PeritomtiB

Renal insufficiency

(See also chapters 39 and 49) This sterol is

present in serum m the free form and as choles-

teryl raters The normal value for total serum

cholesterol is not known exactly, it varies from

100 to 250 mg per cent The estenfied cholesterol

IS about 72 per cent of the total and this ratio

vanes within a rather narrow range Its concen

tration is increased in several diseases, notably

in hypothyroidism and lipid nephrosis and m
some cases of atheromatosis Kejs and his as-

sociates found that withm fauly wide lunits (2 to

3 grams cholesterol weekly) the content of the

Sterol m the diet exerted little effect upon the

serum cholesterol

REFERENCES
Bloob W R J Biol Chem,1918,36.49
Carbel, a J a M a

,
1924, 82, 255, J Exper

Med , 1922, 36, 3S5



Chapter I PIIYSIOIX)GY, PHYSICAL CHARACTERS, COMPOSITION 9

CtSfAW, R AND HEiFErr, C J J Exper Med,
1941, 73, 417

Kat, H D Bnt J Exper Path
,
1930, 11, 148

Keys, A J Phjs Chem
, 1938, 42. 11

Keys, A and associates J Nutrition, 1956, 59,

39
Miller, L L and associates J Exper Med ,

1951, 9t, 431

Phillips, R A ,
van Sltke, D D and asboci

AXES Bull U S Armj M Dept
, 1943, 71, 66

White, A asdDolghebtt.T F
,
Endocnnologj

,

1945, 36, 207, Proc Soc Exper Biol A Med ,

1944, 36 , 26

^fonogTapk8 and Revieiet

Albrittov, E C ,
Ed SCaodard values in blood

W B Saunders, Philadelphia, 1952

Bieb, M
, Ed Electrophoresis theory, methods

and application Academic Press, New York,

1959

Folin.O Phjsiol Rev
, 1922,2, 460

Goest, G M AND Rappaport, S Phjsiol Rev,
1941, 21. 410

Benoersov, L j Fitness of the environment
Macmillan, New York, 1913

Howe.P E Phjsiol Rev , 1925, 5, 439

MicsLLru, A B Physiol Rev
, 1926, 6, 316

Mytrs, V C Ph5siol Rev, 1924 4,274

Peters, J P and xan Sltke D D Quantita

live elinieal cbemistri Vol I The Williams A
Wilkins Co

,
Baltimore, 1946



THE RED CELLS OR ERYTHROCYTES

The Size, Shape and Structure of

the Red Cell

Human crjthrocytes arc disk shapwl, non

nucleated elements having a mean diameter of

7 2m (&'9m see fig 21) and a thickness of about

2 2m (2-2 4m) at the thickest part, i r , near the

eircumference, and about 1m at the center As a
result of oomotic changes* and the con'^equent

passage of water into the cell, the diameter m
creases with a shift m the acid ba«e balance of

the blood toward the acid side Tlic cell is there

fore slightly larger in ^cnous than m arterial

blood, Its diameter is increased by about 05m m
muscular cverew and reduced by forccil breath

mg The central portion of the cell is much thinner

than its edgc«, which appear heaped up into a
circumferential mound around a central depres

Sion This construction gi^cs it a biconcave con

tour or a roughly dumbbell outline when iiewed

edgewise (figs 2 1 and 2 2) ’ The aicrage area of

a red cell is 120m’ and the volume 85m’

* These arc the mean dimensions of the cell

measured in dry films In the fresh state the diame
ter 18 larger by about 0 5 There is considerable
variation between the diameter of the smallest and
largest cells found in t sample of normal blooil

The range for dned films is shown m figure 2 2
’ Hartridge has pointed out the advantage of

this design for the transport of o^ygcD Of all

geometrical figures the sphere is the one id which
Its center is equidistant from all points upon its

surface The adoption of this form by the red cell

would therefore have ensured the diiTusion of
oxygen to all parts of its interior at equal rates
But a sphere has the disadvantage of possessing
the smallest surface m relation to its mass A thin
disk on the other hand, presents an almost maxi
mal surface area in relation to its bulk, yet in such
a shape all parts on the surface are not equally
distant from its center, the ends are further re
moved than the sides Ibe shape of the red eell—
a thin disk with elevated rounded edges—is a
compromise between these two forms It secures
the advantages of equal and rapid diffusion of
oxygen to its interior and a relatively large surface
area for the aboorption of the gas
The biconcave form aNo gives the red cell a

mechanical advantage, in that the changes in vol
ume which the cell undergoes from time to time
can be effected with a minimal amount of tension
being placed upon the cell membrane The mem
brane covering the concavitj of the cell moves

There has been in the past a tendency to re

gard the erythrocyic as almost a dead cell, be-

cause of its low Oxygen consumption, and its lack

of a nucleus However, it should be noted that the

ctyUirocyte carries out metabolic processes, and

it does have a finite, though low, oxygen con

sumption It 13 therefore probably better to con

elder it os a very specialized type of living cell

Tlic framework, or stroma of the red cell,

comprises somewhat less than 6 per cent of the

wet weight of the cel! Tlic major constituents of

the stroma are hpids and an insoluble protein

The former is mainly made up of cephalm, leci

thin and cholesterol, the latter la albuminhke

Almost half of the Lpids are bound to the pro-

tein, and a lipoprotein complex called clenin has

been isohled from tlie stroma by Calvin and hts

conorkers Fletiin «ecms to contain at least the

A, B and Rh antigens (In general, the antigenic

nature of the cry throcyte appears to be a property

associattil with the stroma ) Hemoglobin makes

up al>out so to 34 per cent of the wet weight of

the cell This corresponds to an extremely con

ecntrateil solution of the proteins, and means

that the hemoglobin molecules arc packed very

tightly into the interior of the ery throcy tc

Tlic erythrocyte contains the enzymes of the

glycolytic system, catalase, carbonic anhydnse,

all of the glutathione of the blood, as well as

other enzymes and organic and inorganic salts

Potassium IS present in high concentration, rela

live to sodium

AtTicn a drop of freshly drawn norma! blood is

placed on a glass slide and examinetl under the

microscope, many of the erythrocytes wiU be

seen to group them'^ehes together with their

broad surfaces in contact, hkc a pile of coins

Groups of cells arranged in this way are called

rouleaux (sing
, rouleau) The normal discoid

shape of the erythrocytes is a requisite for rou

freely out or m “like the bottom of an oil can’ as

the cell increa«es or diminishes in volume
* Though very wadely accepted, this sex differ

ence has probably been overemphasized Some
workers have found a maximal difference of only

1 per cent m favor of men
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Icaux formation, the propertj being lost if the

cells as m congenital hcmolj’tic jaundice, o<«ume

a more globular form Rouleaux formation does

not occur m the circulation under normal physi

Fio 2 1 Diagram showing dimensions of the
red cell

ological conditions, the mo\ing cells showing little

or no tendenej to cohere

* Sludged blood In certain abnormal states,

eg , tissue mjurj and shock, the cells of the cir

culating blood show a pronounced tendency to

stick toother and form large clumps or m-isscs

nhtch moic slowly and cumbersomelv through

the small vessels—arterioles and capillaries Tlus

sludged blood, as it is termed b) linisch who
has made an extensive stud) of the phenomenon

has a deleterious effect upon the general circula

tion NormalU the blood moves through the

minute vessels m stream Imps The cells rimain

Fio 2 2 Red cell diameter dutnbulion curve for health) men (ofler I’nce-Jonci)

Fio 2.3 Diagram showing composition of the
red cell Fio 2 4 Description in tett



12 BLOOD AND LYMPH Section I

discrete showing little tendency to coheit The
propulsive force of cardiac sj stoic H tran^mitttU

throughout the \aseular system with the mini

mum dissipation of cnergj Stream lining is abol

ished in sludged blood, a large proportion of the

energy is w asted m gmng a roUing or rotary mo
tion (angular acceleration) to the massed cells

Sludged blood is thought in some instances to be

a factor m thrombosis (ch 12)

Number

The aierage number of red cells m man is

around 5,000,000 per cu mm for males and

4.500.000 for females, but C 000,000 la not a yerj

unusual figure for a robust young man and

5.500.000 for a healthy young woman* Shg)it

variations in the numlier of red cells, amounting

to about 5 per cent, occur throughout the 24

hours The count la lowest during sleep, becomes

elevated after arising and increases gradually

throughout the waking hours At birth and in

infancy the red cells are somewhat more numcr

0U8 than m later life, but the earlier figures of

7.000 000 and 8,000,000 for the newborn child

have not been confirmod by later work Deslruc

tion of a large proportion of the extra cells occuts

within the first 10 days, but for a few days the

red cell count shows a progressive fall, for some

weeks after this the count remains considerably

above th it of the adult

The destruction of large numbers of erythro-

cytes shortly after birth and, os a consequence,

the liberation of excessive amounts of hemoglobin

into the pla«ma lias been held to be the cause of

the physiological jaundice of the newborn, m
whom the bilirubin content of the plasma (ch

ctyj islrom cl to 55 mg per cent TnenfianVs red

cells are said by some to be more fragile than

TABLE 2 1

Alt tude in Thousands of F«t

12 0

15 6

18 2

From Barcroft after Kingston In this table the

altitude (id thousands of feet) multiplied by 0 225

gives a figure which approximates the increase in

red cell count (in millions per cu mm )abovethat

at sea level In this instance the count at sea level

was 4 250,000

those of the adult, yet it is questionable, in view

of the revised figures for red coll counts in the

newborn, that excessive hcmoljsis plays a very

important part in the production of the jaundice

Again, others deny that the red cells at birth are

unduly fragile Immaturity of the excretory func

tion of the liv er prob ibly play s the dominant role

Tlic total number of rcxl cells m the human
Ixxly estimated upon the basis of 5 000 000 per

cu rom LS about 33,000,000 000,000 which gives

a total red cell area exposed to the plasma of be

tween 3500 and 4000 sq meters Lamons has

made the interesting observation that m the

species which he investigated (cat, rabbit, dog
and man) the surface area of the individual cor

pusclcs and the corpuscular count varied m op
positc directions, so that the cell area per cu mm
of blood was nearly the same in all—7 24, 7 55,

7 52 and 7 35 sq cm for the four species in the

order given above Tlie quantity of hemoglobin

per sq cm of nxl cell arcxi is also about equal in

all mammalian species

PlIVSIOLOOICAL \AniVTIOVS IS TllF NuilDER
or Rfd CtLLs

Increase in the number of red cells occurs under

the following conditions

I High altitudes It has bt>cn known for

many years that the inhabitants of mountain

ous regions, copecially where the elevation above

the sea is 10000 feet or more have constantly a

much higher reii cell count than ficrsons living at

sen level The natives of some regions in the

Peruvian Andes where the altitude is 14 000 feet

or more, hav e a red cell count 30 per cent abov c

the norma! (over 7,000,000 j>er cu mm) Not
only the natives, but travellers sojourning even

for a short time at these altitudes undergo an al

most immediate increase m the number of their

red cells The corpuscular increase is directly pro

portional to the altitude, ns may be seen from

table 2 1

It 13 perhaps necessary to point out here that

an increase or a decrease in the red cell count docs

not of iteclf uiform one of an increase or decrease

in the red cells of the body as a whole Tlie red

cell count giv es only an estmiate of the number of

cells per unit quantity of blood (p 17) A reduction

in the amount of plasma or of the wafer of the

blood, for instance, would cause the proportion of

red cells in the specimen to be increased But

neither the immediate nor the permanent increase

in number of red cells at high altitudes is due

simply to a reduction in fluid and a greater con

centration of the blood, for estimations of the
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total \oIunic of blood m the bodj (sec ch 3)

pro\e that there is an absolute increase m the

number of circulating cells Hon is the immedtaU

increase brought about? It is ob^nousl} impos-

sible to account for such a rapid nse m the red

cell count bj a greater production of cells bj the

bone marrow, and it is at once suggested that

large masses of cells are packed awaj from the

genera! circulation—m a storehouse of some kind

—but are quicklj mobihaed upon demand When
the functions of the spleen are considered (eh 8)

it will be <5060 that this organ serves as a reservoir

for ted cells and is responsible for the sudden in

crea'^e m their number which occurs early in the

process of acclimatization to high altitudes

The permanent and great elcv ation of the red

cell count, which is a characteristic feature of the

blood of natn es and other persons after acchma

tization to the rarefied atmosphere, cannot be ct

plained m the same manner, for the number of

cells which the spleen can put into cuculation is

limited Under these circumstances there is, actu

alh
,
an increa«cd manufacture of erj throcj tes bj

the blood forming organ—the bone marrow Tlie

cells Vi hich are formed bj the ov erstimulated mar

row are discha^ed into the general circulation at

a somewhat immature stage of their dev clopmcnt

Thoj are spoken of as rettculaUd cells or reUcuIo

ct/les since thetr protoplasm shows a dchcatc fib

gree or reticulum which stams with basic djes

Ihe ultimate cause of the corpuscular increase (a

phjsiological pol>cvthemia) is undoubtedlj the

lowered oxjgon tension of the atmosphere, and

consequent!} of the blood, since animals placed

in an licrmeticalh scaled cabinet and subjected

to lowered oxvgcn tensions exhibit similar Wood

changes

2 MufeCULAii LXtnci^E and certain euo

TiONAi* STATES causj a tcmporarj increase m the

number of red ccJfs as a result of an outpouring of

concentrated blood from the spleen * This ina>

be looked upon as an cnficrgencv measure and,

like that which occurs at high altitude^, is the re

cponsc of the bodv to the tissues' call for oxvgcn

3 HfIGHTEMD FWinOVMENTAl. TLSIPER-A

TUHE al'O tau'cs a hlierntion of red cells from

thi splenic reservoir

4 OniEH coNOiTioNss v^hich tend to lower the

0A\ gen tension of the artcnal blood cause a n>e

in the numlier of rircuhting red cells ^\s m the

nsixinsc at high altitudes two factors are con

cerncil, e g ,
a di-schargo of blooil from (he spleen

‘Though tins can be demonstrated in ejtpen

mental animals it does not appear to lie an im
portanl feature in man

Fic 25 Showing rcticitloc}te response to al

titude (after Barcroft)

and other oirs, and a greater production of

cells by the Wne marrow

deduction in the number of red cells occurs at

high barometric presaurcs e g ,
when the 0T>gen

tension of the blood is higher than the normal

4mmals, for example, living m deep mines hav o a

lower red cell count than those at sea lev el

Alterations is tub Nouber of Red Cellij is

Patiiolooical States

Increase tn the dumber of Red Cells—Polycythemia

Increase m the total number of red cells occurs

as a compensator} measure m sev oral patholopcal

conditions ond thin represents apparent!} the

response of the Ixjnc marrow to low ox}gcn ten

sionsm the arterial blood A red cell concentration

of 7,000 000 or more per cu mm of blood « not

unusual in the following conditions

1 EuriiYSEMA (p 5IS) and other chrome dis

eases which interfere walh the ox} genation of the

blood in the lungs (anoxia), e g ,
tracheal aieno«i'

pneumothorax, tumor of the lung pulmonary

tul*erculo«i'» and pulmonar} arlerio\cnou.« aneu

r}«m
2 CoSerMTAL 111 ABT DI6EV9E (ch 2b)

3 Atfrza A DISEASL, a condition as«ociate<l

with dilation and marked hvperlropli) of the nghl

heart, sclerosis of the pulmonary artenes and their

branches with consequent obstruction of the

blood fiow through the lungs Tlicrr is extreme

rvanosis, cniph)«ema dispnea, and attacks of

astluna are common accompanirneiits Tlie l«>ne

marrow IS h}perplastic

4 CiiROMC csRBoa MOMixioE ro

5 CiitKiCAt-s e g chrome pot<
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araemo phoaphorus and manganese gum shellac

and certain aniline dyea

6 Befeated SMAtn hemorrhages the poly

cythemia then represents an over response of the

bone marrow to the successive blood losses

Polycythemia vera (synonyms ciythremia

splenomegalic polj cythemia Vasquoa Osier dis

case) Unlike the preceding tjpes the polycythe-

mia IS not secondary to any known pathological

condition The disiasc appears to be primarily

centered in the red hone marrow which is greatly

increased in amount and is hyperplastic, extend

ing into the shafts of the bones to displace the

fatty marrow and packed with normoblasts and
mature erythrocytes Mcgaloblasts are absent or

very scarce The number of red cells in the circu

lating blood may be as high as 14 000 000 per cu

mm and a count as high os 20 000 000 has been

reported The total blood volume is greatly

increased The Mscosity of the blood is of

course greatly elevated The concentration of

hemoglobin m the mdi\Tdual cells and the chem
ical and physiological properties of the pigment

are normal Tlie size shape and general features

of the red cells as a rule show nothing unusual

and the number of reticulocytes is not greatly m
creased

The chief features shown by the disease apart

from those of the blood itself are cyanosis (cb 33)

dyspnea on exertion enlargement of the spleen

hemorrhages and a familial tendency Death may
occur from thrombosis of the portal vein or a

cerebral vessel The circulation rate (cb 28) is

slowed and the diffusion rates of oxygen and COt
(ch 31) through the pulmonary epitheUum are

reduced although during rest the oxygen salura

tj/OT. if. rjb/j, 'A 'ivsaU.y oftcojAlL Thft

renal blood flow and the filtration fraction (ch 34)

are increased whereas the plasma flow is decreased

The oxygen saturation of the blood is reduced

however during exercise Owing to the great in

crease in hemoglobin concentrat on the actual

quantity of oxygen in the blood is greater than

normal I! the polycythemia were a compensatory

reaction brought about by the lowered rate of

diffusion of oxygen through the pulmonary epitfae

hum one would expect that breathing air mth a

high pressure of oxygen would be of benefit but
this is not the case Exposure in a chamber to a

high oxygen tension for several days does not effect

a reduction in the number of red cells The reduced

circulation rate may result in some way from the

fact that the blood contains sueb a large load of

oxygen that the tissues can obtain their quota

from a smaller quantity of blood than normally

On the other hand the reduced circulation rate

may be due primarily to vasoconstriction in some

part of the circulation Some believe that narrow
ing of the caliber of the vessels of the bone marrow
and the resulting low oxygen tension produced
thereby provide the stimulus for the overproduc
tion of blood cells Studies of blood lactic acid

concentration in polycythemia vera following mus
cular cxereise lend support to the idea that a

sluggish blood flow through the tissues is a causa

tive factor In normal persons and in the second

ary lyTies of polycythemia mentioned above a rise

in blood lactate occurs whereas in polycydbemia
vera exercise causes a fall This anomaly could be
explained upon the basis of a high resting blood

lactate as a result of a slow blood flow and the
accumulation of lactic acid in the ischemic tissues

Exercise would then by causing vasodilation and
a freer oxygen supply m the contracting muscles

lend to reduce the concentration of the metabolite

in the blood That this is the probable explanation

IS indicated by the observation that vasodilation

induced by heat also causes a fall in blood lactate

in this disease The phenomenon appears to bexif ^
fundamental significance and not simply the re

suit of the high erythrocyte concentration be^
cause it is not abolished when the red cell count

IS brought down to normal by treatment with

fhenylhydratine hydrochloride a drug which has

been employed in controlling the disease

rolycythcmia can be produced in dogs by the

daily administration of cobaltous chloride (8 mg
daily for 2 or 3 weeks) The high red cell count
thus induced is reduced to normal by feeding with

whole beef or hog liver or by the daily injection of

ascorbic acid The effect of liver suggests the

presence of an hepatic hormone possessing a de

pressant action upon bone marrow activity Radio

active phosphorus (P*>) has been uoed lately with

success in the treatment of the disease

The observations of Schafer have thrown a new
light on the pathogenesis of polycythemia vera

which may show a way to the rational treatment of

the disease In experiments upon dogs he found

that excision of the carotid s nus and the aortic

nerves caused the development of polycythemia

and hypertension m 40 per cent of the animals

IteiDoval of the paravertebral chain of sympa

thetic gangl a was followed by a gradual return of

the erythrocyte count to normal A similar result

followed paravertebral sympathectomy in a pa

tient suffering from polycythemia The polycy

themic response to removal of the influence of the

carotid sinus and aortic nerves is possibly due to

constriction of the vessels of the bone marrow
the anoxia caused thereby ftctme m me usual

way to stimulate its hemonoietic function.

Reduction tn the number of red cells below the

normal is known as anemia The causes and van

eties of anemia arc manifold and will be consid

ered in chapter 9



Chapler S RED CELLS OR ERYTHROCYTES 15

An apparent decrease or increase m the number
of red cells occurs under certain conditions which

upset the water balance of the bodj It has al

readj been pointed out that the red cell count

gives rnereh an estimate of the proportion of cells

to plasma There maj, for instance, be undue
retention of water m the bod}, and the plasma

or its watery constituents ma} then be increased

(h} dremia or hemodilution) The blood is diluted,

and the number of red cells per unit of blood is

reduced, } et there is no absolute decrease at the

number of circulatmg cells Con\er«eI}, a loss of

plasma or of merel} the water of the blood (an

h} dremia or hemoconccntration) will increase the

red cell count, i e ,
the blood becomes more con

centrated although the total number of red cells

m the body is not altered Therefore in conditions

a'^sociated with extreme deh}dration (p 24) of

the bod} the number of red cells per umt of blood

is increased

A practical point to be remembered when count

ing the red cells or in determining the packed cell

volume IS that their number ma} be relativel} in

creaeed or decreased by purel} local alterations m
blood concentration Pronounced dilation of the

capillaries of the region of skin from which the

sample has been tnken cau«c a local slowing of

the blood stream and congestion of the part The
loss of fluid from the ves cl into the tissues and
the clumping of corpuscles which ma} result from
the greater capillary pressure will give a fal«e

estimate of the number of red cells On the other

hand, prcs«ure made upon the part b} the exarai

ner jd order to hasten the flow of blood from a

skin puncture ma} express fluid from the tissues

which will dilute the red cells in the specimen

Moreover, even under ordinary phv siotogical con

ditions the concentration of red cells may varj

considenb)} in different parts of the circulalioo

The proportion of red cells in the capillaries is

greater as a rule than m the heart and larger ves

sels, b} around 12 per cent, but m certain states

a««ocialC(l with slowing of the peripheral circula

tion concentration of red cells in the capilJarjcs

ma\ incrcve the dispant} Trapping of plasma

in the peripheral vcs«cls ma} occur in other condi

tions and will tend to reduce thecoiiccntralion of

cells m the eapillarv areas below that m the gen

era! circulation Thc«c arc also important points

to bear in mind in cslimaling the blood volume

by the d\e motboil (p 17)

Estimation of red celh The concentrations of red

(orwhite) cells ma} he obtained b} counting them
direct!} after siutable dilution beneath the micro

scope as m the method of Ihonia Zci«s The
instrument u«ed for this piirpo e is called a hemo

Oitomfter The reader is referre 1 to text* n« Hlmra
torv methods for details TliC relative volumes of

red cells and plasma are determined b} means of a
specially devised centrifuge known as an kemaio

ent The blood, rendered noncoagulable, is

drawn into a graduated capillary tube, placed in

a centnfuge and revolved at a speed of 3000 r p m
30 to 60 minutes At the end of this time the orip

nal blood will be found to have separated into a
clear colorless column of plasma and a red column
—the corpuscles The lengths of the two columns
are read off b} means of the graduations on the

tube The normal proportions of plasma and cor

puscles IQ human blood are about St (53~S6) and
4C (44-17) respective!} That is the volume of

cells (packed cell volume) is 46 per cent of the total

volume of the specimen of blood The average

volume of the individual er}'throc} tes is obtained

by dividing the packed cell volume b} the figure

for the red cell count It is important to use an

anticoagulant such as heparin that docs not

cau«c shrinkage or swelling of the cells

Variations in Size, Shape and Striiclnrc

of tile Red Cells

Under ph}siologica! conditions little change in

sliape of the red cell occurs, though a few frag

iQcntcd cells ma} be found m normal blood Thc«e

arc, as will be seen later (ch S), simpl} remnants

of senile cells which liatc undergone a natural

disintegration m the blood stream A slight

cliangc m tolumc, about 7 5 per cent occurs, duo

to osmotic changes incident to the rcspintor}

c}cle(ch 29) The red colls at birth and m carK

mfanc} arc larger than in adult lift Tins as well

as the higher cell count is rc^-ponviblc for the

high packed cell volume (5-1 per cent) of the m
fant’s blood

In disease, the rod cell ib subject to manv

changes in «izc, shape and structure llie cxami

nation of the blood and the idtntific ition of the

various forms of abnormal cells is an important

means empIo}fd m cliagno'^is of the different ane

mias (di 9) Onlv the more outstanding nbnor

malitiea can lie toiichcil upon lu re Tiic loa®t

pronounced departure from tiie normal blood pie

ture IS nn increase m the numlwr of reliculocjtes

(«cc frontispiece) Tlie«e } oimg nal calls rc«ctnlili

tlic ordinary cill«incvtr} wav except that after

supravata! staHiing (alcoholic solution of brilJunt

cresyl liluc added to hlood in the fre^h state) a

fine reticulum of bosopluhc matinal ran lie soon

m the cvtoplu'-m Tlie rilicuUr rnafi-nal is of rv

toplx«mic origin, probablv y globulin, and dw«
not repic^^nt nuchar remain* \ reticulum of

suniUr rutun mav sorm time* l«i •cx'n in relL* in

whidi the niifleu* is «ti!l ntart In normal human
blood the r» lieu! k} tes an from 0 to 2 (av 0i>)
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per cent of the total red cell count ‘ They are in-

creased after hemorrhage, at high altitudes {p 511,

bi exercise, in acholuric jaundice (p 77) and in

permcious anemia, especially folloivmg specific

treatment (p 82) of the latter condition and dur-

ing the blood crises A rise in the reticuloc>te

count mdicates an increased activity of the blood

forming tissue—the bone marrov,—nhich as a
result of a specific stimulus turns out a larger

number of j oung cells Tlie maturation of the

red cells, that is, the cliange from reticuloc> tea

to erjthrocytcs, has been estimated to take from

10 to 24 hours There is evidence that the thyroid

gland liberates a principle which hastens the

maturation of reticulocytes

The next stage in the life of the red cell is repre

sented bj the nomoblaal, which appears in the

blood in aeieral different t)pc8 of anemia Tina

cell, as its name implies, « normal m site and

shape, posses'^s the usual amount of hemoglobin,

but contains a nucleus The bone marrow nor

mally holds latge numbers of these umnalure

cells, but m health they do not reach the general

circulation In pernicious anemia and other severe

types of anemia large, pale, nucleated cclb arc

seen resembling nhite cells (Ijinphocytcs, ch 10)

The} represent a ser} primitive stage m the de

\elopment of the red cells, the} are termed m(if

afo&losts The megalcblastcontaiasaemaU, some

tunes a negligible amount of hemoglobin Its

protoplasm also contains a diffuse or punctate

arrangement of basophilic material Hemoglobin

IS acidophilic, so these cells ms} stam n ith acid as

well as witii basic d} es This phenomenon of dual

stammg, which may also be shown by other ab-

normal cells, IS knovni as polychromosto Other

cells oi various sizes and shapes may be seen in

the anemias Shrinkage of the contents of the red

cell with wrinkling of its limitmg membrane, as

ma} result from immersing the cells m a hyper

tonic solution, is termed crenalion In pernicious

anemia, in particular, the presence of cells of un

equal sizes (anisocytosts) and of deformed outline

(pmhUicytosis) is common The poikiIoc}rtes may

* These cells arc more numerous in rabbit s

blood, being from 8 to 3 5 per cent of tbe lota! red
cell population The blood of certain other species,

also shows a relatively high count

assume the most bizarre forms, mulberr}
, flask or

hammer shapes may appear Erythroc} tes with

a globular form (spheroct/(es), or of an eliptoid or

crescentic shape {eliptocyles and nckle cells) are

fouid m certain t} pes of anemia Paulmg, Itano,

Singer and Wells haio found that in sickle cell

anemia the red cells contain an abnormal t} pe of

hemoglobin ami the} suggi^t that the formation

of certam bonds betw ecn the abnormal molecules

causes a distortion of the cell The«e distorted

more rigid cells, are destro}cd more rapidly than

the normal cells Macrocytes and rmcrocytes are

terms denoting cells of usual structure and with

out nuclei, but larger and smaller respectnel}

than the normal eiyihrocyte In certain condi

tions, e g ,
lead poisoning, fine dots of basophilic

material, probabl} a porph}Tin (cb 6) appear
throughout the cell, giving it a stippled appear

ance Tins abnormality is known as punctate baso

philia (see frontispiece) In certain types of ane

mia nngs or tmsted strands of basophilic material

ma} be seen near the penpher} of the cell These

are derived from the nucleus and are known as

Cabal 8 nngs At other times small nuclear frag

mauts—IIaveU-JoUy bodies—arc present in the

c}lop)asm
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BLOOD VOLUME: BODY WATER: WATER BALANCE

Blood volume estimations are of valuem man>
clmical conditions associated with a loss or gam
of fluid bj the bodj ,

or for the purpose of check

mg the results of corpuscular and hemoglobin

estimations It is also sometimes of interest to

know,m experimental m\ estigations and m meta

bohe studies in man the total amounts of certain

blood constituents, c g ,
protein, calcium, sodium,

etc
,
as ^ ell as their concentrations

iVIetbods for the Estimation of
Blood A olume

DmEcr Method

The first attempts to measure the total quan
tity of blood m the body were made upon animals

by Welcker (1854) His method consisted m tak

ing a «maU measured quantity of the animal's

blood and diluting it to 1 in 100 with normal

ealme

The animal was then bled, and after the blood

had ceased to flow, its vessels were washed out

and the muscles mmced and extracted with water

"Water was then added to the collected fluid

—

Uood and untd vU tolai: matAUed

cisely the tmt of the onginal diluted blood speci

men The total collected fluid dmded by 100 gave

the blood v olume

This method was also employed upon de

capitated cnminah (Bischoff) in order to obtam

a value for the blood volume of man, but since

its applicability was obviously very limited, m
direct methods were later devised

IvDiRFCT Methods

Several methods arc available for the deter

mmation of the blood volume during life The
carbon monoxide method developed by Grebant

and Quinquad for animals and modiiied by Hal

dane and Smith for man, lias Ixxm largely sup

planted bv the dy e method

Tlic dye method was originally devi-ed by

Kiitli, Rowntifc and Geraghty Tlie degree of

dilution m tlic plasma of a known amount of dye

injected into the circulation is cmplovcd as the

basis of calculation. The color of the stamed

plasma is compared m a colonmetcr with that of

a standard dye solution of known concentration

There are several qualifications required of a dye

before it can be considered suitable for blood

volume measurements In the first pkee, of

course, it must be mnocuous It must not diffuic

too rapidly from the blood stream, it must color

only the plasma and not be adsorbed by the cells

of the blood nor by the walls of the blood vessels

It must not change color itself after entenng the

blood, nor cause the liberation of pigment from

the red cells (liemoly sis) and it must be capable

of mixing ev enly and thoroughly with the plasma

If it lacked these qualifications, the colonmctric

reading obviously would be undependable

The dye most commonly employed is a blue

dye, T 1824 (Evans blue) Evans blue has the

advantage that the error due to any dtscolora

tiOD of the plasma by hemoglobin (hemolysis) is

minimized This dye is also eliminated very slowls

(4 8 per cent per hour) from the circulation It

remams m the circulation because it combines

with protein nlfhough this combination ap-

va, Vkw
rated by paper electrophoresis

In mabng an estimate of blood volume a sam
pie of plasma is obtained before the dye is in

jeeted Then a known amount of the dye is in

jected intravenously and blood samples are

obtained at 10 or 20-, 30 40 ,
and 50 mmutc

intervals after the injection Tlie concentration of

dye in the plasma is measured Because the dye

leaves the circulation to some extent, it is nects

sarj to determine the fall in concentration of the

dycwithtime By extrapolating back to zero time

from the cunc of concentrations, the concentra

tion of the dye at zero time cm l>e computed and

this IS used to calculate the blood v olume Because

T 1824 leaves the circulation slowly, in norma!

persons it « usually possible (o obtam a reason

able estimate of the hlofxl volume from a sample

taken 10 minutes after the dye ha.s been injected,

but under conditions wlnn mixirg is s’ow, the

cxtrapobvtcd values are preferable From the con

17
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centration of dje m the sample and the amount of

dje injected, the d>e dilution and hence the

plasma volume can be computed

If either lipemia or hemoljsis is present, the

dilution method ^\lth T-1824 is not satisfactory

unless a lengthy dj e extraction procedure is used

Also, as \\c ha\o «ecn, in manj instances the dis-

appearance rate of the d>o from plasma must be
known if an accurate plasma volume measure

ment IS to be achieved Another disadvantage is

that repeated injections maj cause 'ome dis

coloration of the conjunctivae and skin

Plasma volume may also be estimated by the

injection of albumin “tagged” with I'** Tina is

not affected by hemolisis or lipcmia, nor docs it

stain the tissues, but it also has the disadv'antagc

o! requiring information concerning vta disap-

pearance rate Measurements of plasma volumes

bj the use of T 1824 and bj means of l‘’‘ albumin

give similar results Another procedure has been

developed using a dextran fraction which leaves

the circulation very slowly This method has the

adv antage of requiring only two blood samples,

one of which is a control It is unalTccted by

lipcmia or hemolysis, employ s a colorless material

and requires no highly specialized equipment for

its estimation

These v arious procedures give an estimate only

of the plasma volume In order to obtain the value

for the total blood volume, the proportion of cells

to plasma must be determined by means of tlie

hematocrit If the packed cell tolume thus obUmod
18

,
for example, 45 per cent, the plasma volume

IS therefore 55 per cent Thus the total blood vol

ume can be calculated from the plasma volume

and the hematocrit reading

In calculating the blood volume from the

plasma volume and the hematocrit reading it is

necessarily assumed that the proportion of red

cells to plasma is the same throughout all parts of

the vascular system, but experimental evidence

13 strongly against such an assumption In capil

lanes the proportion of red cells to plasma may be

considerably less or more than in the larger ves

sels To eliminate the error of unequal distnbu

tion of red cells throughout the circulation, meth
ods have been devised for the estimation of the

total circulating red cell volume These use the

dilution of injected red blood cells which have

been “tagged ’ with radioactive iron (Fe'O, radio-

active chromium (Cr“) or radioactive phi^phorus

(P”) In the method of Hahn, as modified by
Gibson and his colleagues radioactive iron (Fe‘*

or Fe‘*) IS incorporated into feme ammomum
citrate, which is injected into a donor belonging

to group 0 (ch 6) Newly formed cells take up
the iron and appear in the circulation in 24 hours,

reaching a maximum in 21 days

From 70 to 100 ml of the donor’s blood (30 to

40 ml of red cells), having a radioactivity of from
2500 to 3000 counts per minute per ml (deter

mined by Geiger counter), are injected intra

venously or intraarterially into the subject The
quantity of donor’s blood injected will depend
upon tlie volume of red cells which the recipient

is expected to have, but injections betw cen 70 and
100 ml cover a range of red cell volumes of from
1500 to 2500 ml
Between 10 to 20 minutes are allowed to pass

after the injection in order for thorough mixing
of donor’s and recipient’s cells to occur Samples
of 15 ml of recipient’s blood are then taken and
are followed at 10 and 20 minute intervals by
two more samplings Two milliliters of donor’s

blood are diluted to lOQ ml
,
10 aliquots are then

prepared Tlie recipient’s blood samples are

centrifuged at 3000 rp m for 30 minutes Donor
and recipient samples arc wet ashed and the iron

deposits! electrolyticslly on copper The radio-

active iron in the two samples is determined by
means of a Geiger counter, tho calculation of the

circulating red cell volume is made from the fol

lowing equation

where Vrr is the red cell volume, CD the number
of iruUilitcra of donor cells mjected, VaD the

radioactivity of the donor’s cells and VaR the

radioactivity of the recipient’s cells

In order to determine the total blood volume
the plasma v olume is measured by the dy e method
and the result added to the value for the circulat

ing red cell v olume

This method is based on two assumptions—(a)

that none of the radioactive iron escapes agam
after being taken up by the erythrocytes, and (b)

that all the labelled cells became mixed with the

recipient’s cells equally throughout the circula

tion Only the principle of the method can be

given here, for details the reader is referred to the

ortgmal papers

Radioactive iron can be used m tests carried

out over a long period of time because it persists

in the cells and the blood remains radioactive for

much longer than when radioactive chromium or

phosphorus are used The methods employing

Cr“ and P® are simpler to use than the one just

described because the labelling of the red blood

cells with these materials can be done in iitro
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Since it IS thus possible to use red blood cells from

the individual on whom the test is to be made,

the problem of cell compatibilitj does not ansc

AH determinations of blood volume, whatever

method is used, are made with the patient re

cumbent and under ba<=al conditions some 12 to

14 hours after a meal The loss of the dj e or other

materia! into the tissues at the site of injection

must be a\oided since this of course will vitiate

the results xihich, smee the plasma nould be le^

dceplj *!tamed, would be too high Care must also

be exercised to pre^ ent evaporation of fluid from

the «amples after thej have been drawn Other

\Msc the concentration of the particular test ma
tcnal m the pla«ma would be rai'^d and the read

mgs (which would mdicatc a lower degree of

dilution) would be too low

formal ^ allies for Plasma and Whole Otood

> olumcs as Obtained bjr difTercnt Method

In normal subjects, blood make* up roughlj 7

per cent of the bodj weight, with pla«nia volume

a httic over 4 per cent and red cell volume about

3 per cent Tlie plasma volume of adult males is

about 40 ml
,
the red cell volume about 29 ml

,

and the whole blood volume m the neighborhood

of 70 ml per kg of body weight The blood

V olume of a man of average weight (70 kg ) is

therefore around 5 liters The blood volume m
terms of body weight shows considerable vana
tion from person to person Changes m body

density alter this relationship of blood volume

to body weight The relationship between blood

volume and body height shows a similar varia

bihtv The most con«tant relationship is found

between a combmation of body weight and the

cube of body height (fig 31)

Body Water («eo also cb 4)

Tlie blood volume and its variations cannot be

considered entirely apart from the fluid content of

the body as a whole Blood volume regulation is

largely a question of balance between the fluid

wnthm the voxels and m the ti«suc« XMicn con

ditions ari'c which (end to lower or raise the

volume of b!oo<l, counter forces come into

play which restore the normsl level Wlicn nr
culating fluid is lost, the vessels replenish tlera

soh es from the ovtniv a'cular spaces On the other

hand am tendency for the blood volume to n«* is

Trot by a discharge of the excess fluid into tl e

tissues and later from the l)0<ly m the unne So,

a 1 ahnee is struck, and m health the Mood vo!

tune IS maintainwl romarkablv con«taat For ex

sample, after the intravenous mjection of a larj,®

,tiil/kg

Fiq 3 I Ratio of measured blood volume to

total body mass plotted Against body density

(X 55 men, O 26 women) ^ote that the blood
content is 92 8 ml per kg m hypothetic body of

density 1 097 BV was computed from measured
PV and hematocrit with correction of tbo latter to

the over all cell concentration of the circulating

blood

quantity of ealmc the v olumc of circulating fluid

(although rai«cd temporanly) is brought back to

normal wilhm 30 mmutes or On the other

hand the loss of blood fluid, as by hemorrhage,

immediately calls mto action processes which

may, in a very short time, replenish the blood

volume 'Vt’hcn an animal is bJod to death, at a

not too rapid rate the blood which is withdrawn

IS found after a few minutes of bleeding to have

become diluted—clearly demonstrating the

promptness with which fluid (water and salt**) lias

been absorbed into the v c««els

TIic total volume of the water of the body

V anes among species but in man has a mean v olue

of approximately C5 per cent (about 10 per cent

less for women) of the bodv weight (it is aliout

05 per cent m the dog and about 73 per cent for

guinea pigs and rvbbit^) It is difficult to cstab*

Itsli proper mean values for l>o(ly water, !>ecause

its total V olume is related to tl e ma<vs of the lean

tissues of the liody rather than to the body weight

In an ol)C«e jicrson it is a much lower jierccntsgi.

of the IhkJv weight than jo one wj o is ban Tlio

values, therefore, Van widely both lietwctniX-r

sons and different species of snimvl m accordance

with thcif fvtne«s or leanness

The total rvlume of tl e Ixicly water ran !<» de

tcrmined by injecting into tl c t'oed rtrrvm v
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known amount of water containing deuterium or

tritium, or antipjrme which becomes umfonnly
distributed throughout the body fluids (mtra

cellular and extracellular), and then detertnining

its concentration m a sample of serum Tritium

labelled water may be more conveniently meas

ured than deuterium labelled water because of the

radioactivit} of tritium A further method using

N acetjl 4 ammoantipjrcne has also been de-

scribed

The water content of various tissues, in average

percentages, is given in the following table

Perttnl

Muscle (striated) 75

Skin 70

Connective tissues €0

Adipose tissue 20

Bone (marrow free) 25-30

Blood

Plasma 90

Cells 65

Kidney SO

Liver 70

Nervous tissue

Gray matter 85

White matter 70

The extracellular fluid which comprises the

blood plasma, the tissue or interstitial fluid,

Ijmph and the fluid in the serous cavities,

amounts to about 24 per cent of the body weight,

the plasma water constitutes only about 4 per

cent of the bodj weight The fluid wathin the

cells, the intracellular fluid amounts to 41 per

cent of the weight of the body, or about two tiroes

the extracellular fluid The skeletal muscles con

tain about half, the skin about and whole

blood onl> about Ho of the total body water

In general, the intracellular fluid has a high

concentration of potassium and a low concenlra

tion of sodium, whereas the extracellular fluids

contain relatively large amounts of sodium and

small amounts of potassium * In most cells chlo

nde is also in low concentration or is absent, the

red blood cells and the cells of the gastric glands

arc notable exceptions Substances, such as su

• In the case of muscle at any rate, this distnbu
tion of ISa and K between mtra and extracellular

fluids may be alteredm pathological states involv
ing the excessive loss of potassium from the body,
e g severe and prolonged diarrhea, hyperactivity

of the adrenal cortex or the administration of

dcsoxyeorticosterone (eh 53) when muscle potas

Slum IS largely replaced by sodium Increased con
centratioc of K in the serum and other extracellu

lar fluids occurs in adrenal cortical insufficiency,

in oliguria or anuria, during tissue breakdown or

anoxia, following major surgical operations, and in

dehydration

crose, mannitol, inulm, tluocyanate and to a lai^e

extent chloride, when mtroduced mto the body,
become uniformly distnbuted throughout the ex
traccllular fluids, but do not enter the cells m
important amounts and, since thej are not metab
ohzed and arc not excreted too rapidlj

,
can be

employed to estimate the volume of the extra

cellular fluid in the living animal BTien, for ex
ample, a known amount of thiocj anate, is injected

into the blood stream and sufficient time allowed

for equal distribution to occur, the volume of the

extracellular water can be calculated from the

concentration of the solute in a sample of serum
Railioactive sodium or chloride may also be em
ployed for such determinations, but since these

solutes are not excluded from all types of cells

they arc not as dependable as thiocyanate or

sucrose, especially if absolute values are sought

The extracellular fluid is visualized as occupy mg
a space of the determined volume, and accordmg
to the solute used in the estimation it is customary

to speak of the thiocyanate space, sucrose space,

etc

The values for the total body water and the

extracellular water being known, the intracellular

water is found by subtraction (see table below)

Body water

Body Wttcr PerctBlaic
el Body Weight

A Extracellular

Id plasma 4

Iq interstices 15

Id hollow viscera eye,

etc 5

B Intracellular 41

WTien calculatmg intracellular water in this

way it 13 well to appreciate that some of the

methods for determining extracellular fluid v ol

umc, becau'=e they measure only the volume of

fluid into which the test substances can freely

diffuse, exclude a certain amount of fluid outside

cells, such as eye humors, cerebrospinal fluid and

secretions of glands whereas these fluids are

usually mcluded m the estimation of total body

water

Tlie charactenstie distribution of sodium and

potassium between blood plasma and tissue fluid

J3^wnm table 3 1 Determinations of the extra

cellular fluid volume, total tissue water content

and sodium space permit one to obtain informa

tion regarding shifts of ions or water across cell

boundanes It is probable that changes in electro-
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Ijte concentration are primarj and that in

intracellular water occur secondarilj to such

changes The entrance or e^t of water thu% tle^

pends on the balance of ions inside and outride the

cell water passing freel} across the cell boundaij

The balance of ions inside and outside the cell,

with a high potassium concentration inside and a

high sodium concentration outside, is bwl ex

plained b} postulating an acti\ e process—a «ort

of “sodium pump’—which excludes, or ex’en ex

trades sodium from the cell The precise waj in

which sodium is kept out of the cell is not known,

but the process requires energj The immediate

energj source is probablj adenosine tnpbosphato

or some related compound, and either gljcoljsi^

or oxidation maj provide the ftrn'her energj ni

quired The 'sodium pump’ maj become lesa

efficient under circumstances when enetgj supply

IS reduced, as, for example, when the blood supply

to a tissue is blocked or when there is some

metabolic insufficiencj One can think of changea

in intracellular water, therefore, as being related

to changes m the molar concentrations of mtra

cellular or extracellular electrolj-tes, and one waj

in which an imbalance could be brought about

would be through some change m the ‘ sodium

pump Intracellular water under ordinary con

ditions 18 a rather fixed quantitj ,
and the dutd of

blood 15 also kept relatiielj constant A lo^ of

one fourth of the bodv water is usuallj fatal

Under phj-sio!ogicaI conditions the interstitial

fluids show the greateH changes In dehjdralion

tlie proportion of the total water from extra

cellular and intracellular compartments \anea

with the manner in which the negatnc water

balance is produced ^Mien, for example, the de-

hx dration is caused bj sucro«e diuresi«, aliout 85
per cent of the excreted water is derixcd from

extracellular and 15 per cent from intracellular

sources ^^hercas, m dehi dration resulting from
w atcr depn% ation, the water loss is from 57 to 07
per cent intracellular (Painter and awoeiates)

Hyaluronic cad Although practicalJi none of

the cxtracelluhr water is clicmicalh bound, lliat

IS to Ri\, substances an? dtssohtxl in it reodili,

and it cm be entirch pepnrated from colloidal

matenah lij ultrafiltrotion, and although freo

movement and rapid tlianges of distribution am
perraitteil it* pln-sical state does not appear to

Ixj that of a simple solution of clectroljtcs. and
protein bathing the eills it is held in the tiss-ue

spaces bj a gelatmg sul “itanct Tlie latter has
Ix'cn idintified chcmicalK a‘< a mucopoljsac

al<o enters into the formation of the cement sub-.

TABLE 3 1

Coneenlraltons of base in the voter of blood plasma

and in Ike ualer of muscle tissue

(After Gamble, Ro«s and Tisdall)

1

Per 100 cc
Pluau

1

Per ICO cc
Plasm '

W ittr

1

Per 100 cc
Muscle
Tissue

Per 100 cc
MoKle
Watrr

«r
1

cceJ^
1

me a 0/ }

Na-»- 1 330 157 7 ! SO 45 S

K*
1

20 i
5 G 1

320 103 0

Co** 10 5 5
’

s 5 3

!

3 ' 27
1

21
1

23 0

Total
1

171 5
1

j

1S2 1

Water ofWoodplaams IS taken as 91 j>er cent b>

volume and water of muscle ti«sue as 76 per cent of

weight

‘=tance binding cells together, and into the produc

tion of other gel like materials e g ,
vitreous bodi

.

jellj of the umbilical coni, etc The phj eiological

significance of this material is dealt with in

another place

Water Balance

In health, except when new tjsrae is lieing

formed, the bod\ ’s intake of w ater obnouMj must

balance the output MTien the output exceeds the

intake, the bodj s water content is reduced and

tbe bodi IS then said to lie m segatn c water bal

aoce, dehjdration rc®ults ^^’hen, as during

growth, comale«cencc from an acute iHnc<s or m
pregnancj, new ti««ue is being formed or for a

tune after a subject has iictn placed upon a re

during diet, the water balance is positue, the in

take exccedmg the output, i e ,
water is retained

Tlie antidjuretjc pnnciple of the h\poph\®is

constitutes part of the mechanism regulating the

volume of Ixxlj water fii dclisdrated state®, in

creased amounts of the pituitarj hormone arc

excreted in the unne (ch 56)

Tilt ^\ATtR IvrvKr

Boclj water is replenitbcd in tiro main ini-s

(a) bv the ingestion of liquid®, scmi^ohd an 1

* solid food (cooked t( an meat, for example, is

from 65 to 70 per cent wiiUr), and (b) bi the

water formed m rnttalKilt^m thrtugh the oxida

tion of the 111 drogen of the fooil or of the Ixxlj

ti«sucsthem®tl\'ps \\ atcr i® ab«orl>i'd mainh from

tbe small intestine, to a smalW extf nt from tl e

large intestine, an 1 m small amjunt® oah from

and Brown lompi'otl from tin data of Mag^u®-
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Levy gives the quantities of water produced by
the metabolism respectively, of the three main
food stuffs and of alcohol

JOO grains of fat jield 107 1 grama water

100 grams of starch yield 551 grama water

100 grams of protein yield 41 3 grams water
100 grama of alcohol yield 117 4 grama water

Water is also formed m the tissues through the

polymerization or sjnthesis of various com
pounds, 1 e

,
through a metabolic process the re

verso ofhjdroljsis An ordinary mivcddiet yields

as a result of oxidative processes from 300 to 350

grams of water daily, or about 14 grams per 100

Calories When no food or drink is taken, the

body materials themselves are utilized for this

purpose, the glycogen, protein and fat supplying

important quantities of water Tlie camel s bump,
for mstance, which is largely composed of fat, is

a reservoir for large amounts of water, and the

clothes moth kept m a desiccator and fed upon

perfectly dry food lay s eggs which arc 80 per cent

water

For the adult, the amount of water from all

sources and under ordinary circumstances which

must be ingested daily is around 2500 cc or

about 1 cc per Caloric of food intake 'Hus usu

ally means that about 1000 cc of water as such or

in beverages must be drunk in order to maintain

the water balance

The water mtake under conditions of average

temperature, humidity and diet is summanzed m
the following table

Solid and eemisohd food 1200

Oxidation of food 300

Drinks (water milk, coffee beer,

etc ) lOOO

The volume of body water is held constant

through a nicely balanced adjustment between

intake and output The intake is regulated mamly

by the sensation of thirst

Even a slight fall m the total volume of body

water arouses thirst This is caused by the in

hibition of salivary secretion and the consequent

drying of the oral mucosa, as well as by the nse

in the osmotic pressure of the blood Thirst can be

aroused expenmentally by the intravenous mjec

tion of a hypertonic solution The subject of

thirst IS dealt wnth more fully in chapter 43 In

experiments on dogs Robinson and Adolph found

that when the anunals had ready access to water

they drank when they had lost water to the ex

tent of 0 5 per cent of their body weight The

amount of water drunk was just sufficient to re-

place that which had been lost It is hard to con
ccivc what signaled the cessation of drinking, for

it occurred while the water was still m the stom
ach, that is before it had been absorbed

Tub Water Otrrpur

TVatcr is lost from the body in the feces urine

and saliva and by the evaporation of water from
the skm and lungs The daily loss through these

several channels is given m the following table for

a man of average size at light occupation in a
temperate climate

Skin (at average temperature and
humidity) 500

Expired air (at average tempera
lure and humidity) 350

Urine 1500

Feces 150

Total 2o00

Under usual conditions of air temperature (23-

25*C ), humidity and diet, the heat lost from the

lungs and the surface of the body by the evap
oration of water amounts to about 24 per cent of

the total heat production The measurement of

this tnsensi5fe voter hea under standard condi

tions may therefore be employed as a basis for

the determination of the basal metabolism (ch

44)

The {<»3 m the saliva u negligible under ordi

nary circum'tances but may be considerable in

mouth breathing (as a result of evaporation) and
in tho^c addicted to the spitting habit

The water lost through the skin and lungs

vanes greatly with the temperature and relative

humidity of the atmosphere and with the extent

of the muscular exercise indulged in At ordinary

temperatures slight secretion by the sweat glan^
IS not perceived since the sweat evaporates as

quickly as it is formed This insensible perspira

bon, as it is called includes the loss of a greater

amount of water by evaporation from the moist

tissues beneath the skin, this loss is quite apart

from the actual secretion of sweat (ch 52) The

diffusion of water through the skin and ev'apora

tion from the surface under ordinary comfortable

conditions of room temperature and humidity is

around I mg per cm * of skin surface in a penod of

10 minutes The rate of diffusion is little different

for Lvmg or dead skin and whether sweat glands

are present or absent The amount of the tnsensi

bU perspiralicn has the average value giv en above

but may be many times this value , when the air is
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hot or the bod} temperature raisf-d the rate of

c\aporation of water from the tissues beneath the

«ikin IS much more rapwl, the accretion of sweat is

also lileb to be more aetue, but owing to the

higher rate of e\aporation a larger qiiantiU of

sweat IS secreted before it becomes endent Bela

tive humiditv and air moi emen t also mflucnce the

rate of e\aporation So m hiunid, still atmos

pheres sweat secretion is more evident though it

maj be no greater tlian m a drier atmosphere

when evaporation is more rapid Large quantities

of sweat are secreted as a result of muscular excr

else or when, as m the tropics, the temperature is

high In hot climates the dail> secretion maj
amount to 3000 cc dailj and in verj tomd
atmospheres it maj be as much as 10 liters \Mien

heavj work is done in a hot environment, sweat

ma> be 'ccretcd at the rate of 2 liters per hour

This necessitates the drinking of an equal quan

titj of fluid in order to maintain the norma) water

content of the bodj
,
emce the intake must equal

the output

At ordinarj temperatures the inspired air coo

tains negligible quantities of water whereas the

expired air is almost saturated w ith moisture An>
condition which increases the pulmonar) lentda

tion therefore increases the water lost bj this

route

The Relation ot the Electrolyte Concentration and

TtsoM Changet to the Volume of Body 11 ater

Tlie i«otonjcitj of the bod} fluid which depends

mainl} upon its concentration m sodium and

chloride is mamtained constant largelj bj the re

Icntion or elimination of water, the kidncis pf3>

mg the primarj role in this regulation A loss of

salt is accompanied b> a loss of water and the

ingestion of salt is followed b} water ntcatioa

Tims it IS possible to increase the volume of bodv

w ater m normal persons to the point w liere edema
occurs b} the administration of large amounts of

sodium bicarbonate and to cause the discharge of

nephritic or cardiac edema bj the reduction or

WTthdrawal of 'salt from the diet In the latter

instance, onlj sufficient «odium chloride is avail

able for the production of a more limited amount
of isotonic fluid Tlie fundamental factors con

trolling the total volume of bodj water are not

clcarl) understood The hjiiotlialamus is im
portant m regulating the osmotic pressure of ex

tncclluhr fluid through its mfluence on the

liberation of antidmrctic hormone b> the posterior

pitiiitarj gland and hence its influence on water

retention b\ the kidnej (ch 34) Tlicrc must be,

however, «ome means of regulating the absolute

amount of bo<)y water It is felt that the ba«ie

factor in this control is the regulation of “odium

excretion bj the kidnej Smee the transplanted

kidsej can still regulate bod} wafer, this rcgula

tion must be finallv effected bv <omething earned

m the blood The adrenal cortex undoubtedi} is

important in this n^lation through its influence

on the reabsorption of sodium, but other factory

must also be inv olv ed since e\ cn in the ab'^nte of

the adrenal cortex some regulation of bodv water

can still occur \\Tiat starts the chain of e\ enU
that leads to alterations in renal aetmt) !“! not

clear Circulatory changes are important Factors

leading to a reduction in circulating blood vol

ume, venous return or cardiac output appear to

reduce the excretion of salt and water, whereas

factors increasing blood volume or the venous ns
turn and cardiac output increase the excretion of

«alt and water \Miatcver the prccire initiating

factor, it would «eem that there must be a mech

am«m*>en«iti\e to changes m the absolute amount

of bodj water as well as one een'itiv c to changes

in the concentration of eJeetroh tes Tlie details of

this mechanism are unknown
Changes m the diet can bnng about changes in

the total bodv water Protein is laid down m the

bod) with water (about 3 grams of water per

gram of solid) During growth or convalescence

from wasting direases retention of water there-

fore occurs, le, the intake of water, including

that derived from solid food, exceeds the output

Fat IS laid down with a minimal amount of water

(onl) that in the protein of the connective ti«'vup

framework), the deposition of gljcogcn is nc

companiod bj a small storage of water* Uabr
retention therefore follows a sudden cliangt from

a high fat to a higli protein diet, and to a le«3

depec from a fat diet to one high in carixih}

drate A change from a diet high m carbohj

drate or protein to one high in fat is followed b)

the lo«s of water

Reduction of the caloric value of the diet lx?low

the cnergv requirement is accompamcil for a time

b) tlie retention of water During the fir^t week

or FO on a reducing diet the subject b w rif,ht mav
for this reason show little or no change, tl e fat

cataWIircfl l>eing replaced b) watir In a pro-

longed fast after the fat stores hav e Iwn depleted

protein is aI=o parti) replaced b\ w iter, tie

musclefl of animals d)jng of starvation showing a

marked reduction m the proportion of protein.

• Zuntt concluded from hi* expenment* that 3
grama of water were laid down with each gram of
earbohj drate I ut his re*uU*t avcl>ecQ quevtioncl
and are not do« ecneraflj acceptc<i



24 BLOOD AND LYMPH Seehtm I

Dehydration

^\hcn the output of water exceeds the intake,

tlie body’s water content obviouslj will be re

duced That is, the body is in negative water

balance and the condition known as debj dration

results

Causes of Dehydration

Dehydration may result from

1 Water depletion or primary dehydration (a)

Simple depniahen of water from whatever cause

shipwreck, desert traiel, dysphagia, extreme

weakness, mental patients refusing to dnnk, etc

Under such circumstances, though there 13 an

effort to conserve the stores of body water,through

a reduction in the amount excreted by the kidney,

in the sweat and by other routes, some water is

always lost though none be drunk Dehydration

occurs more quickly in fe\er or if the environ

mental temperature is high

b Excessiie water loss may result from per

Bistcnt ^omltlng (eg
,
pylonc or mteatmal ob-

struction) prolonged diarrhea, or the excretion of

large quantities of urine or sweat, especially when
accompamed by a restneted water and salt in

take In the acute diarrheas of infants, dehydra

tion and loss of weight may occur \ery rapidly

In water depletion the osmotic concentration

of the extracellular fluid nses, water is drawn

from the cells, and both extracellular and mtra

cellular compartments shrink Extreme thirst is

experienced

!S Reduction in the total quantity of electrolytes

salt depletion or secondary dehydration The elec

trolytic concentration of the body fluids, both

extracellular and intracellulaT, is maintained con

stant through the elimination or retention of

water That is, a reduction or mcrease in the total

electrolytes, which comprise chiefly the basic

radicles Na (extracellular) and K (intracellular)

and the acid radicles HCO* and Cl, is accom

panied by a corresponding decrease or increase in

the volume of body water The sum of the basic

elements and acid elements of course must bal

ance Loss of Cl can be made good by the reten

lion of HiCOj and a rise in plasma bicarbcmale

Excreted base, however, can be replaced only by
basic substances supplied in the food The total

concentration of electrolyses in the body fluids is

therefore dependent upon the stores of total base

For example, in pylonc or high intestinal obstnic

tion (p 712) fluid IS secreted m large quantities

mto the gastrointestinal tract The fluid may be

vomited or may collect and remain m the dilated

part of the canal above the obstruction (The lat

ter occurrence is the rule m the rabbit which can

not vomit ) In either case the secretion of large

quantities of gastnc juice entails a loss of blo^
chloride A similar chlonde lo«8 is induced in

animals by means of a gastnc fistula fashioned

by sectionmg through the pylorus, stitching the

stomach opening to the abdominal wall and allow

mg the gastnc juice to dram to the exterior In

the foregoing instances the chlonde depletion

causes at first no ill effects, the normal concentra

tions m electrolytes of the blood and tissue fluids

being maintained for a time by the retention of

COj , and, as a consequence of this, an increase in

bicarbonate The compensation lor (he Cl loss

leads however to alkalosis which is then countered

by an increased excretion of base in the unne
This of course is accompanied by diuresis, marked
dehydration results

On the other hand, the continued loss of pan
creatic juice (p 633) to the extenor causes an im
mediate depiction of base plasma bicarbonate is

reduced In the adjustment of the acid base bal

ance the excels of acid radicles is excreted in the

urine, this again entails a loss of water Similarly

,

the ingestion of acid producing salts causes a de

pletion of base, which is used for the neutralisa

tion and excretion of the acid radicles Such salts

therefore act as diuretics and dehydrating agents

In salt depiction the extracellular fluid is hypo-

tonic, water enters the cells so that the lolume

of intracellular fluid is maintained whereas the

extracellular fluid (especially the mterstitial) is

reduced

Clmically the failure to mgest suflicicnt salt or

the leaching of salt from the body of a senously

ill patient by glucose infusions la a not uncommon
cause of salt depletion

S The tnjeclicTi of hypertonic solutions mto
the blood stream ItTien a strong sugar or salt

solution 13 injected, the temporary rise m the os

motic pressure of the blood causes a flow of fluid

from the tissues mto the vascular system until

equihbrium is re established The blood \ olume is

increased, but is soon returned to normal by the

loss of the excess material into the tissues and its

eventual excretion via the kidney and bowels A
net l(Bs of body water results

Effects of Dehydration

(a) Loss of weight due to the reduction m tissue

water as well as to the actual breakdown of body

Eubstance which occurs m the effort to furnish

water for the mamtenance of physiological proc

yggpa Fat and carbohy drate stores are first drawn
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upon for thjs purpose and later, protein (6) Du
turbances tn acid Jmsc balance, usually toward tbe

acid side The diminished quantity of circulating

fluid (loss of plasma water, anhjdremia) and the

consequent depression of o-adative procc’^ses in

the ti^ues is held responsible for the excessixe

production of acid metabolites, e g , lactic acid

The slowing of the renal circulation also leads to a

reduced etcretion of unne and the retention of

acids (e g ,
phosphoric) which under normal cir

cumstances ate eliminated (c) Rite tn lAe non

protein nitrogen of the blood (d) Rise tn plosmo

protein concentration and of chloride though there

13 no absolute mcrease There la an absolute m
crease m blood sugar, especiallj when the stage

of exhaustion approaches (e) Rue in body tern

perature as a result of the reduction in circulating

fluid (see ch 52) (/) Increased pitUe rate and re

duced cardiac output (g) Thirst This occurs m
water depletion but not m salt depletion, it will

be discussed m chapter 43 Any fall m the water

content of the tissues is refleeb^ m the glandular

actmlies (Specially of the salirarj glands Secre

bon IS «upp;^«5od, tbe mouth and throat become
diy In dehydration thirst is extreme and tbe

mouth parched (fi) Dryness, lennkhng and loose-

ness of shn and a pinched expression to the fea

turcs ro^t from the lo«3 of subcutaneous fat and

of water from the deeper Ia>or8 of the Other

manifestations arc, reduced intraocular tension

and recession of the ejeball and, m infants, de>

precision of the fontanelle (t) Exhaustion and col-

lapse

IVxTsrff iaTvrwxrro^

"When an animal is gi%cn large quantities of

water bj stomach tube, e«ipcciallj if urinary pccre-

tion 19 reduced bj the administration of pilre««in,

the tissues become “water logged, ' scnoussjmp
toms ensue, e g ,

depression of temperature,

lomitmg, cofii-ulsions and coma which shortly

end in death Similar effects also follow in man if

large quantities of water are p\en to a patient

with nephritic edema or, if m a subject of diabetes

insipidus, piluitnn be admimstcred while the

wafer intake is maintained at the usual lewl (see

ch 55) Tlie manifestations of water intoxication

arc Ixljcved to be due to the dilution of elcetnv

Ijtcs m the bodj fluids, and the damage caused

therebj to the ti«sue cells *

* I- xcessive concentration of electrolnea m the
ti«*«e fluid With con«c(iucnt hj pertomcit> , as oc
curs in shipwrecked sailors if thej dnnk sea water
(winch has a concentration in salts about three
limes that of serum) eau«es an equaPj dcletenous
effect upon the ti««ue cells This appears to be tbe
cau«o of death

Adrcnalectomt reduces the renal ifaponsc to

water drinking, and thus increases the suaccpti

bility to water mtoxication This susceptibihtj 13

reduced bj tbe administration of deaoxtcorti

costerone, of 17hjdroxj 11 dehjdrocorticoster

one, or of thjTOid hormone A similar protccti\e

action ts exerted bj the«!c principles upon normal

animals

In water intoxication, the protem and clilonile

of the plasma are diminished and the extracellular

water decreased Tbe water retained in the bodj

enters the cells of blood and tissues which become

swollen It 13 not possible to account for the reduc

tion in plasma chloride bj mcreased renal excite

tion for both adrenalectomized and normal ani

maJs actually excrete le^s salt than usual

apparentli the salt is diverted from extracellular

to intracellular fluids

There is no danger from cxec«s fluid being

tamed in the bodj through water dnnking, for the

sense of thirst and its appeasement nieelj control

the quantitj ingested, but the artificial admims-

tratioo of inordinate amounts of waterm the forin

of glucose solution, e«pecia]]j after surgical operA

tions when there is some tendenej toward anti

diuresis, maj cause eenous disturbances in water

melabolisiD Tbeeffectsofanexcessofbods water

induced in this way can be corrected rcadilj bj

tbe administration of hjiiertomc saline

It’hen there has been prolonged ischemic m
;urj of tissues, as occurs following tourniquet ap
phcation and subsequent release, large amounts of

sodium arc soaked up bj the injured tissues In

ischemic shock m mice., as much as_)4 of the total

extraccUubr «>odiuin mnj be lost mto the m
jured region The uptake of sodium bj the in

jured cells causes its letel in the extracellular-

fluids to fall Normallj, thekidaej would respond

to this reduction m tlie clectrolj te concentratiori

by excreting more water and elcctroljic homeo^

stasis would l>c maintained But instead, there

renal retention of water and the sodium lex el of

the interstitial fluid and plasma remains low In

fusions with sodium chloride arc effective m pro

mohng survnval in this condition, but colloid or

glucose solutions not containing sodium chlondc

arc ineffective

Factors Governing the Interchange of

Fluid between the Tissues and
the ^ e«*eN

\cconhng to ^tailing « new (which ls grncrsllv

accepted) the phv«!f*il facUrs which dctrnnirc

the flow i)f fluid from tlic tiss-ui-s mlo the btofid

stream as well as in the revTrvr rlirccfion—from
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the ^csscl3 to tissue spaces—are the osmotic and
li}/drostaltc pressures of the fluids m the tiso situa

tions

Osmotic Pressure

Osmosis IS diffusion through a membrane sepa

ratmg water—or an aqueous solution—to which

the membrane is permeable, from another aque

ous solution to whoso dissolved materials the

membrane is impermeable Such a membrane
that permits the passage of water or of some sub

stances in solution but acts as a barrier to the

molecules of certain other substances, is called

semipermeable

If an aqueous solution of cane sugar be placed

m a ve^ael and a laj er of n ater poured gently upon
its surface the two liquids wall remain separate for

a time Gradually however, sugar molecules wall

diffuse upward and intermingle with the water

molecules whereas many of the latter wall pass

downwards into the sugar solution The diffusion

procc«s which due to the random movement of Iho

molecules and quite independent of gravity or

convection currents will continue slowly until the

concentrations of tho two t>pe8 of molecules be

come equal throughout alt parts of the liquid If

now instead of allowing free diffusion between the

tw 0 solutions to take place they be separated by

a membrane semipermeablo with respect to the

sugar molecules, equal and free diffusion cannot

occur bince water molecules can cross the mem
branc into the sugar solution but sugar molecules

cannot pa«8 out the volume of the solution is

bound to n*e The wotcr molecules diffuse in both

directions but their concentrations in pure water

being higher than in an aqueous solution a greater

Iio 3 2 the
j
re^’uire rises in the chamber

It op|>o<cs the inward diffusion of the water mole
eulcs

and more wall pass through into the sugar solution

than in the opposite direction, water therefore

gradually accumulates on the sugar side of the

membrane and dilutes the solution If the com
partment containing the solution of sugar is en

closed by rigid walls and connected wntha manom
eter the pressure that develops can be measured
This pressure since it is caused by osmosis is called

the osmotic pressure A manometer (fig 3 2) de

signed for the measurement of osmotic pressures is

called an osmometer Osmosis when related to the

transfer of water across cell boundaries is called

endosmosisoTexosmostsnccordiiig to whether water

posses into or out of the cell

Theoretically the transference of water through

ft acmipermeable membrane if unopposed by any
other force would proceed indefinitely although

at a progrcsstvcij slower rate and cause infinite

dilution of the oamotically active substance on the

other side The volume of the solution would con

tmue to increase and the osmotic pressure would

not cease to nse until the concentrations of water

molecules on the two sides of tho membrane were
equal However owing to the presence of the mole
eulos of the dissolved substance such equalization

can never be fully attained But the rise in pres

sure Itself by opposing diffusion of the water mole
cutes into the solution after a time automatically

brings osmosis to a standstill

Great pressures are capable of being developed
by osmotically active substances A 10 per cent

solution of cane sugar for example can produce an
osmotic pressure of over 6 atmospheres which is a

pressure equivalent to that exerted by a column of

fluid between 170 and 200 feet high

Semipermeable membranes vary greatly with

respect to the materials that they will or will not
allow to pass Erythrocytes for example are per

mcable to water but not to hfinxoglohia aorl the

plasma proteins and are more permeable to chio

ride and bicarbonate ions than to potassium and

sodium ions Fven the red blood corpuscles of

different species vary considerably with respect to

their relative pcrmcal ility to these two cations

but generally speaking blood cells os well as other

cells are more pervious to K* than to Na* The
capillary membrane on the other hand permits the

passage of all substances of small molecular size

dissolved in the plasma and has only a limited

permeability to the plasma proteins The capillary

wall of the renal glomerulus lets through very little

protein Artificial membranes such as those made
of a precipitate of copper ferrocyanide or of collo

dion also vary m their permeabilities

Osmotic pressure measurements give an esti

tnate of the tendency for the diffusion of water to

occur across a semipermeable membrane The os

motie pressure is a resuff of the diffusion process

not a cause of t<

Osmosis IS important in many physiolopcal
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processes la both animal and plant life, e g , the

excretion of unne, the interchange of matenals

between the interiors of the blood cells or tissue

cells and their surroundings the flow of sap m
plants, as well as the regulation of the blood toI

ume The fluids of the body contain various elec

ttol> tes and organic materials in solution Semi

permeable membranes of various tjpcs possessing

different selective permeabilities, such as the cell

wall the vascular endothchum, the renal epithe

hum, and the membranes lining the serous cavities

and the ahraentary tract are interposed between

fluids with different concentrations of osmotically

active substances

Isotomc, hypertonic and hypotonic are terms

employed to denote the osmotic activity of a

solution relatively to that of some other solution

If, for example, two salt solutions of equal

strength are separated by a semipermeable mem
brane neither will develop an osmotic pressure,

they are said to be tsoJonic If the solution on one

Bide of the membrane be stronger, the net

amount of water pa'sing to this side will therefore

be grcitcr and the solution here is said to be

hypertonic The weaker solution from which there

IS a net transference of water is termed hypotonic

In phj Biology these terms are u«cd mo«t com
monlj to indicate the osmotic activity of a solu

tion as compared with that of the body fluids

For example, excised organs or sections of tissue

upon which experiments are to be performed arc

kept moist and viable by a saline solution i«otoiuc

with the tissue fluid Shrinkage of the cells

thrwj^pb the Jars xif njiJer /as would resuW- Sroia

the use of a hypertonic solution) or swelling by
endo«mosis (as would occur if the solution were

hj potonio) IS thus av oided Similarly
,
in order to

prevent either shrinkage or swelling of the red

blood cells, they must be suspended in a solu

tion, such as plasma, that is i«otonic with the fluid

m their interiors See Hemolysis, chapter 7

Hydrostatic PREssunr

The other important factor in the interchange

of fluid between the blood and the general body
fluids according to Starlings hypothesis is tlic

hydrostatic pressure mthin the capillaries, le,

the blood pressure, and its relation to that of the

extravaecular fluids

The Relation of Osmotic to Htdrostatic
pRES'iURr IN niF Interciianol of Flcio

Acno«5fx THi Cafillarv ^^rlInR.VN^

TIic walls of the cnpillanos O^^nerallj througli

out tl I Iwdi, 35 already mentioned) permit the

free passage of water and Ful«>tanccs of small

molecular size dissolved in the plasma, e g ,
glu

co^, morgamc salts, urea, etc

Obviomly this must be so, otherwise c««ent!al

nutntive matenals could not reach the tissue cells

and waste products could not enter the blood

stream to he excreted But the capillary wall is

largely impermeable to the large molecules of the

plasma colloids To this partial impermeability

the osmotic activnty of the plasma is due Since

the albumm has the smallest molecule of the three

plasma proteins, it escapes through the vessel in

relatively greater amounts tliaa do the globulin

and fibnnogen fractions

By the use of I’” labelled albumin, it has been

found that the amoimt of plasma protem pa'^'ing

through the capillary wall into the interstitial

fluid J3 considerable, amounting to more than the

total protem of plasma each day The rate of re-

turn of protem from interstitial fluid is very im

portant ua the maintenance of plasma protein

levels The lymphatic system plays a major role

jn this return (cb 4)

The manner m which osmotic and hydrostatic

pressures act m regulating the mtcrchange of

fluids between the tissues and the muoclcs may
now be «een The blood at the arterial end of a

capiUaiy has a pressure, let us say, of 30 mm
Hg (this is an arbitrary figure and will vary ac

cording to the activity of the part) This is a force

dnvmg the water and the dissolved crystalloids

through the capillary membrane But the hy dro

static pressure of the tissue fluid on tJic outer side

of the membrane offsets mpart, that within The
pressure of fluid in the tissue spaces is difficult to

determine but it is considerably jess tlian that in

the capillanes It probably v ancs considerably in

different regions, being low in tho«o containing

much loo'c areolar ti'^sue But for illustration let

it be assumed to be 10 mm Hg The hy drostatic

pressure, therefore, which is effective m forcing

fluid out of the vessel (filtration preseure) is only

the difference between the pressure withm and

that on the outside of the vessel, namely
,
20 mm

Hg But the osmotic pressures of the plasma and

tissue Quids must be taken into account In the

plasma it amounts to alxiut 25 mm Hg The
tissue fluids have a lower protem content and

conrequently alower o«motic pn'smre Tlic latter

amounts to about 15 mm Hg Owing to this

diTwnty of 10 nun Hg lietwrxn tJe o'motic

pressures of pK=ma and tie'up fluid, tliere would

be a net tronference of water and diffusible fub-

eiances innards across tlie capiltarv membrane
if aueb transfi rvnee wore unopjxisod bv any other

force But a net bvdru'tatic preasurp of 20 mm
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nn<l o«motic pressurea in the regulation of the
interchange of fluid between the ^C'els and the
tissue spaces

Hgi3<=ot against it at the arterial end of the enp-

illarj leaving ft balance amounting to 10mm Ilg

which 5er\cs to filter water, salts, etc ,an<l a lilUc

protein out of the plasma Now osthcbloodfiows

rather slowlj through the capUlarj and loses

water in this waj hy filtration, the protein con

ccntration, and con«cquentlj its osmotic aclmty,

nsc8 Comcidentlj with the progressive nse a
o«niutic aetmtj the hj dro'tatic pressure declines,

until at the aenous end of the capillary there

IS a Inlancc of net o«motic prc««ure ever net

hydrostatic pressure AVstcr accompanied by

freely diffusible materials js therefore absorbed

into the circulation Tins picture of filtration at

the arterial end of the capillary an<{ absorption

at the venous cod is going on continually at the

periphery ot (he i ^«cuIaf lied Hut it « subject to

considerable \ oriation, not only in the same eapil

Jary from time to time but in different parts of

the pcnphcril circulation at nny moment (*>ee fig

3J1)

As Viie’itiood hows Vnroujhi I’lic capiYiarv, as a

result of the pas'ago of water outwards there is a

coa'equcnl rise m the concentration of protein

Blood Tissue fluid

Hl/drottalic pretsure Ilydrostalie

30 mm Hg preifure

10 mm Hg
rflcctive hydrostatic pressure 7;

20 mm Hg » -

C
Osmotic prmure = Osmotic pres

25 mm Hg sure

15 mm Hg
I (Tcctive osmotic pres'iire

10 mm Hg
!

Driving force —* 10 mm Hg (20 - 10)

Mclstiohc processes in the tissues bring about

ehan^ whcriby larger molecules are being

broken down into imaller ones, other molecules

arc removcil or built up into larger ones In thw
wav alterations m molecular concentrations and
in the diffuaibility of the constituents of the tissue

fluids with consequent variations in osmotic re

lationsliips ore occtirring reasele««l> Tlie actual

cxciiange of water across the capillary wall is

rapid Studies with deutenum and tntium
labelled water indicate that in one minute an
amount equal to the total plasma water is ex

ctianged

Under any cirtum«tancc in which the blood

volume IS increased or dimmished citlicr the hy

drostatic pressure or the osmotic pressure or both

are altered, and it is through «uch changes that

the blood fluid is restored automatically to its

prevnous level After hemorrhage, for example,

the hydrostatic pressure is lowered in the capi]

lary area but the osmotic pressure is unchangevf

Fluid will therefore be absorbed from the tissue

spaces Moreover, constriction of the capilljncs

tends to rovluce, dilation to increase the capillary

pressure Therefore, the capillary constriction

which follows a severe hemorrhage will slow the

filtration rate at the arterial end of the capillarv

and increase absorption of mtcrstitiat fluid at

the venous end Again, when water tsdrawm from

the blood, in consequence of excessiv e lo«s of fluid

by the kidney, sweat glands or l>owcls, concen

tration of the plasma proteins w ill rtsult The in

creased wmolic pressure of the plasma will then

hasten the rate of absorption from the tissues

Tlic mtravinous injection of large quantities of

isotonic saline, on the other hand will have the

twofold effict of diluting the colloids and tern

poranly increasing the hydrostatic pressure Tlie

excrf=s fluid m consequence is rapidly eliminated

from the blowl stream into the tissues and later

through the kidney andlmwels

Alterations in BIoo<I 'Volume

Many factors are concerned w ith the regulation

of blood volume, the pressure of blood in th(

capillaries, the concentratioia of poorly dif

fusible substances on the two sides of the capi!

lary wall, the available capillary surface, the per

tneability of the eaiullarics and the total capacity

of the vascular Ix'd

Ktnccnov or ntr Blood Vollue

Tins mav re«uU from

I Al0l^softrWe^^^>«/ as m hemorrhage

f Reduction i» // e to'al number 0/ red cells, as a

rc«uU of incrcascii destruction or diminished pro

duetton («ee anemia ch 9)
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3 Lo^s of plasma alone from the \ essels as m
bums or shock from other causes (ch 28)

4 Loss of hlood water This is called anhjdremta

and IS simpJj a part of a general deh} dration and
so results from the same causes as the latter

In the reduction of blood \ olume resultmg from

hemorrliage, the concentration of the blood in

cells and protem is lowered, smee a naterj fluid

enters the ^ easels from the surroundmg ti sues

HTien the blood ^ olume is lowered as a result

of a lo«s of plasma, the red cell concentration is

increased (hemoconcentration) but the protein of

the plasma is little altered

In anh} dremia both the protem concentration

of the plasma and the red cell count are raised

The concentration of plasma protem may increase

bj 50 per cent or more The vi«cositj of the blood

is therefore raided, and it flows sluggi^hlj from an

opened \em If the anhjdrcmia persists, the red

cell count and the protem concentration tend to

fail agam Then an estimation of the blood con

centration maj fail to giae a true index of the

extent of the blood x olume reduction

Acvk exposure io cold cauocs a moderate loss of

water from the blood to the tissues (chiefly skin

mu«cle and probablj liver), the total ivaler con

tent of tbo bod^ remaining unaltered It is not a]

together clear by what means this movement of

water is brought about It is, however, an im

portaot factor in the regulation of bodj tempera

ture (ch 52) The work of Barbour and others

fumi«hes evidence of a nervous element m the

mechanism ilnimals m which the cord had been

divided m the upper thoracic region when placed

m a cold bath did not respond in the normal

fashion Concentration of the blood did not result

and the temperature of the bodj fell to that of the

environment The control is exercised ev^dcat!J

through vasomotor nerves More prolonged ex

posure to cold (G-12 weeks) increases blood vol

ume in experimental animals

Posture Tlie blood volume of the human sub-

ject after 30 minutes or «o in the erect posture is

some 15 per cent less than that m recumbency A
fluid of low protem concentration leaks from the

vessels of the lower limbs into the extricapillary

tissues, as a result apparently of the intnascd

hydrostatic pressure m the capillaries of thc«c

jiarls

IscRWsr IS Blood Iolcme

(1)

High lanpcroturea In hydrated subjects,

exposure to a high temperature leads to an in

crca«e m blootl volume Tins increase naclics ft

maximum m about 7 daysafter which it mav re-

turn toward normal The extracellular fluid rol

ume mcreascs also, although mitially the greater

part of this mcrease is reflected m the elevated

plasma volume In the first lew hours after ex

posure to heat the changes are shght and mcon
sistent

(2) Muscular erera^e The effect of a bout of

vigorous exercise m man is to decrease the plasma

volume The magmtude of this decrease may be

exaggerated when measurements are made by the

dye method because of a change in the optical

properties of the plasma However the protein

concentration of the plasma, and the red cell

count mcrease The increase does not seem to be

progre^ive Some elevation m blood volume may
occur with muscular training This can be demon
strated m dogs but m men accustomed to hard

phy'sical work, the ted cell volume m relation to

height and weight is only shghtly increased over

that of sedentary individuals

(3) Bmohonal excitement m ammals and in man
causes an mcrease m blood volume

(4) Pregnancy In pregnant women the blood

volume though somewhat variable increases on

the average by 20 to 30 per cent, though m the

last few weeks of pregnancy tends to fall again

There is an increase in plasma volume and in

mterstitial fluid Associated with this is a reten

tion of «odium Restnction or the administration

of salt reduces or increases respectiv ely
,
the \ ol

ume of extracellular fluid The mcrease m plasma

volume in pregnancy combmed with a lower pro

tem concentration of the plasma is responsible,

m part at least, for the edema of the lower limbs

which commonly occurs m the pregnant state

(5) Congesliie heart failure As a result of the

retention of sodium the extracellular fluid under

goes a pronounced mcrease

(6) The administration of desoxycorticoslerone

causes o retention of salt and, ns a consequence,

a rise m the volume of plasma and interstitial

fluid Tins depends on the "Mlt load Aldosterone

is much more achvc tlian dc«o^ corticosterone in

its effect on «odium retention It helps to keep m
equilibrium the fluid volume and sodium re

tamed, fluid retention varying directly wath that

of sodium

ScaiiiART OF Tiir Pathouiqical Stvtes

A*^clvted wmi Vlter-vtiovs in

Blood Voluul

Reduction

(a) Hemorrhage 0o«s of whole 1 lood), (5) bjrna

floss of jilasma), (c) drhjdra'ion (Ityvs of water).
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(d) p<Tr»a<ms an^niwi (reduction m red cells, with

a moderate increase m plasma), (c) ccrtoin rAnmte

anemias olher lAun those 0/ tiie pernicious type In

tho«c the total %olumc of red cells is onlj slightly

or modcratclj reduced and this la to a large extent

compensated for by an increase in plasma abo\c

the normal standard The total blood ^olumc is

therefore, as a rule, not greatly bclon normal as

calculated upon the basis of weight or of surface

area (J) Ohesilij The blood i olume per kilogram

of bodj weight is much reduced but is normal

when considered m relation to the body surface

(u) Myxedema (reduction of both red cells and

plasma but mainly of the ioimct)

Increase

(0) Polyeylhemxa icro (increase mainly of red

cells but also of plasma), (6) nnhaas of the Incr

(increase of pli«ma, (c) feufccmio (increase in

white cells and plasma), (d) splenomegaly with

anemia—Banti’a disea«e (increase in plasma), (e)

hyperlhyroulism (equal increases both in red cells

and plasma), (/) congestive heart failure

It should be pointed out that the proportions

of red cells and plasma mav v ar> from the normal

though the total blood v olume remains unaltered

\\ ith regard to tlio blocul volume and the proper

tion of cells to plasma there are therefore nine

po«<iiblc blood states Rovvntrcc has mtroduced

tlic following descriptive termmologj A normal

blood volume he terms normotolemia If the ratio

of cells to plasma is normal ns well, he calls the

condition stmple nonnotolmxa, but a decrease or

increase in the number of cells in relation to

plasma is termed ofi^ocj^fAcmic or polyq/lhemtc

noTvtovolcmxa re«pectivelj Ilyporolemia and

/lypcnolmio arc corresponding terms for reduced

and incrca«cd blood volumes, each of thc«e is

divnsible mto simple, poljcj'tliemic and oligo-

cv thcmic forms («ee fig 3 4)

JSunfla Bermvdemu

3ftJycytfem»5 nanrcwleail*

Fio 3 4 The nine pos'iblc combinations of

whole blood, plasma and red cell volumes (after

Jtownl/Pf)

Toe Eptects of IlEMonanAaE

When more tlian 30 per cent 0/ the blood 1 oI

time IS lost rapidlj
,
the bodj is usuallj umblc to

repair the loss unaided and, unless transfusion is

restored to, death re«ult« In a health) man the

loss of 30 per cent or less of lua blood c ills read

justmg mechanisms mto plaj which maj bring

(he blood volume back to the normal level withm
a rcmarkablj short time, 500 cc or so of blood

drawn for transfusion purposes are said to be it

placed within an hour or so The restoration of

the blood to its prev lous concentrition in cn-thro

cjtcs, however, takes about 7 weeks ou the aver

age Tins time raaj be shortened considerablj bj

the administration of iron and a diet containing a

liberal quantitj of high quality protem Fowler

and Barer found m a stud) of 200 blood donors

that, after the removal of 550 cc of blood, the

average fall in hemoglobin was 2 3 grams per 100

cc Regeneration of hemoglobin occurred at the

rate of OWO gram per cent for men and 0 040

gram per cent for women per daj

The protective mpclum«ms which automat

ically come into action after hemorrhage are

several and ma> be divided into two groups

—

tm
medtttle or early and delayed

Immediate or Early Effects

If the loss of blood IS large, cspccull) if it is of

sudden occurrence and from an artciy, there is a

prompt fall m blood pressuft. os a result simply of

the reduction in circulating fluid If not too

great, the fall in pressure is ealutar) since it

helps to prevent further bleeding A moderate Io«s

of blood lOpcrccnt of the total amount protiucts

little or no drop m pressure This is cspociall) true

if (he blood is lost gradually and if it conus from

a vein, le, bc)ond the pcnpheral rcsi'-tance

Under thc^o circumstances compensator) mcch

amsms easil) maintain the pressure of blood at its

normal height Tlircc mam compensations relat-

ing to tlie vascular s)stcm occur (a) reduction

in the capacity of the vascular bed (b) mcrcascd

peripheral resistance (c) fluid entrj from the tis

BUes Tltese will lx. dealt with later

Clothng of the blood (ch 12) which occurs

within a few minutes serves to dose the opening

m the blood vessel Tlie blood tends to clot more

lapidl) than usual after a severe hcmorrlLage The

imtialdrop m pressure, when such occurs, aids the

formation of the clot Stanching of the bleeding is

nl o furthered in the case of an nrterv b) the

retraction and contraction of the middle fibro-

muscular coat of the vessel, as well as by the



Chapter S BLOOD VOLUME BODl WATER R ATER BALANCE 31

curhng up and crenation of its endothelial lining

Platelets are deposited on the miured surfacra

and agglutmate to form a plug or a ba«e of at

tachment for the clot Some disintegrate also and

liberate a vasoconstrictor substance, serotonin, or

5-h>dro\>-tr>'ptamine which is a material aid in

hemostasis (ch 12) These factors, together with

the fall in blood pressure, may be sufficient to

stanch the flow of blood from an artery as large

even as the popliteal Clot retraction, which also

depends on platelets, leads to the formation of a

firmer plug

In small vessels the opposed endothelial sur

faces become stickj and coherent

Increase in the heart rate This is almost invan

ablj an accompaniment of a severe hemorrhage

and IS one of the mot valuable signs of concealed,

1 c
,
internal bleeding, this sign is not seen, as a

rule, in moderate blood losses or m slow bleed

mg It is brought about through carotid emus

and aortic reflexes (ch 21 and 32) initiated b)

the fall m blood pressure Reduction m blood

flow through the vessels of the medulla with the

consequent anoxemia of the cardiac centers maj
be an additional factor Adrenalme liberation (ch

58) may possibly pb} a part Although the na

ture of the compensation provided b) the m
crease in heart rate is not clear m view of the

reduced venous return, it is po««ible that the in

crease m heart rate may lower the central venous

pressure and hence improv e the pressure gradient

in the veins This would improve venous return

over what it would otherwise be

Jiekase rvf bheid Stohi hiood Ttssrvotra iait> the

circulation helps to restore the circulating blood

volume The«e reservoirs are skin, liver, lungs,

spleen and the «planchnic venous vessels The
blood from the spleen is richer m cclb than the

circulating blood Its reservoir function m some
animab is great, but in man it is not of such

importance

Increased respiration The anoxia of the chemo
receptors of the carotid and aortic bodies caused

b} the reduced blood flow is probablj re

sponsible for the mcrcascd rate and depth of

bn athing Wfficn the blood loss is more profound,

and conscquentlj the oxjgen want more urgent,

long dccplj drawn inspirations, and expirations of

a sighing character ensue (air hunger), or periodic

breathing of a Chevne-Stokes tjpe may develop

(p 500) Gasping respirations precede death

Reduction in capacity of the tascutar 6fd and re

distnl/ution of the blood IITien the flow of blood

has liecn “topped or con«idcrablv lc^ne«i bj a

comjilcto or partial closure of the wound m the

vessel the blood pressure, if this had fallen, rises

agam This is the result mainlj of a readjustment

of the capacitv of the v ascular sj-stem whercbj it

IS made to conform more nearlj to the lessened

volume of blood It is this reduction m the vascu

lar capacit> which prev ents the imtial fall in pres-

sure when the loss of blood is gradual It is effected

by the reflex narrowing of innumerable small ves-

•sels (vasoconstriction) m regions such as the skin

mucous membranes, intestine and other parts not

immediately essential to hfe If the hemorrhage

has not been too "^vere the reduction m the

capacitj of the vascular bed maj result m main

tenance of an adequate venous return and con

sequent maintenance of cardiac output and of

arterial blood pressure If the hemorrhage is some

what greater, then the venous return and cardiac

output may fall but the blood pressure may be

mamtained by an increase in peripheral resistance

along with a reduction m the capacitj of the

artenal vessels If the hemorrhage js stiJ! greater,

then the artenal blood pressure will fall and maj

be restored by restoration of blood volume

through the entrance of fluid into the blood ves

«cls from the tissues The vascular response is

called into play bj the underfilled state of the

arteries and large veins feedmg the heart (see v as

cular reflexes, chapter 21)

The vasoconstriction is not confined to the

small artenes and arterioles but extends to

artenes and veins (Hej’mans) and vasomotion

of metartenoles (ch 15 and 2o) and precapillarj

sphincters is enhanced These latter vessels also

shew iocseased feaetiyiii to xoeehanisaS st.v»u.b

tion and to adrenaline (Zweifach and associates)

The level of adrenaline and probablj also of nor

adrenaline m blood is mcrea^ed following hemor

rhage This probablj plajs a part in the vaso-

constnction These measures whercbj the blood

remaimng in the vascular sjstem is confined to

a smaller space arc of the utmost importance,

thej enable the essential centers m the medulla

to be supplied w ith blood under adequate pres-

sure to sustain their VTtahtv AJ«o a greater quar?

titj of blood than would otherwise lie possible

IS brought to the heart to supplj its mu®clc, fill its

cavntics and maintain the circulation Tlie with

drawal of blood from the less important parts of

the bodj IS responsible, however, for some of tjje

charactenstie manifestations of hemorrhage,

QOtablj the pallor of the ekm and mucous mem
brabcs, and the coldness of the bociv surface Tlie

cenlaal anemia causes sensations of g3(Jdme<« or

faintneKs, flarhes of light or ringing in the cars

(tinmtus) The mctnlKihc changes occurring as a
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result of hrmorrbage or flujd Joss are anaert^c in

tjpe and m the later staRps, at all e\cntsmaj Ijc

a consequence of reduced blood supplj to tissues,

altliough it is possible that other factors maj be
involved m the earlv changes The n«e m blood

pro«surc at this stage is conducive to fre«h bleed

ing There is danger of the clot hecomms dis-

lodged

In very severe hemorrhage, the hypemormal
phase of capillarj reactmty gives place to one of

reduced capillaiy re«ponses as the irreversible

stage of hemorrhagic shock supervenes The
minute vessels tend teward dilation and lecomc

unresponsive, though the larger vessels stiU re-

main constricted

Delayed Efecta

Repl(u:emenl of the lost fluid This, it has already

been mentioned, commences almost upon the

instant that the blood is lost, but takes a variable

length of time, depending upon the extent of the

blood loss, to become complete It occurs as a re

suit of the Ion hydrostatic pressure within the

capillaries Fluid from the tissues moves into the

vessels and dilutes the blood The corpuscular

concentration is therefore reduced and smee fluid

IS catenng the capihanes directlj from the tissues

and not b> nay of lymphatics, leas protein is re

turned mth the fluid from the ti<sues and for a

short time after hemorrhage the protem content

of the plasma is markedly depressed ^'efy soon,

honever, the concentration of protein in the

plasma ehows a rise again as a result of the

mobilization of protein stores probably from the

tissue stores Calvnn found, that m dogs 60 per

cent of the plasma protem removed by bleeding

was rcstoreil within 4 hours Tlie extreme thirst

nhich the subject of acute hemorrhage suffers is

the call of the tissues for fluid and indicates that

their own stores arc Iwing drawn into the under

filled vessels Tlic administration of water will

tliercfore aid the lody in recovering its water

balance and replenishing tbc blood volume

lieplacemenl of the hlood cells finally occure

through the increased activnty of the bJood/orm

mg orgins This takes several days or weeks, tbc

rapidity of the process dependmg to a large ex

tent upon the nutrition and recuperative power

of the individual and upon the diet ^Mule the

rtpair process is m pre^-ss reticulated cells are

found m increased numbers in the blood

In summary, followmg htmorrhage, if the loss

of blood K not great, the circulatory effects of a

reduction m blood volume may be compensated

by vasoconstriction with dccnasem the capaaty

of the vascular system Thus the venous return,

cardiac output and hence arterial blood pressure,

may be maintained If the loss is greater, the

Venous return and cardiac output may be re

dueed somewhat, but the artcnal blood pressure

may still Iw maintained by increasing the re

Bistanee to outflow from the arteries by vaso-

constriction, especially of artcnolcs If the loss is

Rreatcr still, then the venous return and cardiac

output will be reduced to such a degree that the

increase m peripheral resistance may be msuf
ficienf to maintain the arterial blood pressure

The va«cular compensations are brought about

through reflexes initiated by the stimulation of

stretch receptors in the blood vessels, principally

m the carotid sinus and aortic arch, but possibly

«/<o in the great veins and right atnum Further

Compensation comes as a consequence of artcnolar

constnetion and of increased vasomotion m the

Icnnina! vascular bed As a result of artcnolar

'asoconstnclion, the blood pressure m the termi

nal vascular bed as a whole is reduced As a re

suit of increased vasomotion, tJie hydrostatic

pressure m the tnie capillones of the temunal

Vascular bed is reduced T\ith the fall m hydro-

static pre««uic in the capillary vessels, fluid entry

into (he capillanes from (he interstitial spaces is

ujcreased and the blood volume tends to bo rc

stored Since relatively less fluid reenters the

circubtion by way of lymphatics, the protem re

entry will be less in relation to the fluid and the

blood liccomra more dilute Protein a restored

relatively quicJtly thereafter and a still slower

restoration of red blood cells occurs
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4
THE LYMPH AND TISSUE FLUIDS

Structure of the Lympliatic Sjstem

The Ij-mphatic sj-stem commence** peripherally

as a meshwork of delicate \e«sela OiTOph capil-

laries) which dram the tissue spaces Tim is a
ono-waj sj'stcm, the Ijmph within it moving
toward the great \cms Bj the confluence of small

Ycsscls larger ones are formed which, recemng
tributaries along their coure, graduallj swell m
sue, and finally form the right l>mphatic and

thoracic ducts Thc^e pour their lymph mlo the

blood stream bj waj of the right and left sub-

c!a\ wn \ eina, respoctn clj The system is a closed

one, its %c8sels possessing complete wslb formed

of endothebal cells Small nodes (1} mph nodes or

glands) are interposed in the cour^ of the larger

IjTnph channels Tliesc % easels, upon reaching the

gland, break up into finer channels whKh, plung-

ing into the node, open into the sinuses of its

cortex After passing through the gland the l>'mph

IS collected again on the other side b> fine \e<«scl8

which soon re form into a few larger trunks The

glands arc placed at strategic points along the

ij-mph routes, e g ,
the elbow and axilla, knee and

groin m the case of the upper and lower limbs,

and at points in the abdomen, thorax and neck

where several Ijmph xesscls join Lymph \estels

arc situated m skin, m subcut'ineous tissue, in

the fascial pLmes of muscles, in the linings of the

respiraton
,

gastrointestinal and genitounnary

tracts, and in the capsule and septa of the Incr

Those in the intestinal villi are known as helcali

In the walls of the abdominal canty the Ijm

pliatics are mo«t abundant on the under surface

of the diaphragm, where the greatest lymphatic

aljsorption of colloidal material and minute par-

ticles takes place The respiratory movements

hasten alisorption from the nlxlominal canty,

I prolxibli by \ ary mg rhythmically the intra-

alxlominal preK‘-ure Absorption also takes place

into lymphatics of the omentum Phagocytes

play an important role in absorption through both

the diaphragm and omentum Absorption through

the pnnetal pentoncum is slight and is nutmly

through the blooil capdLanes, which absorb only

crystalloid solutions The lympliatic sv’stcm of the

heart consists of intercommunicating plexuses

lying beneath the epicardmm and endocardium,

and within the myocardium Lymphatic*? are abo
present in the areolar tissue underlying the peri-

toneum and pleurae They are absent from the

central nervous system In the lung the lym
phatics extend no further than the respiratory

bronchiole*;, the shcoli being devoid of lymph
capillaries Because of the poor lymphatic supply

to the aheoli, or of its difficulty in penetrating

the alveolar wall, protein is not readily nb-orbed

from the interior of alveoli into the lung lym-

phatics Water passes readily into the lung eapil

bries however because of the low pressure within

them The lymphatic system can be considered

as taking some part in the regubtion of the gen-

eral circubtion althougli this lias not been worked

out in detail For example, it there is an increase

10 pressure m the pulmonary system there is also

a greater pulmonary lymph flow This fluid can

move to a limited extent through lymphatic

channels to the systemic circulation Such a shift

would tend to lesson the elevation m pulmonary

prc*«sure

Tlie skin Ls suppLcd nchh with lymph capil

bries The lymph vessels in the deeper byers of

the skin are so abundant, according to McMastcr,

that the skm cannot be punctured anywhere

w ilhout tearing them, and since the flow of ly mph
along these vessels la rebtivoly rapid foreign

material injected into the skin soon reaches the

regional lymph nodes An injection into the skin

13 therefore, to a brge extent, an injection into

the lymphatic system This is not true for all

materials, but protein, so injected, is received by

the blood mainly by way of the lymphatics After

destruction of the ly mphatics from a region, sub-

cutaneously injected protein docs not apjx’ar m
the blootl for a long time and when it is d« twtablc

It IS only mvery small amounts

The permeability of the lymph npillarics

IS increased by many agencies e g ,
sunlight,

warmth, and by mechanical or chemical «timula-

34
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PLILMONAW CAPIltAWES

LYMPHVtSStL

VtlN - -

lYMPH C*P111AR|£5

PULMONAJYCmCUIT

SYSTlMlC CIRCUIT

CAPILUJtieS

Fig 4 1 Diagram to indicate the relation of
the lymphatic eyatem to the circulatory system

tion histamine is particularly clTcctite Their

TV alls may become so permeable tliat they can

scarcely be considered as channels v. ailed off from

the surrounding tissue spaces

Lymphatic tissue has a great capacity for re-

generation and Terj active proliferation of lym-

phatics occurs in an inflamed region

The Nodes as Defense Dairiers

The lymph nodes must be looked upon as un

portant structures for the defense of the blood

against the invasion of bacteria or other mjurious

agents travelling by the lymph paths When an

infection of a part^ finger for mstance—lymg

distal to a gland occurs, the latter becomes m-
flaracd as a result of the localization therein of

some of the bactena or their tovins earned m the

lymph The gland snarms with motile cells pha-
gocytes) winch attack and destroy the invading

organisms In this way a barrier is raised agamst

the passage of deleterious agents, particularly

bacteria, mto the blood stream In the ca«e of the

limbs at any rate it appears lliat no material can

pa«s from the tissues to the blood stream toa the

lymph without filtering through the lymph nodes

The clTecliv cnc«s of the nodes as filters lias been

clearly demonstrated by Drinker and his a««oci-

atos Tlic popliteal and iliac lymph nodes of dogs

were perfused with solutions containing vinilent

streptococci (2o0 000 000 colonies per cc ) After

perfusion lasting for ov er an hour the fluid col

lecterl from the thoracic duct was found to be
sterile After the no<le itself lias lieen attacked by

the RucrooiTmnism'* it may then «ervc as a source

from winch the blood stmni becomes miecled

Though highly eflicirnt as fillers for bacbria the

nodes appear to offer but «hght hindrance to tlic

passage of viruses There is evidence that the

lymph nodes contribute towards the body s de-

fense m another way
,
namely, by the production

of antibodies

Barnes and Trueta hav e showm that bacteria

pass from the tissues to the blood solely by the

lymph Etream and that even toxins and venoms

of brge molecular weight (ov er 20 000) are not

earned into the blood if the lymiph v e^L have

been blocked The«e observations m part explam

the success wluch has followed the immobilization

of infected parts m plaster, this procedure might

be expected to reduce to a minimum the lyToph

flow from the inflamed region and thus to confine

the mfeetue process

Tlie Composition of Lympli

Tlie lyrniph of the ‘unsll peripheral lyinph v es

eels and the fluid of the tissue spaces are clcsely

Bumlar in composition and both resemble the

blood plasma Drinker found that it varied under

different conditions from 0 3 to 4 0 per cent m
mammals Tbchigherfigure, however, is unusual,

concentrations betneeo 0 5 and 0 7 per cent wure

found for human leg lymph

Our views concerning tissue fluid, although

largely conjectural and bared chiefly on fluid

exudates, arc probably correct The protom con

tent of lymph is lower than that of plasma as

lymph forms from tie«uc fluid Tlie total quantity

of mobilizable protem in mter«ti(ial fluid about

equals the entire protem of the plasma The pro-

tem of JyTaph is derived from this mobilizablc

mass of tissue fluid protem which v anes, of courre,

with the amount of protem leaking from the

capillaries Differences in the amount of protem

and fluid leaving the circulation and m the

amount of fluid reabrerbed by the capillaries as

well as difference® m the volume flow of Ivmph,

will alter the protem content of the lymph The

amount of protem passing from the pLiama into

the tissue fluid is related to the eurfico area of the

functioomg capillaries and may not necessarily

be arenbod to differences m the permeability of

the capillanes Electrophoresis «hows the proteins

of lymph to be qualitatively identical with the

plarena proteins nio protem concentration in

thoraac duct lymph, as a rule, is con'idembly

higher tlian in peripheral Ivmph, but the lymph

flow from the thoracic duct appeam to be

tlian tlic total flow from rev cral orj^ns or region*

In lepatic lymph, the protem concentmtion,

which 13 slwut *3 the concenfnlion m plx«m3,

vane* jni ervh njththehmphflon T}iM«ucge<ls
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TABLE -1

1

Chcmtfal eomposUion o/ penpktral It/mph {eemeat) onrf fclooci pJatma from the dog

(From ffeim 1933)

that the rates of exit and rcalsorption in li^rr

ruij be important m producing the relatively

high concentration of protein in hepatic lymph
Ilovvcvcr, Li}x>]I«I albumin eachangoa more rap

idlj lx*twcpn ph«ma and lupalic lymph titan

Ixtnoon pla«ma and intMinal Ivmph, nnd atill

more npidlj than mth the lymph of skeletal

muscle Moat of tlws normal eomponenta of Incr

lymph apom to come chicflv if not entirely from

bliXKl plasma, with the eaceptiou of gluco'e which

M present in higher oonc-cntration in bver lymph
titan in blooil plasma In anaphylactic or peptone

shock, heparin, rel«a«ed from the liver, paws
into the blood mainly by wav of lymph pathway's

Lymph contains prothrombin (p 1 10) and clots

slowly It contains large numbers of white cells

mosf/y hmpfjncyfcs hut reJifivcJy few rcif cells

The nunilicr of leucocytes varies from 1000 to

20 000p(rcu mm in thoracic duct lymph of the

dog and av or igcs 5j0 per cu mm in iwiplicral

lymph In iicnphcnil lymph there are from 300

to nOOO irythrocvtra per cu mm Tlie

flowing from the thoracic duct since it comes

Largely from the intc«tine and liver, will vary in

composition in ncconlancc with the digestive

proce'M'' Its protein content is unilcr onlinarj

tircumstaiices from 2 to 4 5 l>cr cent Mithin 1

or 2 hours nfttr a mod rontaming muih fat the

thoncic du(t lymph appears inilkv TIic lacti-al*

and the fira l\-mphalirs of the mcM-nterv, being

Itwdwl vsith gf >frti!cs of nb«otl<e<{ fat, are seen as

phsteningwliiteftnaks Tliefattv acid of tlioraciC

duct Ivmph IS mere isc<l by the ingestion of fat,

on a faLfree diet it is about the same as in the

fa«ted amma)
The composition of phsma and pcnphcnil

lyanph (le , lymph in the subcutaneous vcswls ol

the limlis or neck) arc comparcfl in table 1

1

It will l>c noted that cnicium and total phos*

phorus, which are in part bound with protein are

m lotrer concentration tJiaa in pbema the other

constituents with the exception of protein and

ammo aculs arc in higher concentration

Tlir rormalion, Pressure ami
I loH' of f yinph

After what lias lx«n said with regard to the

forces concerned m the regulation of the fluid

interchange l»tween the capillaries and the tis-

sues little neoil he added m exphnalion of h mph
formation Tlie two proeesses arc interrel jted and

similar in nature Any condition which increases

the outpouring of fluid from the capilLams into

the tissues wall tend to increase the flow of ly mph
*1110 lyropli capilLirics are much more {irnncafjh

tlian the blood capiILincs and although tin tissue

spices, le. the clefts lictwcen groups of ti-siie

cells, are ecparatcrl from the Ivrnphatic s^-stem m
an anatomical sen'^, the wiilLs of the latter vessels

are 80 permeable that Ihiy oHvr little inipeitiwent

to the tnov ement of either protein or cry-yfidloi'ls

It has iictn rtatral already tlmt of the fluid which

transmles from the Mo<k1 nt thi artmal end of

tV eapiHarj much of the water w rral^'orbetf

at the venous tnd The protein, however, pa«.-s-s

into the lymph Tlie lymph capillarv w then fore
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the special channel whereby protein is returned

(in a round about waj ) to the blood It is also

concerned ivith the absorption of other coHoids,

or of particulate matter which may be intro-

duced mto the tissue spaces Although m mam
mals the extravascular circulation of the entire

plasma albumm takes place in about 20 hours,

in the frog, in ahich the blood capiUanes are

more permeable to protein than tho^e of mam
mals, the entire protem of the plasma passes

from the blood and back again to blood m ttie

lymph s>*stem, some 50 tunes m 24 hours

Under ordmary conditions the pressure of the

thoracic duct l^-mph is very low but if the duct is

obstructed in the dog, a pressure of 15 cm of

water develops The rate Djfioia along the human
thoracic duct (as measured in cases of duct fis-

tulas) IS from 1 to 1 5 cc per mmute Cam and

his associates found an average flow of 0 46 cc

per mmute m the thoracic duct, of which more

than half, about 0 26 cc
,
was contributed by the

IjTnph vessels of the bver

The pressures in the peripheral lymph vessels

durmg rest run from 0 to G cm of w ater accordmg

to different observers using various species of ani-

mals In laflammatorj states and during activity

the pressure in the larger Ijinph vessels of the part

rises considerably above the resting value Also

when a Ijinph vessel becomes obstructed, the

pressure on the distal side (le
,
toward the finer

vessels) of the obstruction mcrcaecs, the vessel

becomes distended on this «ide and colbpsed on
the proximal side The l^THph pressures decrease

fimn t/iepwiphcrj toward the more cefrfrafcfDin

nels, and are Jugher on the distal side of a lymph
node (mesentenc) tlian on the proximal side In

the Ij mph capillaries of the mouse s ear prcs«!ures

up to 2 7 cm of water were found by hlcAIaster,

the latter figure exceeds that usually found by
most observers m the larger IjTupli trunks of other

animals

Obliteration of the lumen of the finer lymph
vessels bj a high pressure m the tissues is pro-

aided against by the fastemng of the walls of the

ve^^eU by fibnllac to the surrounding tissue celU

A\nion edema fluid collects and the ti^uc piv«sure

rises, the fine Jymphatjcs do not collapse, but, on
tin contrary, their lumens become wider (JIc-

"Master)

Tlie mcchamsm gov ernmg the passage of tissue

fluid mto the Ivmph v esscb is obscure, although

the action of the pube in the blood v e^cU of tlic

part appears to play a part MeMaster and hw
associates lia\ c demonstrated the unportance of

a pubatile flow in the vc«soU of the perfused

rabbit’s ear, m the spread of vital dyes through

the tissues and m the formation and flow of

lymph
Enlargmgthe capillary surface by vasodilation,

or mcrcasing the munber of patent capillaries

increases the leakage of protem from the circula-

tion This happens when infusions of sahne or

dextran are given The protein of tissue spaces is

returned to the blood by the lymph If the tho-

racic duct lymph does not reenter the circulation

the plasma proteins may decrease by 15 to 30 per

cent in 3 hours It seems probable that the exit

of protem from blood vessels and the efficiency

of its return by lymphatics will be important

factors in the regulation of fluid interchange

inodifymg the balance of forces across the capil-

lary wall

Functions of the Lymphatic System

1 A primary function of the lymphatic sy stem

13 to return protein to the blood from the tissue

spaces

2 The lymphatics hav e a role m the redistribu-

tion of fluid m the bodv ,
bemg capable of shiftmg

fluid from one part of the circulatory system to

another

3 The lymphatics remove particulate matter,

bacteria etc from tissues

4 The lymph flow helps in maintaimne tissues

The hgation of lymph v esscis in the heart may

give rise to myocardial degeneration, m the kid

neys it may accelerate the development of hy-

dronephrosis when the ureters are tied, and m
tfte Invctt htstcas the cl<^eae\-'Stc% -f

follow bile duct ligation

Conditions Which Incrca«e the I y mph Flow

I IncRFVSE IX CVPILLARV rRESSTOE AS A

RESULT or VENOUS onsTRucTioN Lotidis and

Gibbon found that in man filtration from the

capiUnries showed a definite increase when the

venous pressure rose above 12 or 15 cm of water

The rate of filtration from the capilhnc’ was

directly proportional to the increase m venous

pressure (fig 42) At a given venous pressure the

filtration rate increased rnpidly at first but gnidu

ally flowed and finally ceased This falling off in

Hie filtration rate is ascribed to the ri>e in evtra-

eapillary pressure, due to the fluid accumuhtion,

wrhicit opposes the hydrostatic pressure witlim the

capillary Tlic nccumuLilion of cxtncclhilir fluid

IS therefore greater in regions winch arc loo-e in

texture and wlicre the «kin is rcadih slntched

In pervina wath firm, rc~'istant fkin, edema, for

the®amercasoD«, islaler in making its apjiearancc
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Fio 4 2 Showing rate? of filtration produced
dunng 30 minutca by venous prcaaufca between 20
and 50 cm «ator (after Landjs and Oibbon)

and w le<s pronounced than in thon; with loo«o,

flabhj sLins, ns when v> eight has been lost rapidly

Increased pressure in the veins of the portal

area, as may be produced by obstructing the

portal vein or the licpalic veins, cau«ffl increased

filtration into the tissues of the abdominal v tsecra

and a gre it increase m the v olumc of lymph flow-

ing along the thoracic duct

Increase in arterul pressure, on the otlier liand.

does not mertaso filtration in ammala until the

pressure reachis around 300 mm Hg
2 Incrlase is capillary hunface, i e , in-

crease m the filtering surface This increases the

leahagc of protein and fluid It is due to factors

causing di. tension of the tapilLary vesfcls (a)

increase in capillary pressure, (b) increase m the

loc il temperflturt , (c) mfusion of fluid

Z ISCRU.V'^ID VI R\tr VUILITT of "niF CAM!/-

L.\Rics (fl) a sufiinent nsc in temperature may
mcreasT capillary permeability

(5) Capillary potsons Peptone increases the

flow of lymph from the thoracic duct probably as

a re*uU of its injurious tfTcet upon the abdominal

eapiUarics The increased flow occurs after re-

moval of the liver so injury to the hepatic v r«cLs

w not essential Other substances which increase

lypiph flow in this way are extracts of straw-

berries, crayfish, mussels, leeches histamine and
foreign proteins To what extent this is due to a
change in permeability and to what extent it is a
eofi'-equcncc of capilbry dilation w not known

(e) Redueed oxygen supply to the tLssues (oxy-

gifi want), increases lymph flow probably because

of dilation of blood vessels but possibly also

through damage to the capillary endothelium

4 JItpertovic solutions Tlie intravenou*

injection of a concentrated solution of glucose,

toihum sulphate or sodium chloride causes an

increased flow of lymph from the thoracic duet

Tlieac Bubstanees in concentrated solution

tliough they permeate the capillary wall exert an
osmotic elTcet until equilibrium between the ex

Iravascular and intravascular fluids is rees-

tabbsheil 11 ater enters from the ti«suc spaces

particularly of tlie muscles and subcutaneous

tissues of the limbs, which m consequence show a

fall in volume, the brain phrinks Tlie removal of

fluid may actually extead to the fluids withm the

cclb which undergo shrinkage, and general iksic-

cation of the tissues may re«ult The blood

volume for the time is greatly augmented the

excess AukI for the mo»t part lieing accommo-

dated in the capacious capillary and v cnous areas

of the abdomen The vLscen—liver kidnevs,

spleen and intestines—increase m volume, due to

tiic distensuon of their vascul ir beds and a great

outpouring of fluid as well as of protein occurs,

nhich swells the volume of lymph in the thoracic

Juct In this way thew? substances produce a

redistribution ol Quid

TIic injection of isotonic saline w ill abo increa«e

the passage of protein and fluid from the capil-

laries and incrta«c lymph flow This too is jirob-

ably a consequence of the distension of blood

ve^li Protein is returned from the Ilssuo fluid

by the lymphatics TIic concentration of protein

la the returning lymph m higher tlian would l>c

expected if the saline liad caused dilution of the

lymph Sometimes the total plasma albumin

actually increases However if the infu»ion w

large, the protein return is not ns great ns the

protein leakage So with 1 irger infusions (greater

thnn H plasma v olume) the protein lo«s from the

blood V cowls to the interstitial rpaccs may be

Inercawd

The effect which by pertonic solutions have upon

thomoYement of tissue fluids had extensive appli
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cation dunng the firsts orld War Sir A E Wnght
introduced the practice of packing wounds with

salt crystals or irrigating them wath a bj'pertomc

salt solution This cau«es an outward flow ofl^unph

and tissue fluid, which results in the mechanical

removal of the bacteria and their toxins from the

tissues bordering the wound

5 I\(35E.4SED rv\<7rio\Kh Acnvnr TVben a

gland or muscle eaters mto activitj an increase

m lymph flow occurs which starts a little after the

commencement of the secretory or contractile

response, but is nearlj synchronous with the in-

creased metabolism resultmg from the activity

The increased flow is ascribed to (a) formation of

metshoiit&s wJurfr the csaieita effect et

the tissue fluids and cause more fluid to leav e the

trasels (b) vasodilation, increased capillary pres-

sure and mcrea<e<i fluid and protem leakage

Durmg rest the flow along the lymph vessels of

the muscles and subcutaneous tissues is slight,

and the protein content of the lymph is high

During activity the protein concentrations fall

since less transuded water undergoes reabsotp-

tion mto the blood and more is carried away by
the lymph channel! Tins may occur even though

the li“iknge of protein from tlie % essels is greater

Die contracting muscles exert a pumping effect

upon the lymph, driv mg it along the v essels The
rhythmical movements of the mtestmal wall are

thought to exert a similar elTect m promoting the

flow m the fine lymphatics of the submucosa

However, during fat absorption, lymiph formation

and its movement in the thoracic duct does not

to bt influenced by intestinal motditv

6 'Mas-voe antj passive movemevt act to a

certain extent like muscular activ ity They aug-

ment the blood flow
,
capillary pressure and capil-

lary surface and so increase lymph formation

The mnmpulations and mov eraents of the muscles

sene to propel the lymph along the lympliatic

channels

Fdema (See also p 575)

Edema is tlic term applied to an exccssn e accu-

mulation of fluids in the tissue spaces, and is due

to a disturliance m the mechanisms of fluid inter-

change, which liave boon con<idered in the pre-

ceding pages * In-'toad of there being a perfect

balance struck between the inward and outward

flow of fluid through the capillary membrane
ab-orption is cxceedeil by transudation Tlic par-

ticular factor or factors of the mechani«m that sir

x?i¥«nfi‘mf an* notafways cft-ir, smfn sifis&irteiy

expbnation of all forms of edema cannot be given

But from previous discussions it is e\ ident that

the following factors will tend to mcrease the vol-

ume of mterstitial fluid (a) reduction in the pro-

tem concentration of plasma Edema commences
when the albumm fraction has fallen to between

2 5 and 3 per cent, (b) a general or a local rise in

capillary blood pressure (c) increased permeabil

ity of the capillary membrane (d) mcrea«e m the

filtering surface as when the capillaries dilate, (e)

obstruction of the lymph channels

There is a tendency for the accumulation of

edema fluid to progre‘« so far and then become

stationary provided the conditions produemg it

remam constant, for as we have «een, when the

tissue fluid pres'uin, reaches a cnticaf /ev e/ it'?

opposition to the force driving fluid from the

vessels prevents further transudation It should

be appreciated too that plasma, as a «ource of

edema fluid, has definite limitations and unless

the total extracellular fluid is mcrea«ed, a gen-

eralued edema cannot be v ery severe

Since edema is only a symptom of some primary

condition it mav have a variety of causes, accord-

ing to the particular disease with which it is asso-

ciated

/ Cardiac edema In eoogeatne heart failure

there IS both an increase in extracellular fluid md
salt retention (ch 25) It w clear that the volume

of extracellular fluid can be reduced bv re‘«tric

tionof the salt mtake or by the administration

of diuretics which remove both water and salt

Or it can be discharged by improving cardiac

action, as by administering digitalis, lanatoside,

or other suitable drug

2 Mechanical obstruction of rein? \'Mien the

main veins leadmg from a part are obstructed b\

new growth, fibrous tissue, ns in cirrhosis of the

liver, thrombosis, etc
,
increased transudation of

fluid occurs This is due in part to the rise in

mtracapiUary pressure and an increase in the

fiUcrmg surface, but the permeability of thecapd

laiy wall may also be increased as a result of the

unpaired blood supply or, as m the case of new

growth, probably bv the production of toxic sub-

atances as w ell

3 Edema due to renal disease In cliromc ne-

phritis edema is not u«uaH\ pronouncctl unless

the heart is failing, however, m the nephrotu

syndrome it is an oubtandmg feature In ne-

phrosis a reduction m plasma protein as a con-

sequence of the loss of protein in the unne k-ad«

to the passage of an abnormalh large volume of

flhttf from the capdhncs thma^hoaC the horlt

This m turn is protiabU rrspoD«ib!e m some way
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for renal retention of salt and as a consequence
of this, retention of water

4 Inflammatory edema In this tjTJC sc\eral

factors combine to produce tlic flmil infiltration of

the tissues Increasoi capillary pressure occurs,

duo to diLstion of the \essels and local slowing

of the blood stream as well as to throm-
bosis and obstruction of the returning >cins
Tlicre IS an increase in the filtering surfaec too

and the lymphatics for a \ariable distance from
the inflammatorj area are obstructed ns well

The capilLsrj walls are also seriously damaged by
the bacterial toxin or other injurious agent, so

that a fluid with a high protein content escapes

from the -vessels Tlic edema is localized to an
area of varying extent surrounding the injured

site Certam analgesics, eg, aspirin, morphine

and Demerol, tend to reduce the edema of simple

mflammation

5 Giant edema This is a localized nomoflam
matory edema which comes on with great rapidity

and involves tbo loose areolar tissue in such re

gjonf as the hands, face, external genitalia ot

larynx It occasionally runs in families Little is

known definitely regarding the mode of its pro

duetion A histaminelikc subotanco liberated at

the site of the edema is apparently the immedi
ate cau«e The remote exciting cau<e is fre

quently a foreign protein consumed in the diet

which apparently gains access to the blood stream

in a more or less unchsoged state for the attack

often follows a particular food to which the sub

ject IS susceptible, and is sometimes accompanied

i)V gxstrointeslinal disturbances The effects arc

therefore of an anaphylactoid nature and consti

tute one tyqw of allergy This type, al-o termed

edema, if allied to the yery loealaet)

edemas which constitute the condition known as

urticaria and which as suggested by Ixiwis ore

cau^eil by the liberation of a histamiiielike sub

stance in the skin

6 Edema eauaed by malnulntton or to loxte sw6

(fnnrcs Tdema may occur in the anemias or in

conditions in which the general nutrition of the

IkhIv Buflrrs ^t*ben the diet is deficient id vita

mins or there is too little fat or protein in the

<lict edema mav occur, as in bcnberi, icurw, “war

eilema ’ or in the faulty nutrition of infants In

animals edematous coodilioas have actually been

induced by genera! underfeeding, or by a diet de

fieient in fat and soluble vitamins or by one de-

ficient in protein alone The factora responsible

for the iDcrca«eil transudation in thr«o cases are

not alwavs clear but in others there is a marked

lowering of plasma protein which alone iseuflicienl

to account for the edema In many instances, on

the other hand hvpoproteinemia does not occur

In such cases the lack of some essential ammo acid
may l>e the determining factor A simple explana
tion has been offered by llenschel and his col

leagues namely, that owing to the lo«s of tissue

on the famine diet the extracellular fluids (plasma
and interstitial fluid) show an apparent increase,

that IS, though not showing an absolute increase,

they are greater than normal m relation to body
weight Hen^ehel and bis colleagues in expen
iRCflCa upon a group of normal young men on a
aenu starvation diet found that although the ah
Bolute volume of extracellular fluid remained fairly

constant at the value observed before the subjects

were put upon the experimental diet, it increased

gradually to aboud 40 per cent above normal when
considered in relation to body weigbt, edema ap
peered when the relative increase in volume
reached from 8 to 10 per cent above normal, which
IS approximately the some as the increase in vot

ume of interstitial fluid at which other types of

edema appear ‘ Increased capillary permeability

due to impaired nutrition of the vascular walls

was the main cause of the starvation edema in the

Netherlands during the last war In some cases of

nutritional edema excretion of an antidiuretic

substance ba-s been reported

Certain chemical substances such as arsenic,

salts of heavy metals and the toxins of certain in

fcctious diseases such os diphtheria acute ne

phntis, etc , are known to act as capillary poisons

and apparently cau«e edema in this way An inter

esting type of a toxic edema is that which may be

product in animals by the injection of bemato

porphyrin (ch 0) This substance appears to

sensitize the tissues towards light rays and the

eilema occurs only after exposure Histamine

causes local edecna at the point of injection by in

ducing capillary dilation and increased pcrmeabil

It) of the membrane

‘When the subcutaneous tissues are involved
these appear swollen and leave the imprint of the
thumb when it is pressed into the skin (pitting)

Dropsy (hydrops) is an old fashioned term which
IS applied to Mema as defined above or to a free

collection of fluid within one of the bo<lv cavities

e g , the thorax or the abdomen Ilydrothorax is

also applied to the former of these conditions and
ascffet to tho latter Aniuarea is a more or less

generalized edema involving the subcutaneoas tis

sues
It la important to remember that the term

edema applies to a gross collection of cxtravascular

fluid The bulk of tissue fluid fluctuates widely in

health, and in patholopcal states may be very

considerably increased before the increase is cvi

dent clinically When for example, a normal per

son stands for a lime the extrnvascular fluid of the

legs increases, and the immersion of a limb in a

hot bath hastens the rate at which flut f transudes

from iho vessels—the limb volume n*es as a re

leg by S per cent

suit largely , of fluid accumulation in the tissues

Dnirr and Jones found that edema appeared wbm
the increase in fluid increased the volume of tJi<
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7 Edema due to lymphahe obetrucUon Obstriic

tiDD to the outflow of lymph from the tj‘i<<uc spaces

may cause pronounced edema, even though the

venous channels and the capillary ^ easels are un
affected Fdema of this nature is readily produced

in frogs b> compression of the lymph channels

alone It is more difficult to produce edema in this

way in higher animals, but if the obstruction is

complete edema occurs in them also Edema of

this nature is seen in infections with the filarial

parasite which finds its way into the lymph ves

sels of the limbs and blocks their lumens with the

production of the condition knowna as elephanti

asis The pleural cavities depend for the absorp

tton of a fluid upon the lymph channels, and

accumulations of fluid may occur here as a result

of lymphatic obstruction The edema associated

with carcinoma is due chiefly to the filling of the

lymphatic channels with cords of cancer cells as

well as to venous obstruction caused by the pres

sure of the growth The "milk leg” of the puer

perium is in part due to Ijunphatic obstruction

The tissue fluid in these tjiies of edema has a
relatively high concentration of protein

S Heat edema. The effect of heat upon capillary

permeability has been mentioned (p 38) Cxces
eive beat may actually lead to edema in man It

occurs in the tropics and occasionally in so called

temperate zones during an intense heat wave In

crease in blood volume, enlargement of the filter

mg surface as a result of the opening up of fresh

Capillaries and the rise m capillary pressure in

cident to the dilation of capillaries previously

patent, arc also factors in the production of this

type of edema
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TRANSFUSION: THE BLOOD GROUPS

The mitcriab employ cd for restoring the blood

volume to normal arc (a) whole blood, (b) plasma
or scrum, (c) solutions of colloids, e g , gum
acacia, isinglass, dextran, poli'\injl pjit)llidone,

etc , (d) solutions of crj-stalloids, e g ,
saline or

glucose solutions

Whole DIood'

Tliporeticalli
,
whole human blood is, of course,

the ideal transfusion fluid Tlie improv emonts and

simplification of technique in recent jrars and

the advance m knowledge of blood incoropati*

bilitiea have made blood transfusion immeasur*

nbl) safer and available under circumstances

which hitherto would have been msupcrable It

IS used not onlj m ea«es of emergency such as

sev ere hemorrhage or wound shock, butm eev enl

other conditions which are included m the follow*

mg list

Hemorrhage
Anemias especiall), aplastic anemia and he

mol) tic disease of the newborn, agranulo

C) tosis and hemorrhagic diseases eg he

tnophiliA and purpura hemorrhagica

Shock (wounds, burns)

Malnutrition in infants, marasmus acute in

toxications

Septic conditions, septicemias

Tlie red cells of the tran«fa<«Nl blood survive

•TitTtbm recent vears stored blood (or plasma)
IS being used to an ever increasing extent DIood
collected from the dead has been prapioved in

Itiivia, but cadaver blood for obvious reasons has
not found general favor Placental blood or blood
removed b> venesection from cases of congestive
heart failure has also lieen used but the blood of

health} donors is preferable The blood is pro
served at a temperature of around I*C after oilu

t ion with a citrate dextrose mixture in the propor
tions of 5 parts of blood, 1 part of 3 2 per cent
Citrate solution and 6^ parts of 5 4 per cent dex
trose solution Kent in this wav blood remsms
suitable for transfusion for about twent} dajs
These so called bfooti bankt have the advantage
that a quantit} of blood alread} prepared for

transfusion can t>e obtained at a moment s notice
Dut there is also the great disadvantage that any
blood not used within thi. time limit must be dis

carded

and cany out their functions for several weeks

(around SO dajs on the avenge) after thew in-

jection For tlus reason whole blood is greatly

superior to anj other transfusion fluid m any
condition in which the respuatorv capacitj of the

blood has been greatl> reduced, eg
, ver} severe

hemorriiage or hemorrhage m an anemic person,

CO poisoning, etc It is also more effective in

traumatic shock than pla«ma serum or other

blood substitutes The H«e of blood ax a trans-

fusion fluid, nevertheless, is hedged alioiit by
hatanls both to the recipient and to gome extent

to the donor On this account it is the preferable

procedure onl> when adequate facilities for guard-

ing against the«c dangers arc av aihble otherw lac

some blood substitute should be used The safe

guards which mu<t be taken are

1 The donor must be health) m everj way

Sev crol cases hav e been reported of disease hav ing

been transmitted b) transfused blood Svphilis

malaria and acute diseases have been reporteil to

have followed blood transfusion In some m
stances the transmission in the transfused blood

of a particular foreign protein of dietarj origin,

to which the recipient but not the donor is sensi-

tive, has caused an allergic reaction

A vciy serious hazard toda) is the transmission

in the donor’s blood of a dangerous tjpe of m
fectious hepatitis This dL»ea«c, when contracted

through Wood transfusion, is called fwjmofojou*

$efum jauTuIice or hepatilu It cloudy re«cmblcs

the agent, apparcntlv a filtrahle virus which is

re«pon«ible for the infectious hepatitis, which is

Been m both sporadic and epidemic forms

2 Too rapid tran«fusion of blood is dangerous,

CBpcciall) in children or undcrsizcil per«ons for

the sudden increase in circulating fluid ma) caa»c

serious embarrassment to the right side of the

heart In an adult, the usual transfusion rate la

from 100 to 200 cc per hour, wluch causes little

cardiovascular effect, even though the bUxxl vol-

ume 13 considerab!) increased At high rates of

transfusion the venous pressure maj ri«e unduly,

the cardiac output mav increase sliarpl), and an

43
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excessive amount of work may be demanded

from the fieart Rapid infusion of fluid into ani-

mals causes death from cardiac failure, preceded

by an abnormal rL«e in venous pre««ure and pul

monarj edema The total quantitj mjected vanes

from about 600 to 1500 cc or more, according to

circumstances and the size of the patient

3 One of the unpleasant and disturbing but

rarelj dangoroia effects of transfusion is the nsc

in temperature which follows a ^hort tune after

mjection, unless great precaution is exercised in

preparing the blood and the necessary apparatus

This p>TOgenic action which has been more
prominent in infusions and materials other than

uhole blood is due to •substances ipyrogena) of

unknown but probabli protein nature, formed m
the distilled water used m the preparation of the

blood substitute, m the material it«el/ or con

tammatmg the transfusion apparatus These

fe\ er producing substances arc thought to be in

most instances of bacterial or x iral origin There-

fore, though e\ ery possible care has been taken

m tlicu preparation, all artificial transfusion

materials must bo submitted to a reliable test

upon rabbits for pjT:ogenic action before they

can be accepted for chmeal use

4 An ever present potential danger m tbe use

of whole blood is incompatibditj The donor's

blood must always be tested for its compatibibt>

with the blood of the recipient ^o^mal plasma

contains substances which base the power to

eau«c the clumpmg together (agglutination) and
subsequent ihsintegration (hemolysis) of the

forpym coijuisrk? nf another

tion al«o results when bloods of two persons be-

longing to certain blood groups are mixed The
bloods are then said to be incompatible and trans-

fusion under such circumstances will lead to very

serious if not fatal results

Tlic Blood Groups

In the early years of this century, Landsteiner

and others found that the blood from different

persons could be divided into four groups, which
wc now call groups A, B, AB and 0 The bans
for this tcrminologj

,
and for part of tbe differ-

entiation lies in tbe antigenic nature of the red

Cf 111 nf the donor In the next few decades, other

blood tvpcs were found, notably tbe M and N
tyT^cs The (b«rov en of the Rh factor late in tbe

19308 stimuhteil more interest in blood groups,

and within tl e past few veam many mere have
Iwn found The elminl importance of lbo«e

vanes greatly

TABLE 5 1

c™.p Ctlb CodU n
Isoaeetutinogens !

Senim Conuus
Isoag^lut Qios

o ^
1

a and 0
A A 0 (anti B)
B or (anti A)
AB ' A and B Neither

The a B-0 Gkoups

Reactions The prc'vence of agglutmogen* A on

cells will cause them to react with certain «erum

agglutinms,* anti A or a, m such a fashion that

relatively large numbejx, of these cells stick to-

gether, le, agglutinate The nature of thts re-

action js similar to that between any antigen and

its antibody Similarly, cells with agglutinogen

B will react mth anti B or |5-agglutmms Cells

with both A and B a^lutinogens will be a^lu

tinated by either agglutmin cells with neither A
nor B (i c ,

type 0 cells) will not be agglutinated

by cither agglutinin The a- or S agglutinins occur

naturally m human serum and the mechanism

of their production i* unknown In the serum of

persons with cell type A ^-ogglutmina occur m
the eerum of persons of typ® there are a agglu

tmiDS type AB blood contains no agglutinins,

and ty'pe 0 blood contams both agglutmms The

relationships are summarued m table 5 1 Ob-

\ lously, if the scrum from a person of type A is

mued with the cells of a person of type B ag-

glutination Will occur If such a Ecrum is added to

type 0 cells, no agglutmation will occur Other

reactions resulting from mixing cells and sera of

other blood types are shown in table 55

Determinations of Groups

By the use of two antisera, one containing only

a isoagglutmm, and the other containmg onlv

0 isoas'lutmin, it is possible to determine to

which of the four blood types a giv en sample of

* An s^glulino^en may be defined st that part
of the cell which is responsible for the reaction of

the cell 0 c BRclutination with other similar
celix) when it is placed in a medium eontaininR
specific antibodies directed against this ageluti

nogen It is responsible for a specific antigenic ac

tion of the cell Isoagglutinogcns refer to those

that react with antibiwies denred from tbe same
species as the agglutinogen
•An agglutinin is a component of the blood

serum nhich acts as an anttbody in that tC can
react with a specific part of a cell (i e the ag
glutinogen) to cau*e agglutination I«oagRlulinins
are antibodies which react wnlh agglutinogens
trom lie same fpecics as mentioned above
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TABLE 5 2

Corpus W*
[

S«nim

0
I

* B
1

AB

0
A +

!

+
-

R +
;

+ -
AB +

1
+ +

+ “ \ci:Wtination
— “ No applotination

liloQtl Iwlong^ The blood « diluted wilU phj-sio-

Iffcici! Mtiiie (0 9 per cent NaCI in «»t«r) tORi\o

about a 2 per cent bu«pen'ion of red eella A drop

or two of thw FU'pen'ion i« jilnced on ft Rla«s flidc

an<j mixed with one or two drops of nnli Asenim
(eontiming fl-figgliitiiim) Another 'ample of the

cell pu pcn'ion is mixed with anfi R senim Ag
glutination of tlie eelh with tlic anti A eerum

onij 'hows that the cells were of tJTW A If «g

glutination occurs with both antisera the cells

must Ik of t\{M. AR and if ngglutmation doen

not occur with cither ontiscnim the cefU mii-tl

be of t\ pc 0 n CM* reictions arc illustrated in

ng 51

TEST SERA

Agglutination u^uallj occurs quite ropidlj,

especially if the «!ide has been xrarracd and is

gentlj rocked to facilitate mixing of the cells and
the antiserum It is shown bj Uie appearance of

Bmall clumps of cells easilj distinguished with a

low power micro»cope and usually readilj x isiblc

to the unaided pjtj If there is no agglutination

tlicre are no clumps fotmed although there maj
be a tendenej of (he cells to moxe towards the

center of the drop and to show up as a darker

colored region of rather xanablc size and form

ID the drop Microacopicillj
,
true clumps show

up as dense, dark masses Nonspecific congrega

tfon of the cells shows as a dilTuse mass of cells

without ilefinitc borders

Suitable controls with cells of known tjpe

should alwa}? be included in anj tost A failure

to agglutinate max mean that a certain ngglu

Imogen IS not pre«cnt on the cell or it maj mean

that tlic testing scrum has lost its potenej

through bacterial contamination heating or

other careless liandling Conxcr«el> agglutina

tion may be seen in the absence of a specific

agglutinogen as a rc«ult of the praiuctioa b>

Incterial contamination of substances which can

cauM* the nonspecific agglutination of red cells

Effects o/ Incompatible TroM/utions

The reactions mentioned aboxe it shouH !«

noted are tlios? obserxed when serum and cells

from different persons of the tj pea indicated ore

ftUowcil to react tn nlro ^^^lon blooil from one

person is transfused into onother the conditini s

under which the reactions take place are modificil

and there is tl ercforc a po»“ibihlj of a difference

in Ihc results

If l4o(x} [mm a pcj^oa ol iypo A u
into o recipient who belongs to t>pe R it can lx

rea lil^ wen that there arc two possible wnj's b>

which tficre maj Iw agglutination of the red cells

The J3 agglutinins of tl e donor might ogglutm-ato

tlic n c< Us of the recipient and the a-agglutmins

of the recipient might agglutinate the A cel's of

the donor In practice it Boems tliat u«ualli the

Lsoaggfutinms of the donor do not agglutinate

tlic cells of the recipient Tins maj be lx cause tlic

donors L«oaggIulmms are mther well dilutnl 1 \

the tune thex haxc mixed with the circulating

I lood of the recipient Tliere is pome d nibt as to

whether this dilution e/f«t J« SMlficirnt to

accou! t for tic failiin to react On the ithcr

liand tl cn ts but little diliitimi ( f ll e iwagglu

tmms 1a the (nlatixcK) small amount t f I lool

which IS usually given m a single tnin"fii«ion ni <1

they can readily react with U e «lls of tl c donor
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Since it 13 the donor's cells which are jno«t

likely to be agglutinated, it might be thought

that such a reaction could be ai oided bj the use

of tjTic 0 blood Cells of such a blood could not

be agglutinated bj any of the isoagglutimns, and

the isoagglutimns present m the 0 blood might

not affect the cells of the recipient, as mentioned

abo^e The use of the terra “umversal donor” for

type 0 blood has therefore come into bemg Con-

versely ,
persons with type AB blood are some-

times called “umversal recipients ” The use of

sucli terms is dangerous, honeier, and tliey

should be discarded Certain people of type O
ha\e a very high concentration of a or of ^ iso-

agglutinms, and even after the transfused blood

13 diluted m the recipient's hlood stream, there

may be a sufficiently high amount of a- or of

d isoagglutinms to react with the recipient's cells

A second \ery important consideration is that

such terminology fails to take into account the

other blood types (see belon)

If there is a transfusion of the nrong blood

tjTie (i e
,
incompatible blood) a tran'fasion re-

action may result Symptoms ^Tiry in seventv,

and are probably a consequence of blockage of

blood vessels by the agglutinated ted celts Such
cells tend to be hemolyzed more readily than

normal cells, and this hemolysis may contribute

to such symptoms as severe lumbar pam, a sensa

tion of burning of the face and tightne«s of the

chest There may be «ome degree of collapse,

followed by a chill and a very rapid pul-e Hemo-
globinuria and anuria sometimes occur The renal

insufficjenc.v is thoqpht by some to be due to a

blockage of the kidney tubules with hematin, but

others believe lliat it is caused by reduced blood

flow through the glomeruli

As a check against the possibility of transfusion

of the wTong type of blood, the procedure known
as '‘cro«s matching” is carried out Cells and

scrum of the donor’s blood and of the recipient s

blood arc separated, and then a suspension of the

donor's cells is added to some of the recipient s

•^rum, while another test is run in which the

recipient’s cells are mixed with some of the do-

nor's scrum Both mixtures arc checked to see if

there has been any a^lutimtion Because it is

most important to avoid any reaction leading to

agglutination of the donor’s cells, the te«t m which

they are UM?d is *!ometinies called the “major

cross match " For reasons indicated above, re-

actions with the recipients cells arc possibly of

lesser importance, so the second tc«t is «omctunca

called the “minor cro^s match '' The a1»cncc of

a^Iutmation m a simple cross matching te«t as

outlined should not be taken as a sufficient m-s

dication that a transfusion may be performed

safdy Other blood types, especially the Rh ty jie

should also be considered, and ordmarily the

simple cross match will give no indication of the

possibility of trouble ariamg from the subgroups

Subgroups The cMstence of subgroups of the A
agglutinogens was recognized by von Dungern
and Hertzfeld m 1911 They found that there

were two distmct, but still related agglutinogens

called Ai and A' This finding aLo indicated tlie

existence of tw o ty pes of AB cells, i e ,
AjB and

AiB About SO per cent of type A persons hav e

cells of tyiie Ai
,
and these cells are u«uali\ ag-

glutinated more «trongly wnth a given anti 4

serum than the As tells which come from the re-

mamiQg 20 per cent of persons m the categorv

Further subgroups A* and A4 have been reported

The sera of persons of type Ai or AjB mav in

rare cases contain an anti-\i agglutmm or orj

Certam tyqje 0 individuals also have anti-Ai ag

glutioiDS in their «ero Bare «era Szom Ai or AiB

individuals contain agglutinins (a-) whicli react

with Ai blood The«c aj agglutinins are not *pe-

cific for Aj «mce they aLo react, even more m
tensely, with type 0 cells Furthermore, they do

not react regularly vnth AjB cells It has been

suggest tliat the a: agglutinin is really an ag

glutinm directed against 0 cells, and that it re-

acts with At cells only because they arc mostly

heterozygous type AjO

Inheniance of A-B-0 Blood Groups

Earh workers in the field felt that there were

two genes which determined the inheritance of

the A B-O groups, and that group O was pro-

duced by a lack of either of the^e groups This

theory was shown to be mcorrect, and mo«t

workers now "ub'cribe to Bernstein's triple al

lelomorph theory Thu states that the inheritance

of the mam bloo<l groups is by tliree pairs of

allelomorphic gone®, A B and 0, for which onh

one locus IS prov ided on each cliromo'>ome of the

chromosome pair Tlie«c genes cau«e the produc

tion of coiTe<«ponding specific substances on the

cell, but in practice it la eometimes easier to think

of group 0 as representing simply the absence of

A and B factors Wth these three factors, it is

cosy to ece that an individuals genetic constitu-

tion will fall into one of «it categories, i c , \A,

AB, AO, BB, BO, 00 Types AA and AO iwll

both l« classified as t\pc A, and 'imilarlj BB
and BO will be cLa.««ified as type. B Ftr^ns of

tv peO must lie Iiomozy gous, 00 Since each p. nc

of the diploid pair 13 derived from one parviit, it
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TABLE 5 3

Partnul
- No of Childfca in Eirh Blood Group

Combiiutions
O A B AB

0X0 15G3 3772 (14) (0) 0
0 X A 2003 2707 3740 (10) (1)

A X A 13SS 556 2538 0 (2)

0 X B 1456 U18 (7) I83i (1)

B X B 554 203 (1) 1009 0
A X B 1400 605 957 771 818

0 X AB 530 (S) &33 6(6 (3)

A X AB 455 0 553 247 3(2

B X AB 323 (2) 1S3 406 232

AB X AB 50 0 28 36 65

About 45 per cent of individuals frora European
stock belong to group 0, about 42 per cent to group

A 10 per cent to group B anil 3 per cent to group

IS tasy to construct a table to shoir the possible

blood tj pes of children from gu en parents Table

6 3 fchow 8 tilt children from \ anous parental com
binations There is an interesting side light to

the figures which arc in |)arcnlhc«es in this table

If one aecepts the explamtion that the figures

whicli are m parciithe«e8 represent illegitimate

children, and further, makes a statistical anal)

SIS of the percentage of “ilUgitimatcs” among the

difTcrcnt blood groups, one finds that there is a

higher percentage m B and Ml, and a lower

percentage in 0, than the acerage Tlic more

interesting wnehision is that J1 group might l>c

associated with a greater than average degree of

promi«cuit) It IS more likel) (but less interest

mg) that the bracketted figures include not odI>

illegitiinates, but abo a fair number of errors in

blood tjping, winch just hsppcneil to come into

the B and AB group

Olher 5oiirce« of Blood Group Substances

The agolutmogens of the erjthrocj-tes may be

looked upon as «ub«tanccs which are incorporated

into the structure of the red cell mcmbraDc,

whether or not they are I'obted from the anti-

genic complex of which they msy Iw a part

Ceitain other ti'sucs of the body yiehl materials

which «how many of the reactions of the A and B
agghiimogeiis But whctlier they arc identical

atom for atom in a particular "patial arrangement

cannot bo statwl, but certainly there roust be 8

cIo«c «imi\ant\ in their inokcular architecture

A\ iUb=ky, Land tcmi r and others lia\c found

m gastric juict saliva and other body fluids and
organ extract*, ftutcriaU tliat when added, eg.

to anti A sera will mitcrially reduce the agglu-

tinating power of that scrum for A cells Similarly

,

mm\ of thc«e matcriaL-., when injected, stimulate

tlic production of specific antibodies Materials

from animaU, *0(11 as hog gastric mucosa, have
been found for A, B and <ome other 'uhstanccs

In recent \ cars the diseov erv of new blooil groups

(see below ) lias been so rapid that it his not been

possible to imcstigate thoroughly other ti-sues

for the presence or absence of substances of a

serological nature similar to tho«e relating to the

ABO groups

These substances which have been studied

show a low nitrogen content (compared to pro-

tein) and a relatively lugh concentration of re-

diifing sugar and hexosamme A considerable

amount of work luas been done in the i>«lation

and purification and with resjwct to the chemical

and physical cliaracterization of some of these

matoriab

Preparations of these group specific substances

are of great \ slue w hen it w desired to reduce the

tiUr or cfTcrliv e concentration of a certain anti

body in a scrum If the appropriate substance is

addwl (eg
,
add A sub«tance to neutralize o) to

the Strum it wiU combine wath its specific anti-

body, and thus prevent this antiliody from caus-

mg agglutination of erv throes tes

Secrefors Studies on the amounts of blood

group pulxstanccs which can be recovcreil from

body fluids liave shown that although the-e sub-

stances arc present in the fluids from roo«t in

dividuaU, they are sometimes ahicnt or pre-ent

onlvinvcry small amounts Pir^nswlio«cs.iliva

gastric juice, etc contains appreciable amounts

of a specific substance art known as femtors,

the others arc nonsecrefors It is of interest to note

that this diaractPTLstic boars a relationship to

one of tlie newer blow! facton Secretors do not

have the Liwis factor (Le*), nonsocretors liavc

this factor on their erythrocytes

If, V and P factors By injecting human red

cells into rabbits, and i irefuHj miitrsliring or

removing known antibodies from the rabbit anti-

serum thereby produced, Land teiner and Lev me

were abfe to show the existcnct. of a pur of anti-

gens,M and M ith these two factors cells may

be cLassifieil as cither ^I, N
,
or MN Tlic<e factors

seem to be poor antigen*, in that thev do not

stimulate the production of aiitilxxhcs in Imman

subjects The occurrence of anti-M or anti N m
man 13 rare A few years afUr the divovTry of

the M and \ factors, Ivindstcint r and I/vine

reported y et another factor Human red colLi may
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be charactenzed bj the presence or absence of

this factor nhich nos designated P, but it is of

little clinical importance

The Rh Factor

Between 1937 and 1940 Landstemer and

Wener, working with the ‘^rum of guinea pigs

that had been injected with the red cells of a
Rhesus monkej, were able to show that the

serum thus produced agglutinated the red cells

of a Large proportion of blood samples that were

tested Subsequent work showed that a new bn.

man blood factor, called the Rh (from Rhesus)

factor was responsible for these reactions About

85 per cent of Caucasians were found to ha\e thig

factor on their cells, i e
,
thej are Rh positive

The remammg 15 per cent are Rh-negative Late^

work demonstrated the existence of subgroups,

which are discvis«ed below

In contrast to the a- and ^ isoagglatmiD%,

which arise apparently without any antigenic

stimulus that is definitely known, antibodies t©

the Rh factor arise only m coD«equence of tb©

injection of an Rh antigen In man, of course, it

u only those who are Rh-^negatne who can de»

iclop antt Rh antibodies Rh>po<ttive cells giien

to a person who is already Rh positue would be

perfectly compatible, and no antibodies would be

de\ eloped There are two ways in which this iso.

immunization might take place Firstly, there

may be, m consequence of an error m blood typ-

ing, a transfusion of Rh positne cells into a©

Rh negatu c person Ordinarily this would gn©
no difficulty m the first transfusion, but m euh.

sequent transfusions, after the antibodies had
been built up by the recipient, a eimibr mistake

might lead to complications Secondly
,
there is «

po'^'tibility of !«oimmuRizatton of the mother oc-

curring during certain pregnancies and this gi'e$

ri-< to crythroblasto'Ls fetalis

nnrniRonuvsTOSis nrrAU% In erythroblaa.

lo^is fetalis the child may be stiUbom or may b©

dcliNcrcd suffering from man\ of the «ymptoms
of a tra««fusion reaction Frequently symptoms
do not nppi*ar until a few days after birth and
may lie mild It had been thought for many years

lliat orythTobla5to«is might be a result of an
antigen-antilKHiy reaction, and shortly after the

dl^^co^cr^ of the Rh factor it was shown that re-

actions in\olMng this anligcmc factor and an
anlibodi were indecil the cause of many of these

and of many hitherto unexplained tnma-
fit'ion ri“iclions

ft IS now tfiougfit that the sequence of events

leading up to erjihroblastosis fetalis is much as

follows An Rh'*’ fetus is earned by an Rh“ mother
(and the fetus could only be Rh'*’ tinder the«c

circumstances if the father were Rh'*^) and m
some imknowii manner Rh"* fetal cells or frag-

ments of such cells enter the maternal circulation

and thus, acting as a tyTiical antigen, stimulate

antibody production Probably only extremely

email quantities of cells are required for this

sensitization The antibodies now mo%e across the

placental barrier into the fetal circulation, where

they react with the fetal Rh* cells to cause the

ob^rved reactions Ordinarih, the fir«t Rh'*

child does not cause a sufficient rise in maternal

antibody level to affect that particular child, but

it may so sensitize the mother that in subsequent

pregnancies, if there is an Rh"* fetus the antibody

level developed may show an incrca«e sufficient

to mjnrc the fetus Several pregnancies may take

place before a reaction develops It should be

noted that a transfusion, even years prior to a

pregnancy, of Rh"* cells into an Rh" woman,

may severely reduce her chances of having a

healthy child

For poorly understood reasons, the incidence

of erythroblastosis fetalis m ca«cs where the

mother is Rh" and the child is Rii* is consider-

ably less than one would expect from the con-

siderations just mentioned The disca«c, ob-

viously, is extremely rare where nearly all of the

population 13 Rh*, i e
,
in Orientals, Eskimos,

American Indians, Negroes

The treatment of erythroblastosis fetalis con-

sists of slowly bleeding the affected mfant, and

at the same time replacing its blood with Rb~
blood The cells m this blood cannot be aggluti-

nated by any antibodies which are not removed

by the exchange transfusion, *=o no transfusion

reaction can occur During the next sev cral w ccks,

the transfused cells will gradually be removed

from the circulation, to be repbeed by the in-

fant 8 own Rh* cells

Attempts to obtain a ‘ luiptcn” from Rli ccIU

(le, a substance that will neutralize Rli anti-

bodies without stimulating the production of

antibodic«) which coukl be transfused into the

maternal circubtion in order to reduce its liter,

have not been successful

Anhbodj Type*

It has been found tliat there are different ty-pi-s

of antilxidies m sfili lUi sera Tl ourIi they rnav

all liave the same specificilv, they do not all

aggfutiaate red ct £& under the same evrierimentaf
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circutnsLinies One tjpe of antibody will eau<!e

agglutination of Rb+ cells when phj ‘iiolc^ical

saline is u«ed as a diluent for the serum conLiin

ing the antibodies Tins tjTic is '^metimcs called

a complete imtibodj Incomplete, or blocking

antiliodies, will cause agglutination of Rh+ cells

if the scrum is diluted in some medium contain-

ing a high concentration of protein (20 per cent

bovine serum albumm is commonlj emploj'ed)

Not only will they fail to agglutinate cells if the

diluting medium is saline, but thej mil inhibit

the agglutinating ahihtj of a preparation of a
complete antibody ^^lener suggests that the

complete antibodj is divalent, with two active,

specific comhming sites, and so can act as a

coupling to unite the red cells, whereas the block-

ing antibodv la monovalent le ,
it has onlj one

combining site This one active site can combine

with the antigenic sites on the red cell and so

prevent the action of the complete antibody In

the presence of a high concentration of protein,

another reaction allows the monovalent anti

bodies to be linked together, and hence aggluti

nation maj occur

Still another Ijiio of antibody maj not give

agglutination m either saline medium or in a

protein rich medium The addition of an anti

human globulin (Coomb’s scrum) will provide

antibodies which link, in turn, the antibodies

which coat the red cell and thus agglutination

may be brought about It should be noted that

the anti Rli antibodies act as antibodies to the

Ilh+ cells, but as an antigen in their reaction to

the antiglobulm scrum Any or all of these types

of antibodies maj be the cause of a given case of

erj^hroblastosia

Nomenclaiure

Tlie existence of a multitude of related sub-

groups of the Rh factor means that the nomen-

clature is complex Two different terminologies,

whose origins depend on slightly different con-

cepts of the nature of the Rh antigens are in

TABLE 5 4

general use, and this adds to the complexitj Tlie

reader w referred to the papers of icncr and his

coworkers for detailed dwiiission on the Rli

nomenclature, and to the papers of Ii-her and
Race for discussion on the CDE nomenclature

Wiener has classified the different Rh tj^pos

according to their reactions with three different

anti«cra Table 5 4 shows these tvpes and their

reactions

In recent jears further subgroups have been

discovered, and the so-called v ariants are detected

by their reactions with particular antisera A
detailed discussion of them is bejond the scope

of this book

According to Fisher and Race, there are at

least three types of antigens (and corresponding

antibodies) These antigens are called C, D, E and
their antibodies are anti-C, anti D and anti E
Factor C corresponds to T\ lener’s rh', factor D
to Rh, , factor E to rh' The antigenic structure

of a particular cell is indicated by writing capital

letters for those factors wluch are present, and

using lower case letters for those factors which

are absent, thus CDe corresponds to IVieners

Rhi or Rh', A true Rh" type would be shown
as ede It should be noted that the use of lower

case letters implies not only the absence of one

of the Rh factors but also the presence of a so-

called reciprocal factor, the Hr factor These will

be discussed below

Variants are indicated by superscripts added

to the 8>mbol of the antigen to which thej seem

to be most closely related, thus C* 'There is

evidence, too, that there is a fourth subgroup, F
Tlie subgroups are not of equal chnical im-

portance The strongest antigen seems to be the

Rh,
, or D type Most Rh* cells are of the tj-pe

Rhi
, or CDe Typing sera are frequently anti-

Rhi
,
or anti-CD It is important to note that an

individual might have the rh', or E factor only,

an<l so wath such typing sera would appear to be

an Rh” permn, though he or she would be,

6tnctl> speaking, Rh* Such people should only

be transfused with Rh” blood, as transfusion with

blood containing the Rh, (or D) factor might

stimulate the formation of antibodies winch

could cau^ a severe transfusion reaction if a

suiular transfusion were made at a later date

On the other hand, such persons must be cod-

Bidered as Rh*, if they are to be donors The

presence of an antigen could stimulate the pro-

duction of antibodies if this blood were transfused

into a truly Rh” person Rh” donors must be of

the rh (ede) tj-pe



Chapter S TRANSFUSION JJLOOD GHOUPS 49

Inhcrtlanec of the lih Factors

According to FL'licr md Rice, tlic %arious Uh
factors are mboritrd as 3 (or 4, if F i-v incfudrd)

linked genes Since eich germ cell cjmcs its oivn

fct of lUi clisnctcrisfic*, the diploid genetic

stmeture of the orgint'm \mH be dc«cnbe<l bj

u«mg one «ct of clmracter* for the ntnicturc tie-

med from one jiarcnt, and another «et for the

slructun. dcn\ed from the other jiarent Thus

the phenotj pc CDc would be dern ed from ee\ cml

gcnot>pe combmalion*, as CDo/CDc, CDe/cde,

Cde/cDe. CDe/Cde, CDc/cDe
According to Wener, the factors are mbenfed

as multiple allelic genes, and a person of pheno-

tiTW Rh'« or Rill eould lxa\e genotjpea Rhith,

RfiiKfii , RfieKfi"' Ttic tfctcrmination of the ge-

netic structure of im mdu idiial requires tbc u«e

of tjping fcn which will react with onlj one of

the factor*, as wxU as a “tud^ of the Rh t>7)es of

siblmgs and immetliate ancestors of the particular

indnidual

Dekliona In some > en rare ca<oa, the re<l eclU

may rcict neither with an anti Rh serum of

particular «pecificitj nor willi the antiserum

directotl ngnm't the reciprocal factor («oe below)

Race and his coworkora ascriiic this to a chro*

movime deletion, and indicate «uch a phenot>pe

thus —DC Tjpes baling onlj the D antigen,

and lacking both the c and e factor, ha^ e been

described, le
,
—D— "^Mcnor fugge«t8 tliat in-

dniduals with such celb are homozygous for a

new gene R*o. and that they haio the factor

Rh,, but lack factors rh' and hr', rh' and hr'

and hr

OiAer Hood (ypes RTfh (fie disca\ cry of fhc Rft

blood groups, a great deal of interest in this whole

field was reawakened Many new blood groups

have been recognized and although these are

u«!ually of httle clinical importance, they may
play a part m certain medicolegal questions, m
Eome rare cas^ of erythroblastosis, and in some
rare transfusion accidents

Jteciprocal groups In some eases, there seems to

be a reciprocal relationship between two blood

groups, I e , the possession of a certain blood

group implies the absence of another (reciprocal)

group An excellent example of two blood groups

which bear such a relationship is found m the Rh
family The absence of a particular Rh factor

implies the presence of a corresponding factor

in the Hr family If, for example, there is no rV
factor, then the hr' factor must be present or,

according to Fisher and Race, the absence of C
implies the presence of c The absence of the ih'

(K) factor imphe® tlic prt>eence of hr' (e) Anti hr'

and atitt hr' sera ha\c Iteen u«od to demonstrate

the cxidcncc of purh factors One might expect

that there would lx? an Hr, factor, as well ns Hr
factors corresponding to the Rh xariants, but

their existence luis not yet been demon'trated

Wiener suggests that there is no noeessity to

postulate their eti«tcnce

A determination of the hr factors is of course

necessary if it is to be determined whether a per-

son is hoInoz^ gous or heterozy gous

Other blood factors include the Kell and Cel

lano factors, which licar a reciprocal relationship,

and tiic Duffy, Dii^o, Lewis, Lutheran and Kidd

factors Some "private blood factors have a very

high or j ory loir ii> iho gporra} popu! i

tioQ, and po«itn c or noga tiv e reactions occur only

m members of a particular family Among such

factors arc the Levav
,
Graydon, Jobbins Jay and

Miltenburger

Xontpcafic ogglutimtion Erydbroevie* may

also be agglutinated by sub«tances other tlian

the specific antibodies that have lioen discussed

These irregular agglutinins are of common occur-

fence in human sera The so-called autoagglu-

tmins will react with practicalli all human bloods

to cause agglutmation Autoagglutuiation is

characterized by a marked temperature sensitiv-

ity, and only occurs in the cold If the system is

warmed, the autoagglulimns will no longer cause

clumping of the cells An apparently related type

of antibody aLo causes agglutination only m the

cold, but will not affect all human cells These are

the cold agglutinins Bacterial action will abo

^ire rise to nonspecific agglutination called pan-

agglutination Thi* phenomenon is not «een m
fresh blood, but if old or contaminated blood is

used for testing, there is the po«sibibty of obtain

mg a fate positive test due to this process of

panag^utination

Human Scrum and Plasma

Manx of the drawbacks inherent in the use of

whole blood lor transfusion are obviated by sub-

etitutmg human <erum or plasma These blood

denvatives when pooled from a number of donors

can be transfused mdiscnimnately' without regard

for the blood groups Furthermore, liquid plasma

or serum if collected under strictly ®tenle condi

tions can be stored under refrigeration for an in

definite period Plasma kept in the frozen state la

higtily recommended by Strumia and AIcGraw a®

being safer tlian storage m liquid form Plasma or

serum dried in cactio from the frozen state (or
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l^ophilizcd) b> the process of FJo'dorf, StcJies

and ^Iudd is tlie preparation par exeellenee, es-

peciallj for u«e in the armed services It can be
stored without refrigeration, is easily transported

and the dangers of bacterial contamination or of

deterioration are at a minunum But like whole
blood it may transmit the virus of homoli^us
serum jaundice TVhen required for use, distilled

water, equal in \olume to that which had been
removed in the dry mg process, is added to the

desiccated material

Solutions of Colloids

The limited availabihty of whole human blood

or of its derivatives, plasma or serum, has m-
spired a search for a blood substitute which would

resemble as closely as possible the physical prop-

erties of plasma The requirements of an artificial

transfusion material are several (a) The mole>

cules (or particles) of the substance must be of

such a size tliat its solution wJI not leav e the cir-

culation too freely (b) The solution must have an
osmotic pressure and a viscosity approaching as

closely as possible these properties of whole blood,

such qualiUcatioDS depend upon molecular size

and shape (c) It should be isotonic with the con-

tents of the corpuscles (d) It must, of course, be

nontoxic and innocuous in every respect (e) It

should not hinder normal pla«ma protein produc-

tion In addition, the material should be readily

available in large quantities, preferably cheap,

capable of being sterilued by simple means, and of

bemg quickly prepared for u«e Provided a ma-

terial is suitable for transfusion in the foregoing

respects there appears to be no valid objection to

the use of some fluid other than blood or its de-

rivatives to fill the vessels after hemorrhage The
properties w hich render a fluid suitable for trans-

fusion are physical rather than chemical Serum
or plasma apparently possesses no advantage by

V irtue of any biochemical characteristics which it

possesses ^Vhole blood is superior to either of

these in severe traumatic or hemorrhagic shock

Glim acacia in a 6 per cent solution m saline was

introduced by Sir William Bay Iisg as a transfusion

fluid during the first “World “War and proved

lughh «uccessful The osmotic pressure and vis-

cosity of this <5olution closely resemble those of

plasma The molecules of gum acacia aggregate

into particles comparable in size to those of the

plasma proteins and do not escape freely through

the capilh^ membrane
However, experience since the fir^t World War

has revealed some undesirable features of gum

acaoa Gma acacia la a polysaccharide which the

liody cannot metabohze It, like other foreign ma-
terials which cannot be dispo«ed of m other ways,

IS taken up by the reticuloendothelial elements of

the liver and elsewhere In animals, swellmg and
vacuolization of the hepatic cells have been ob-

served follow mg the transfusion of this material

“ITie liver may become greatly enlarged after re-

peated transfusions with gum acacia and some-

times shows areas of necrosis The hepatic func-

tion of producing pla«ma protein is seriously

depressed, the concentration of protein in the

plasma is lowered following large transfusions of

gum aeacia and may remain below normal for a

considerable tune after this blood substitute has

been administered

Isinglois (collagen prepared from the swim-

bladdcrs of certain species of fish, e g ,
stu^eon,

hake, etc) has been advocated by Taylor and

Waters,m a concentration of 6 per cent in physio-

logical saline, as a blood substitute Isinglass as

now prepared is free from anaphylactic or pyro-

geue action It has been used clinically and found

to be effective and quite safe It has been shown

both in patients and m animals to raise the blood

pressure to normal after severe hemorrhage and to

mamtam it at this level for sev cral hours After

its injection the blood shows progressive dilution

mdicating that not only is it retained within the

circulation but exerts an osmotic effect which

‘ draws” interstitial fluid into the vessels It docs

not appear to have any depressing effect upon

pbsma protein production by the liver and has a

technical advantage over animal gelatm in being

perfectly fluid at room temperature The molecu-

br weight of isinglass, after autoebv mg, is be-

tween 18,000 and 30,000

Ammai gelahn, which is closely similar to isui-

gb^s chemically
,
or dexlran, a polysaccharide w ith

a b^ molecule, have been used clinically with

satisfactory results Polyvinyl pyTollidone has

also bran used

The aOnimin fraction of human serum as devel-

oped by Cohn, Janeway and their associates is,

except for its cost an ideal transfusion matem]

when only a cell free fluid is required It may be

given in concentrated solution or in the same con-

centration ns in normal plasma Bonne plasma, if

it could be rendered quite «afe yet stiU retain its

other qualifications for a tran«fusion material,

would solve the problem of a physiological and

rebtively cheap blood substitute for tho«e emer-

gencies m which it IS not necessary to fumi«h red

celb The blood prolems of another species are, of
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course, jnten«el> nruiphjlactogcmc, and Be\oral

attempts }ia\ e been made to rcmo\ e this propertj

(rfcspcew/ion) from tw^inc ph<mn or albumm
Maeson lias di.«cnbc<l a method imoU ior the U'C

of formaldchjcle and heat to di‘«periatc calf

plasma But such procedures which denature the

proteins tend at the same time to redutc their

osmotic pressure to a <l<^rcc nhich greatl} lessens

their \ aluc for transfusion

Solutions of CrAstnlloids

Tlie small molecules of «alt or of glucose pass

freelj through the capdhrj wall Thej exert a

negligible osmotic rffeet, the injected fluid is

therefore not retamctl in the circulation For thw

re-tson such fluids though capable of raising the

blood pressure tcmporarilj are quite unable to

maintain it for an> considerable length of time

Indeed thej maj do serious harm, for the trans-

fused fluid as it leaks into tlie tissues carries

plasma protein with it Tina a particular^ bkeJj

to occur m the ca«c of falinc Tran«u<lation of

fluid into the tissue of the lung—pulmonarj
edema—maj result ^^l^cn, on the other liand,

dehj dralion of the tissues and loss of blood trofer,

as shown bj the concentration of the plasma pro-

teins, are prominent features, then the subcu-

taneous or mtm^caous laicction of saluie (trifh

tile addition of glucose) or water by mouth, would

appear, from phj siological principles, to be a logi-

cal proctdurc In the dehjdration resulting from

chloride depletion (p 24) sodium cldonde is

clearl> indicated A solution of tins mlt serves not

,&uii iuit Ar'.VinViQ’sl’ Alieii2«*vtli“

loss of whicli IS such an important factor in the

de\ elopment of the dehj drated state It is also of

great value m correcting the hemoconccntration

which results from extensive bums
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HEMOGLOBIN

Sec also Regeneration of Blood, chapter 8
Hemoglobin, the coloring matter of the erjth-

roBjlcs, makes up about 95 per cent of the dry
weight of the cell The chief function of the red

cell IS to store this pigment and carrj it around

the circulation About 10 grams of hemoglobin

pass through the lungs per 'ccond It takes up a
comparatuelj large load of OTjgen which it car-

ries to the tissues One hundred cubic centimeters

of water at the temperature of the bod> and ex-

posed to an oxjgcn pressure of 100 mm Hg ab-

sorbs a third of a cubic centimeter of the gas One
hundred cubic centimeters of blood, on the other

hand, at the same temperature and pressure niU

take up about 20 0 cc—that is, GO times more
Tlie di^erencc is due to the hemoglobin The total

amount of blood in the human bodj wnll hold ap-

proximatelj 1200 cc of oxjgen (200 ec per liter

of blood) This quantity of oxygen m used by the

tissues m 5 minutes or so during rest and m a

fraction of a mmute during muscubr exertion In

the absence of hemoglobin, the entire duty for the

carriage of oxjgen would have to be performed

b> the plasma, and in order that tins should be

able to ab«orb the necessary amount of gas, it

would have to be increased at least CO times in

amount As pointed out bj Barcroft, the circulat-

ing fluid, in«tcadof being about 6 litereor •(, of

the bod> weight, would then need to be o\er350

liters 1 e
,
more than fn e tunes the bulk of the

solid tissues

Besides 'erxing as a carrier of oxjgcn hemo-

globin plajs an important role in regulating the

atul base Ixalance of the blood (ch 13), and m
the carriage of carbon dioxide (ch 29)

The Chemical Constilucnls of Ilemoglohin

Hemoglobin is a conjugated protem with a mo-

Iccuhr weight of 68,000, it consists of an iron

containing pigment portion c-ombmed with a cob

orlos protein of the histone class cxlletl globin

The pigments belong to a group of compounds

called poTphjnns which posse&s the propertj of

lieing able to combme with metals Heme is the

name gi\ on to the compound of iron and the par-

ticular porphjTm which is found in hemoglobin

The iron porphjTm-globm complex which consti-

tutes hemoglobin can form a loose compound w itli

oxjgen, with the iron in the ferrous (Fc++) state

Under certain conditions, it maj form a more
stable compound with oxjgcn, with the iron m the

feme (Fe'*"^*) state A more detailed coneidera-

tion of the hemoglobin structure follows

PoRrarniNS are pigments which, either alone

or as the basis of more complex compounds, are

found throughout plant and animal life from the

highest to the lowest forms A porphjTm is the

pigment basis of chlorophjll—the green coloring

matter of plants One is found os a brow n pigment

m the «hclls of manj eggs, and also m the dark

line running dow n the back of the earthw orm On
the other hand, when conjugated with other sub-

stances porphjrins are the basis of the blood and

tissue pigments of larious animals

The ba«ic nucleus or framework upon which all

porphynm are built consists of four pjrrole rings

Pjrrole

H

linked together in a huger nnglike etnicture by

four metheno couplings This parent structure is

called porphin and is shown below

H H

Porphin CtellHNj

By substitution of its eight hjdrogen atoms by

various groups—ethjl, mcthjl, \mjlorpropionjl
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A

C

CH=CHt CH.

a!»-“COOH CHjCOOH
Po7ph>na tj^^-jrt^oporphynii

Fjo $1

—the sei eraj porpb)'nns jn nature arc produced

In the animal Ixid} it is bc!ic\cd that '«jnthcsis

occurs m tno stages First, substances composed
of two p3 rrol groups only are formed and known
as p!/rroniet}tenes The'e are of tno kinds In one
form, A, in figure 6 1, the four h}dK>gcn atoms
are substituted b} tno methjl (CHt) and tno
1 inj I (—CII=CHt) groups In the other form,

B, the hjdrogen atoms are substituted two
methjl and tiro propionjl (—CHi—CH*

—

COOH) groups AVhen tiro pjTromethenes of the

first type unite, a type I porphj rin is produced

When an A and a B form unite, type III por-

phjTin IS formed ^ Sluch smaller quantities of the

type 1 pigment are produced in the body than of

type III, but m health a constant ratio e\i«ts be
tneen the two Type III porphyrin is the pigment
of hemoglobin, my oglobin and certain respiratory

eazjTncs It is called proloporphijnn and is i^
meric mth ooporpk^nn, the pale broim pi^auent

in tlie eggshell of the domestic hen (see fig 6 1)

’ A type II porphyrin might po«?ib!y be formed
by the union of twoB types of pyrronaethenea but
such has not been found in nature

Pfotoporphy rins may be looked upon as pig

ment completes in which the eight hydrogen

atoms of the porphin nucleus are replaced by

three of tlie groups mentioned aboi e, namely by

tno vinyl, four roethil, and two propionil There

are some 15 different laomenc protoporphyrins,

the one pre«ent in hemoglobin being designated

protoporphjTm Vo 9 Itavmylgroupsareatposi

lions 2 and 4, its methyl groups at 1, 3, 5 and S,

and its propiony 1 groups at 6 and 7

Small amounts of free protoporphjTin are pres-

ent in the ery throcj tes and larger amounts m
reticulocytes The presence of this pigment is

probably responsible for the red fluore«cence ox

lubited by the latter when viened under ultra-

violet light

The two animal porphyrins (I and III) retnam

distinct chemical entities under all circumstance^,

being ^othensed separately and neier undergo-

ing intercom er«ion Tlie conception ofa "dualism

of the poqjhjTins ’ was fir«t adianced by Hans
Fischer and lias been «upport«I in niort modern
tunes by Uobriner, ^^at«on and other workers in

this field
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In health, type I porphyrin and sometimes

type III are excreted m minute amounts m the

urme after being converted to coproporphynn ^
58) Copropoiphyrm I, but not t^Tje III, » er-

creted through the bile Uroporphyrin is not found

m normal unne but is excreted in the unne m
congenital porphjTia

Metalloporphynns Porphyrins are capable of

forming compounds with various metals A pig-

ment found in the feathers of a certain South

African bird (turaco), for example, and known as

turacin, is a porphjnn combined with copper

Other metalloporphjTins have been prepared,

namelj
,
tho«c of cobalt, nickel, silver, manganese,

tin, zinc, etc * ProtoporphjTin combined with iron

forms the metalloporphynn of the blood pigment

For instance, if an Fe atom is attached to proto-

porphyrin TV e get the iron porphyrin compound of

hemoglobin This is called htme (C»4lI«N40|Fe)
The red heme molecules give to hemc^tobin its

characteristic color As we shall presently see,

honev cr, heme is not peculiar to bemi^lobm but

13 a constituent of other respiratory substances

The atom of iron, m the ferrous stale, is be-

lieved to be attached to the porphjTia group m
the manner represented below

Oxjgenatcd hemoglobin (oxyhemoglobin)

In the hemoglobin molecule four heme mole-

cules are attached to the globm molecule

• In cbJorophj II the porpb} no is combined with
magnesium

Heme is capable of combining with various pro-

teins or nitrogenous substances, e g , albumin,

anunonia, pjTidme, nicotine, etc Such com-
pounds are called hemochromogena TVben globin

IS the protein with which heme is combined the

resulting hemochroraogen is that forming the

basis of the blood pigment of vertebrate life

Hemoglobin ls, therefore, an iron -f porphjTm -f

globin compound
Hemik (CiiHnNiOiFeCl) is the hjdrochloride

of heme and is prepared by heating oxyhemo-
globin With glacial acetic acid and a minimal

amount of sodium chloride Fpon cooling, reddish

brown prismatic crystals of hemm separate out

The detection of these, which are frequently re-

ferred to as Teichmann’s crystals (after their dis-

coverer), is used as a test for blood in suspected

rtains When hemin is treated with caustic soda

oxidized heme is obtained \Micn the latter is

treated mth a weak acid the iron is split off and

protoporphyTin remams Hemm or blood itself

when treated with eoneentrsted mineral acids in

the presence of oxygen yoelds hematoporphyTin

(P 68)

The Distribution of Heme in Piature

Heme IS almost universally distributed

throughout the animal and vegetable kingdoms

Respiratory pigments with this porphyrin iron

compound as their common ba«is are found in the

lowest forms of plant life as well as m the high-

e«t species of animals

CtTOCHnoiiE IS a heme compound which is

widely distributed in the tissues of plants and

animals It is present in certain aerobic bacteria,

in yTa«t cells, m the onion, in worms, molluscs,

cru’^taeea, m t)je mu^eJes of the bee’s mag aad in

many other msects and their Larvae It is present

in the muscles and other tissues of the laige num
ber of vertebrate species wfuch have been exam

med Cytochrome plays an important part m the

oxidation system m the tissue® It undergoes

alternate oxidation and reduction but unlike

hemoglobin is not autoxidizable or only slightly

so (due to component 5, sec below) In order to

take up oxy gcti it requires the aid of tissue oxida«e

(mdophcnol oxidate), in order to undergo reduc-

tion It requires the prc'ence of dehv drogeii3«c®

Ihese activate the by drogea of o^snic molecules

in the tissue cells which become hydrogen dona-

tors The cytochrome acts as a hydrogen accep-

tor In this way cytochrome, it IS sugge«ted serves

as an intermediary in the transference of oxygen

fliberated from hemoglobin) to the oxiduable ma-
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tcnils m the tissue cclU It mij also throu|;h

component 6 «cr\e for the direct transference of

oT^ gen In the presence of cj anide«, carbon mon-
oxide (in the dark) or 'iilfides nhtcli poi«on the

o\idx«e, the oxidation of cj tochrome is mhilntwl

On t)ie other Land, anesthetics which depress the

action of dohj drogenascs prex ent ita reduction In

cither case the Imh in the chain of oxx gen usage

bj the cells Ls broken

Cytochrome is a mixture of three hcmocliro

mogena, they arc referred to by Kedin as a. h and c

Of these only b is autoxuhzabic The bemewiin
ponents of the hemochromogcn’i arc not all the

same, there being two varieties One of these is

identical with that in hemoglobin, the other re

semidcs that in chlorocruorin (see below) The ni

Irogenous compounds with which the hemes are

combined arc unknowA Cy tochrome is identified

in living tissues by its eharjctenstie absorption

spectrum The cytochrome of bees wing muscle

shows four absorption bands at GOlO, 6GG5, 5502

and 5210 A, respectiiciN Its oxidation and
reduction can he followed m the living cell by

means of the mieros|)ectroscope, the bands liecom

ing distinct when reduction occurs but almost dis

appeanng when the euhstance is oxidized

Heme m the free state, that is, uncombined

with a nitrogen compound, has been discoxcrwl lo

many substances such as wheat flour and oatmeal

where its presence had ne\er been suspected The
fact that heme is in one was or another of such

unnersal occurrence has prompted Bircroft to

remark, “mankind lias for fountless centuries

been eating, all unknowingly, the outstanding

constituent of his blood ” It has been frcriucntly

suggested in the past that chlorophyll which nlso

is constituted of pyrrol rings, was the primitixe

pigment and that animals probably derived the

pj rrol grouping for the manufacture of the pig-

ment of their bloods from this green coloring mat-
ter m their diet It is now «cen, howexer, that

heme is a much more ancient pigment since it is

found m the most elemental forms of plant life id

which chlorophyll does not exist It is pointed out,

howexer, on page 71, that there is little evidence

that either of these pigments in the diet senes
as a basis for hemoglobin synthesis

Hemoglobin itself is by no means so widely

distributed as is heme and the heme compound
cytochrome, for it is confined to the animal king
dom It IS foundm the blood of all vertebrates and
of seieral imertebrates, eg, worms, a certain

snail, in the larxae of some but not m the body
fluids of any adult insect The blood pigments of

different xertebrate species vary m their proper-

tics, the hemoglobin of the frog, for example, pos-

«c'5scs a spectrum and oxygen dissociation curx e

(IifTercnt from that of mammah The xariahility

ts due to minor differences m the globin« to which

the heme is joined anti not to different hemes,

which jiro the snme throughout tlie xertebrate

phx lum

Though many different porphyrins exist, only

one differing from protoporphyrin has J/een dis

coxcred in nature as forming part of a hemoglobin

like substance i e one in which the nitrogenous

fraction ts probably a globin A hemoglobmhke
pigment greenish m color, is found in certain

norms and is ea))e<) eklorocruonn It contains this

other porphyrin of unknown structure combined

with iron Hetieornbin is a respiratory pigment

found in the gut and liver of the snail It contains

the same heme as hemoglobin as shown by the

fact Ibal if Its nonpigmenled fraction is replaced

bx pxndinc the pxndine hemochromogen so

formed shows a spectrum identical with that of the

pyndinc hemochromogen derived from hcmoglo

inn Chlorocruorin, however, «ince its heme is dif

ferent when treated similarly shows a different

spectrum The nitrogenous part of beheorubin is

unknown but presumably it is not globin

Utmoeyanxn is a re«pira1or> pigment which in

certain eriistscea and mellusks (king crab octopus

and snail) takes the place of hemoglobin It is dis

solved in the circulating fiuid and not confined

within cells This substance contains copper in

stead of iron but the metal is not combined with a

porpliyno as was believed at one time This pig

ment is blue when oxidized and colorless when re

duced

The Mo/eciifar ITejglit of llemostobm

The pigment proper (heme) constitutes about

4 per cent, and the globm about 96 per cent of the

hemoglobm molecule If hemoglobin contained

only 1 atom of iron wluch has a molecular weight

of 56, then since the percentage of the metal in

hemoglobm is 0 334,* as determined by direct

analy ses, the munmum molecular weight of hemo-

globin xvould be (56/0 334) X 100 = 16,800 ap-

proximately

The molecular weight of the hemoglobin mole-

cule has been established by xarious phj’sical

* This IS flufaer’s figure, but other investiga

tors have obtained lower, others higher values,

namely from 0 205 to 0 338 per cent The average
values obtained by Bernhsrt and Skeggs m a

umber of analyses of hemoglobin crystallized

from the pooled blood of 20 human subjects was
0^0 Using this figure in the calculations, a mini

mal molecular weight of 16,400 and an oxygen
capacity of 1 36 ml per gram of hemoglobin arc

obtained
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methods to be 66,000 to 68,000 There are 4 Hib^

units, each containing one heme molecule, and
hence there are four iron atoms m each hemoglO'

bm molecule Evidence suggests that the molecule

15 a cylinder with a height of 34 A and a diameter

of 67 A On the surface of one side of the cylinder

there are two hemes, and two hemes are on the

opposite side (not the ends) of the cylinder

Hemoglobin constitutes about 34 per cent of

the wet weight of the cell, and at this high concen-

tration there is just sufficient space for the hemo-
globin molecules to rotate freely about their three

axes

Human blood contains about 15 grams (14 to

16 grams) of hemoglobin per 100 cc Since the

proportion of iron in hemoglobin is 0 334 per cent,

the quantity of the motel in 100 ec of Mood is

about 50 mg and in the total blood of the hu
man body about 4 to 5 grams The blood contains

a small proportion of iron in addition to that

combined with hemoglobin

The estimation or iigmoolobck in blooo
Several methode are available for determiniog the

hemoglobin concentration of blood But whatever

the method used the fundamental information

sought 18 the oxygen capacity of the blood This

may be found directly bi means of the Van Slyfce

apparatus or the apparatus of Barcrott or War
burg Or, since the hemoglobin molecule contains

0 334 per cent of iron the hemoglobin in grams per

100 ec can be calculated from an analysis of the

blood for its iron content * Thus, it the blood con

tains 50 mg of iron per 100 cc its hemoglobin

concentration is (50/0334) X 100 «• 15 grams

(approx ) per 100 cc and the oxygen capacity

(15 X 1 34 ~) 20 cc (approx ) per 100 cc

The most convenient method for chemical use

IS one based upon matching a sample of diluted

blood with one of a senes of permanent color

standards The best known methods of this type

are ihellaldane Goioera, in which the bemo^obiD
15 first converted to carboxyhemoglobtn, the

Goicert in which the blood sample after dilution

and full oxygenation is matched colonmclncally

with a picrocarmine standard, and the Sahh
method which involves the conversion of the

hemoglobin in the diluted sample to acid bematin

Myoglobin or muscle hemoglobin (mol wt

16 700, 1 atom of iron) the pigment of muscle,

resembles blood hemoglobin in its function The
protein component differs from that globin which

• The estimation of hemoglobin by iron analysis
IS claimed by King and bis associates to be the
most reliable method, though even this method is

not without error, for a certain small proportion
of the iron in blood is not in combination with
functioning bemogtobm

a found in hemoglobin It acts as an oxj^n
reservoir within the muscle fiber which serves to

tide the muscle over from one contraction to the

next It has a higher oxygen affinity than has
blood hemoglobin and can combine with oxygen
and dissociate from it wnth great rapidity (less

than 1/100 second) Myoglobin starts to give up
its oxygen at the instant that the muscle con
tracts Its oxygen store is replenished during the

resting state

The Combination of Hemoglobin
with Gases

OxYOEV (see a!«o chapter 29)

Hcmoglobm combines with oxygen by virtue

of the iron which it contams Tlie attachment of

the iron to the heme and to the protem molecule

IS very important m giving to the hemoglobin

molecule its peculiar property of ready combma-
tion or dissociation with the oxygen molecule

The iron m hemoglobin is in the ferrous (di-

valent) state Heme, by itself, readily reacts with

oxyigen and the iron changes to the ferric (tri-

valent) state The combmation of the heme with

globia however, brings about a great stabilization

of the molecule so this increase m valence does

not ordinarily take place, even though there may
be a combination with oxygen

The iron is m a hexacovalent state, with four

of the bonds Imking it with the planar porphyrin

molecule The resulting heme molecules (4 m
umber) are attached to the surface of the globm

molecule by another of the covalent hnks of the

iron The nature of the group in the globin mole-

cule to which the heme is attached is not yet set-

tled, (hough B vman, and Coryell and Pauling

postubte that it is attached to the imidazole

group of a histidine residue The SLxth covalent

bond, which sticks out from the plane of the

heme, is the point of attachment of the molecular

oxygen The details of the changes which take

place IQ the various bonds upon oxygenation of

the hemoglobin molecule are beyond the scope

of this book, but it 13 interesting to note that the

postulated linkage of iron with the imidazole

group can be shown to provide an explanation for

the * Bohr ’ effect, i e , the greater acidity of he-

moglobin with oxygenation

Stocc each hemoglobin molecule contains four

iron atoms, it can combine w ith four molecules of

oxy^n The oxy genation of one of the four hemes

eidianccs the oxygen-bmdmg capacity of the now

partly oxidized molecule, so that this molecule

becomes fully oxygenated in preference to other
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Iicmoglobin molecules This mlomction, tc, the

effect of the ox3 genation of one heme upon tlw

c'i^c of o>:j genatjon of the other hemea rp«ults in

a peculiar ‘iigmoid-^hapctl cur; c if the percentage

of otj hemoglobin formed from reduced hcmoglo-

bin 13 plotted again'it oxjgen tension If there

vrere no interaction, sucii as in the case of tlie

monomeric mjoglobin, a sunihr plot would jickl

a curxe m the form of n rcttangiilar hx^petbola

The increased aciditj of oxj hemoglobin (Bohr

effect, abo\ c) means that the pH of arterial blood

IS almost the same as that of \ cnous blootl the

greater aciditj of this oxjbcmoglobm compen-

sates for the incrcjisL in carbonic nud found in

venous Wood
Tile capacity of thcbloal /oral>«orbingot)gen

IS called the ozijgen capaahj and it is proportional

to the hemoglobin concentration Tltc oxjgen

capacitj of 1 gram of hemoglobin is 131 cc
,

therefore, the oxjgen eapacitj of 100 cc of nor-

mal blood (15 grams hemoglobin) is 20 cc (15 X
134)

DEnttATtvTS or IlevoaLODts

Some of the xariations of the hemoglobin mole-

cule which maj be obtained arc described below

The terms reduced kmoglolnn or Jerroltemoglo-

htn, ate used for the molecule which has given up
Its oxjgen

Oxt/geruiUd hemoglobin or oxyhemoglobin is ap-

plied to the molecule which has oxygen roolccuIcB

attached

Melhemoglobin, orfemhemoglobin results when
by the action ofoxiduing agents the ferrous iron

in the heme is changed to feme iron ^or^lal

blood contains about 0 I per cent ferrihemoglobin,

but m poisoning by drugs such as nitntes chlo-

rates, Bulfamlamides etc the percentage is in-

creased The larger quantitj of the more darkly-

colored ferrihemoglobin gi\es rise to a tjpc of

cjanosistowhichtheterm toxic isapplied The
discoloration of the skm becomes apparent when
the ferrihemoglobin amounts to about 3 grams

per 100 cc of blood Methylene blue, injected into

the blood stream causes the formation of fern

hemoglobm

Space and label methemoglobm

A hemochromogen of hemoglobin rcaults if the

himic with tlic ferrous iron is combined with a

denatured globm

Calhemoglobin is a compound of heme conlam-

ing feme iron w itli denatured globm

IIVOROOEV SotriDE

Sulfhcmoglobm is formed when ferrohemoglo-

bin w treated w itli hj drogen sulfide under suitable

conditions It is n green compound and is formed

when blood or hemoglobm undergoes putrefac

tion

Except pcrliaps m extreme cases of mtestmal

putrefaction hydrogen sulfide is not absorbed in

appreciable amount** But it appears that certain

drugs notably acetamlid and phenaeetin (drugs

employed for the relief of lieadache), sensitize

hemoglobin so that it combines more readily with

hydrogen sulfide Small quantities of the gas ab-

sorbed from the alimentary canal may then cau«e

sulflicmoglobm to rcacli a relatively lugh concen

tration in the circulation and give a bluish or

inamctmttothcsk.m Tlits so-called enterogenous

eyonosts occurs when the abnormal compound

amounts to from 3 to 5 grams per 100 cc of blood

Tlie pro<'cnce in the blood of Bulfliemoglobm or of

methemoglobm is detected by spectroscopic ex

ammatioD (Table 0 1)

CAnnos Dioxide

Carbhemoglobin is formed from the union of

carbon dioxide and hemoglobin Apparently a

carbommo compound is formed Estimates of the

amount of carbon dioxide irluch is earned in this

way rary from 10 to 30 per cent of the total

TABLE 6 1

l{ aie lertg(ht (A) at the points o/ maximum intensitir

of absorption bands of hemoglobm and tls derna

Itvea aa teell as some of Ike other kerne compounds

Is tuauoa 0 f Absorpl on
O>mpou&<i

o( Budk
j

IQ Ansstrom U
isUu

Oxyhemoglobin 2 57^5448 _ _
Reduced hemoglobin 1 56501 — — —
Carboxyhemoglobin 2 5709|53o0 — —
Methemoglobm 4 6300j5780 5400 oOOO

Sulfhemoglobm 3 6180 57SO 5400 —
Hemochromogen

|

2

2

5a85}5275

S5S0j5270: I
Reduced heme 2

,
6070J5S20| —

1

—
Cytochrome
Protoporphyrin (in 1

4 60461 5065.!o502

1

5210

acid)
J

2 1 eooo.Wloj — 1

—
Urobilin 1 4900 — — ~
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Carbov Mo\OXIDE

Carbonmonoxjbcmoglobin results from the

union of carbon monoxide and hemoglobin The
gas unites n ith hemoglobin m the ^ame proper

tion as does oxj gen It competes successfully with
the latter for hemoglobin and displaces it \olume
for volume to form carbonmonoxjhemc^lobin
Unhke oxjgen, however, it forms with hemoglo
bin a stable compound which can be disnipted

onlj with the greatest difficultj The much
greater aviditj (between 200 and 250 times)

w hich hemoglobin show s for CO renders the gas so

highly dangerous when inhaled in anv consider

able quantity («ee p 523) At/nc oxide gas also

has a strong affinity for hemoglobin and forms a

stable compound with it The fumes gixen off by

high explosnes during their combustion contain

lai^e amounts of nitric oxide and the commonest
way in which this poisoning occurs is through

persons entering a closed space after an explosion,

before the gas has cleared aw aj

Types of Hemoglobins

Tliere are small but significant xariations m
the ammo acid composition of hemoglobins of dif

ferent species Further, there arc different types

of human hemoglobins Tlie \ arious hemoglobins

show different rates of denatumtion different

electrophoretic mobilities, etc
,

in addition to

those differences just mentioned

The hemoglobins of adult and of fetal humans
ha\ 0 been designated hemoglobin A an<l hemo-

globin F respectnelj Sexeral other abnormal

varieties have been found m recent years In all

of the cases studied so far, the differences arc as-

scnbable to inherited alterations in the globin

portion The heme portion remains unchanged

Pigments Derived from Animal Porpliyrins

Ilemaloporphynn CjiH«OjN4(COOH)f is an

artificial derivative obtained by the action of

strong mineral acids upon hemoglobin or upon
hcmin It is cIo«ely related to protoporphynn

—

the natural porphyrin of hemoglobin—but con

tains two more molecules of water id its vinyl

groups

CopropoTphynnt and uroporphyrin# Copropor

pliynns I and III can be obtained from the corre

spending porphyrins (p 53) bv the replacement of

two vinvl groups by propionyl groups or by de

carboxylation of uroporphyrin Uroporphyrins I

and III are formed by carboxylation ol the methyl

groups of the corresponding coproporphyrins

CoproporphyTin I is present in small amounts in

normal urine and in larger amounts in the feces

Ilclatively enormous amounts of both types of

CoproporphyTin and of uroporphyrin arc found in

the urine and feces in conditions of disordered

porphyrin metabolism (see below) Coproporphy
nn (chiefly type III) is present normally in the
bone marrow and the erythrocytes it may be a
precursor of protoporphyrin and a step in hemo

CH,—COOH
I

CH» CH,

Coproporphy rin 1 C, 4Hi,04N»(COOH)

CH,—COOH
I

CH,

globin synthesis (ch 8) Turacin mentioned on p
54 IS the copper sail of uroporphyTin III Por

phynns especially hematoporphyrin, uroporphy

rin I and coproporphy rm I have the curious prop

erty, when injected into the blood stream or when

produced in disease of sensitizing the skm to sun

light or the naturally occurring porphyrins the

light sensitizing action is most pronounced with

uroporphyTin I

By the action of mild reducing agents the vinyl

groups of protoporphynn are replaced by ethyl

groups to form mtsoporphynn

Btltrvbtn, CjjIIiiNiOi is an iron free and glo

bin free denvativc of hemoglobin The nng struc
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ture of the porphynn is broken at the alpha posi

tion, a straight chain compound resulting This
occurs before the iron and globin are split off so

that no free protoporphyrin is produced nor
mally in the circulation Bilirubin is converted
bj reduction in the intestine to stcrcobilinogcn,

also called urobilinogen (p G42) Urobilin is

formed by the oxidation of stercobilinogen, and is

present in very small quantities in norma) urine,

but IS not the pigment responsible for the color of

urine

Absorption spectra The various heme pigments

and the compounds of hemoglobin when placed in

the path of a beam of v hite light absorb waves of

certain lengths but transmit the rest That is, each

possesses a characteristic absorption spectrum and
it IS by means of spectroscopy that the> may be

most readily detected The different hemochro
mogens, reduced hemoglobin and oxyhemoglobin,

CO and NO hemoglobins, hematoporphyrin, co

proporphjnn, cytochrome, urobilin etc have all

tbcir specific absorption bands See table 6 1

Porphyria Disorders of porph>nn metabolism

in which abnormal porphyrins or large quantities

of phjsiological porphjTins are formed and ex

ereted are called porphyria There are three type

of this disease, V Inch have been termed con^renttol,

acute and cAronte Actually, all three are eon

genital and familial

Congenital porphyria is characterized by light

sensitivity, which may result m blistering and,

not uncommonly, necrosis of the skm upon ex

poBure to sunlight, and the excretion of large

quantities of coproporphyria and uroporphyrin,

type I, and sometimes small quantities of proto

porphyrin The normal ratio of type I and type

III porph} rins is disturbed, the former t>pe being

produced in excessive amounts The urine is

stained a port wine color and the pigment is de

posited in teeth, bones and skin Liver extract and

ascorbic acid seem to exert a favorable influence

upon the disease In acute porphyria, large amounts

of porphyrin type III (protoporphyrin) are ex

ereted Light sensitivity does not occur, but there

are abdominal, nervous or mental 8} mptoms, eg,
severe cramps and vomiting, progres«ive paralysis

often of an ascending type, and various forms of

psychosis In the chronic form of the disease, co

proporphyrin type III and small amounts of

coproporphynn type 1 are excreted in the urine

and feces T^iere is mild light sensitivity

Porphyrinuria An increased excretion of por

phyrins in the urine m other conditions than the

porphy-Tias is termed porphyrinuria Increased ex

cretion occurs in various hepatic 'Siseaserj~tjpe I

and to a less extent type III being found m the

urine and especially in the feces Type I copropor

phynn is present in excess in the excreta of

patients suffering from several types of anemia—
pemictoue anemia, hemolytic jaundice and in leu

kemia In the first of these it has been demon
strated in the megalobUsts, erythroblasts and
reticulocytes Increased excretion of copropor-
phynn type III occurs in aplastic anemia, Hodg-
htn't disease, poliomyelitis, chronic alcoholism and
lead poisoning In any condition associated with
stimulation of the hemopoietic system prophyrin
production is increased, and contrary to what
might be expect edit is type I rather than type III

porphyrins which are produced and excreted in

excess The light sensitivity of pellagra may prob
ably be explained by the excessive amounts of

coproporphynn (chiefly type I) i\hich are formed
and excreted in this disease, but it is not unlikely

that the porphyrinuria is merely secondary to

hepatic involvement
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7
HEMOLYSIS AND SUSPENSION STABILITY OF THE BLOOD

or tlic Inking of Illond

Under normnl eircHm^tinees the plistin con-

tains no appreciable qu mtit\ of lienioKlobin If

normal blood k ccntnfuj^cd the corpu^tlcs arc

driven to the bottom of the tube nhercas the su-

pernatant plasma is clear but faintli straw-col-

ored Under certain conditions, however, chanKca

maj occur m the red cell which will allow the

hemoglobin to escape into the surrounding fluid,

which then becomes discolored Tliis is cillcd

hemolysia or faJhnff, and ma> be carnctl out m a

test tube bj means of various aRcncics both

physical and chcmiea! Certain biological fo1>-

stances such as the toxms of b ictcna and snake

venoms arc intensclj hemoljtic On the other

hand, substances lielonging to the cla-%) of un-

muno substances or antilxklics, and Knomi spe-

cificallj as Aemofj/sins, arc formed m the bloo<l

Tliese have the power to licmoljzc foreign red

cells After the action of certain liemolj tic agents

the dim colorless outline of the red cells—sliadow

cells or "ghosts”—msj be seen, thev represent

the incompletely destroyed framew ork or stroma’

(sec frontispiece) Some of the means by which

hemolysis may' be induced mil now be considered

m greater detail

//ypotomc sofuhons

The membranes of phnl and animal cefls are

semiperraeablc (p 26) They allow the passage

into the cell of water and various substancis in

solution, but offer a barrier to the entrance or

egret's of others The red cell is no evccption, it

contains substances which cannot pass out,

and IS surrounded by a fluid (plasms) con

taming materials which cannot pass m "We have

here then a minute and almost perfect osmometer

* When hemolysis is induced bj cextsin rca
gents, e g , Imoleic acid, but the cell structure te
mains intact, the addition of electrolytes causes
the reappearance of hemoglobin m the cells (“re
versed hemolysis' ) This phenomenon is due prob
ably to shrinkage of the ceJU and the concentra
tion of a residue of unliberated pigment and not
to the return of hemoglobin to the cell

(p 2fi), and indeed much of our knowledge of os-

motic plicnomcna lias been gainetl from the study

of the bcliav lor of plant and animal cells when
pbeed m solutions of different concentrations In

normal blood the plasma and the corpuscles are in

osmotic cfiuibbrium, i e ,
the fluids «cparated bv

the corjiuscular membrane arc i otomc If, how-

ever, the di'sohed substances m the plasma are

diiutcii by the addition of distilled water, a flow

of water into the corpuscles occurs An osmotic

pressure is developed within it which the cell

membrane is unable to Hith^tand Tlie cell swells

and becomes glohubr, the membrane stretches

and the hemoglobin is liberated

The p^occ^s is in reality rather more comph
cated than this It is probable that tlic hemoglobin

>s not contained witiiin the red cell merely as in

a bladder, or even in s number of smaller compart
meats but h closely bound in some way to the cell

structure One reason for this belief is that purely

mechanical agencies wall not liberate the pigment

The cell may be torn into the finest shreds yet

each miDUte yiarticle still retains its hold upon
the hemoglobin The pigment however, is sooa

released when ihe surrounding fluid is made hypo
tonic This suggests that the cell structure con

Bists of semiperiueabic partitions of almost infinite

fineness

The normal red cell offers a certain resistance to

the ilisintegrating effect of hypotonic solutions A
slight lonenng of the o<5niotic pressure of the sur-

rounding fluid wiU not produce hemolysis The

normal percentage of salts m human plasma is

approximately 0 94 ''formal cells may be placed

JO a 06 per cent saline ‘solution without being

hemolyxed The cell increases m volume, but the

hemoglobin does not escape The first trace of

hemolysis appears when the saline concentration

la about 0 42 per cent and the cell volume in-

creased to about 145 per cent At 0 35 per cent the

cclLs are fulh ' laked, ' i e
,
hemoly^ia is complete

the cell volume is around 165 per cent of normal

just before this occurs The resistance which

erythrocytes offer to the hemolytic action of hy-

61
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potomc solutions is used in this vray as an index

of the fragility of the red cells

In performing a fragility test a scries of tubes
13 set up containing solutions of NaCI graded id

strength from 0 9 to 0 20 per cent at intervals of

0 05 per cent above and below the range at irhich

hemolysis is expected, and at intervals of 0 025

within that range A sample of blood is introduced

into the saline in each tube, and the one in which
hemolysis commences and the one m which the

process is complete are noted A mechamcaX Jragit

\ty le»l IS sometimes employed, a sample of blood

being placed in a flask with glass beads and rapidly

rotated The liberated hemoglobin is then meas
ured The mechanical fragility is increased in

acholuric jaundice, certain other hemolytic

anemias and in sickle cell anemia The degree of

hemolysis may he determined by centrifuging the

diluted blood sample and estimating coionmetn
cally the quantity of hemoglobin in the superna

tant fluid

In pernicious anemia the red cells have been

found to be actually less fragile than nomial

whereas m other conditions, e g , some forms of

purpura (p 118) and acholuric jaundice (ch 9),

their fragility is increased

Cells that show reduced resistance to hypotonic

saline inaj show a normal resistance to other he-

molytic agents, e g ,
Ij solecithm (p 63} and me

rersa Erythrocytes of spherical form, such as

tho«o characteristic of acholuric jaundice, show a

lowered ©"motic resistance mainly because the

cells cannot increase their volume by as great an

increment as can normal cells without injury to

the cell structure (see p 10) The resistance to

hemolj'sis by Ij'solecithm on the other hand is not

influenced by the shape of the cells, the hemolytic

piwiss bemg tc^ecrsivss! is iTitox?

The permeability of the membrane of the red

cell 13 quite different from that of the capillary

membrane which, as we have seen (ch 3), allows

the passage of all cry’stalloid substances and to

some extent of plasma protein, and is also freely

permeable to hemoglobm The membrane of hu-

man erythrocytes, on the other hand, is imperme-

able under physiological conditions to hemoglo-

bm, the plasma proteins, and to Ca*"^, K*, Mg**
and organic phosphate ions, but permits the pas-

sage of water, H*, N Hi*, and of Cl“, HCO»~ and

PO“ Potassium escapes freely from the cells un-

der conditions which injure the cell membrane,

the potassium loss is closely related to the escape

of hemoglobin, i e , to hemolysis The human red

cell membrane is not absolutely impermeable to

the sodium ion for e\ en under physiological condi-

tions and therefore in the absence of hemolysis

mmufe amounts may pass from the plasma into

the erythrocytes * Since the red cell ls imperme-
able to potassium whereas sodium can cross the

membrane, the selectue permeability of the latter

cannot be explained simply upon the theory that

the cell membrane is a sieielike structure whose
“pores” are of such a sire as to allow the smaller

ion«, but not the larger ones, to pass The hpid
soluble theory is also unsatisfactory, for the in

organic amons are lipid m«oluble The cell mem
brane is freely permeable to ammo acids, urea and
uric acid, so these substances under ordinary cu-
cumstances do not enter into the osmotic relation-

ships between celb and plasma Osmotic changes

occur, however, when COi enters the blood and
diffuses into the cell («ee p 462)

The exchange of inorganic phosphate across the

cell membrane is associated wnth the enzymatic

synthesis and breakdown of organic phosphate

esters withm the ery’throcy’te In the former proc-

ess inorganic phosphate passes from the serum

mlo the cell and in the reverse direction when or-

ganic phosphate compounds are broken down

Chemwol Sub$Uince9

Ether, ehloro/orm, bentene and alcohol act by
dissolving the Iipid constituents of the envelope

aod stroma of the cell Other substances eg,5tfe
softs, acids ondolkahe and saponin causehemolysis

but the manner in w bich they act is not altogether

clear Bile salts probably act by combining with

the protein constituents, and saponin with the

cholesterol As a result of the chemical changes

induced by either of these substances destruction

of the cell stroma—stromatolvsis—occurs Acids

probably act by penetrating the cell and increasing

osmotic concentration within ^weiYing ana'

liberation of the hemoglobin occurs in a manner
analogous to that of hypotonic solutions The
stroma is not as a rule destroyed Alkalis, particu

larly ammonia, are powerfully hemolytic, as is

also ammonium chloride The NHj enters the cell

and through the increase in osmotic pressure

causes swelling and liberation of the hemoglobin

Stromatolysis accompanies hemolysis by alkali

Certain ehemteal poisons such as carbolic acid,

nitrobenzene, pyrogallol, ricin, arsenical prepara

tiona used in the treatment of syTihilis, and many
other substances are capable of causing red cell

destruction

*The results of vanous investigators in the

past have differed rather widely with respect to

the permeability of the red cell to the sodium and
potassium ions, but the experiments of Kurnick

who employed radioactive isotopes of Na and K
give strong support to the statement made here
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Substances of Baclcnal Ongxn or Formed

tn the minima/ Body

1 Spicific I11.5101.T6JNS If Wood IS injected

mlo the veins of an animnl of another apccics, or

as nlrcadj mentioned (ch 5) into an individual of

the same species hut whose blood group is incom

patihlc with the blood group to which the injected

iilood belongs, agglutination of the red cells of

the donor occurs, and hcmotj^is follows as a

«ecoiuKry effect But if a scries of injections of

erjthrocjtesis made over a period of da>sintothc

blood of another species the scrum of (he latter

develops a substance w Inch promptlj deatroj s the

foreign cells through a primary hemolytic effect

quite independent of agglutination This hemo
litre reaction, which was first demonstrated by
Bordet, ts speetSe, that is to saj, it la only the

particular species of erythrocyte to which the

animal has ^en sensitised by previous injections

that is destroyed by the hemolytic siibslsnce The
latter on this account is known as a apectjiehemolp

stn ll belongs to the class of immune substances

or antibodies Bodies of similar nature csu*c the

destruction of other foreign cells and are Known
as CNtolysins and bacteriolysins All are part of a
general protective mechanism which the boilj is

able to build up against the invasion of foreign

cells ^V*hen referring to these and other immune
reactions the substance which upon entering the

body causes their development is referred to as

the onbyen (t c
,
the foreign red cells in the case

of hemolysins) The antibody itself (eg, the

hemolysin) is heat stable and is spoken of as the

amboceptor The latter (which is specific) requires

for Its action another body which is nonspecific,

i!» prevent m all sera and is destroyed by heat It

19 known as the eompUmenl Three factors (anti

gea, ambaevpiar sad camptemeaC^ an? thervfotv

necessary for the hemolytic or bacteriolytic reac

tion After the action of the hemolytic or bac
tenolytic amboceptor has been annulled through

destruction of the complement by heat, the reac

tion may be restored by the addition of any scrum
(i e

,
by supplying fresh complement)

)Vhen serum which has developed a bacterial

antibody is incubated with an emulsion of the

particular bacteria which has served os antigen,

a reaction occurs which “fixes" or binds the com
plement The phenomenon is «poken of as com
plemenl /ration The^e facts were applied by
Wassermann to the diagnosis of syphilis, and by
subsequent workers as a test for other diseases,

e g , tuberculosis For example, the previously

heated serum of a subject suspected to be suffering

from syphilis is incubated with (a) an emulsion of

syphilitic liver* tubercle or typhoid bacilli respec

’ As a matter of fact syphilitic liver has been
found to be unnecessary, since lecithin and other
inatenala for some unexplained reason will serve
as antigens

lively (the antigen) together with (b) complement
furoislicd by normal guinea pig's serum II the

suspected acrum contains a specific antibody
(amboceptor) for the antigen employed, the

former will bind the complement to the latter, i e

fixation of complement will occur The foregoing

IS an account of a bnctenoly tic system An hema
lytic system is employed to render the reaction

viMbtc ashed sheep’s corpii«cles are added to

the former system, together with the previously

heated scrum of a rabbit which has been sensitized

to the latter cells by repeated injections This

serum supplies the hcmolydic amboceptor but its

complement has been destroyed If the test 13

positive no hemolysis of the corpuscles occurs,

since the complement (nonspecific) of the patient 3

serum has been already fixed by the bacteriolytic

amboceptor and the hemolysin of the rabbit “ermn
IS therefore unable to exert its usual effect

2 Toxic SUBSTANCES OF BACTERIAL OR PARA
siTit ORIGIN The toxins of bacteria responsi

bfe for many diseases, e g streptococcus staphy

lococcus, tetanus bacillus and the organism of

scarlet fever may cause a destruction of red cells,

It may also occur m extensile burns The more
iirulent types of other infectious fevers eg,
smallpot, diphtheria, are also sometmes accom
panted by intense hemolysis When the hemolysis

>9 of moderate degree but occurs over longer

periods the hemoglobin is converted into bile pig

meat This, if formed m amounts greater than eah

bo disposed of by the liver, undergoes partial re

tention m the plasma which together with the

solid tissues, especially of the skio and mucous
membranes, becomes stained a jellownsh tiaw
hemolytic jaundice (ch 5) In hemolytic states of

long standing an iron containing derivative of

hemoglobin termed hemosidenn is frequently de

posited in large amounts in the tissues, particu

larly of the liver and spleen (p 79)

3 The venoms of certain poisonous snakes,

e g , the cobra and the poisons of various stinging

insects and spiders cause a destruction of the req

cells to a greater or less degree Snake venoiq

(cobra) has been shown to act indirectly It con

tains a principle which has power to remove un

saturated fatty acids from the lecithin molecule

The resulting product which is called ly$o^ecUhtn^

19 intensely hemolytic Since lecithin is present

both in erythrocytes and plasma and indeed in all

cells, the entrance of snake venom into the body
causes the production of this intensely hemolytic

substance Kephahn is acted upon by snake venom
in a like manner with the production of a lyso

kephaiin which has a simitar hemolytic action

4 Hemoltsivs from NORiCAL TISSUES A non

specific hemolysin has been extracted by simple

means from healthy ti«sues and identified as cis

vaemoic acid, it probably exists in the free state

m the tissues Other nonspecific hemolyvins have
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been isolated from various tissues after incuba
tion at 37* and extraction with alcohol These are
thought to be present but bound to an inhibitory

substance, and may be liberated in active form by
disease or injury

ilemoglohimirta

When the hemolysis reaches such a degree that

the hemoglobin cannot be converted into bilirubin

as rapidly as it is liberated, as in severe malaria
(blackwater fever) hemoglobinuria occurs, that is,

the pigment is passed in the urine, which is usually

turned port wine color or a dark brown or even
black, due to the action of the urinary acid in

converting the pigment into acid hematin and
methemoglobin The concentration of hemoglobin
must, as a rule reach a level of about 0 13 gram per

100 cc of blood before it appears in the unne It

should be remembered that hemoglobin once it has

escaped from the erythrocj tes is functionless Not
only IS it unable to be retained within the capil

lanes on account of the relatively small size of its

molecule but the environment of the plasma is

unsuitable for its action

The hemolysis m blackvater feier is not due to

the destruction of erythrocytes by the malarial

parasite, nor does the parasite affect the bemo
poietie tissue in such a way that it produces cells

which are unduly fragile The cells are apparently

not defective, but the work of Macgraith and his

associates may provide an explanation of the high

degree of hemobsis m this disease They found

that normal human tissues contain a hemolysin

which IS inhibited in its action by normal serum

but not by the serum of a patient Buffenug from

blackwater fever Jt is suggested, therefore that

there is no special hemolytic agent in the blood

in blackwater fever but rather an ab^nce of a

normal inhibitory substance

Paroxysmal (cold) hemoglobinuria This form of

hemoglobinuria occurs most usually upon exposure

to cold There may be fever headache, abdominal

pain vomiting and transient jaundice It is some

times associated with Baynaud a phenomenon

in which condition spasmodic constrictions of the

small vessels of the peripheral parts of the body

occur, particularly after exposure to cold The
occasional association of the two conditions has

suggested to some that they have a common cause,

but direct evidence for this is lacking It is an

interesting observation that the blood of a subject

of paroxjsmal hemoglobinuria if cooled (to 5®C

)

outside the body and subsequently warmed under

goes henioljsis (Donath phenomenon) There is

apparent!j no defect, however, of the subjects

corpuscles, they seem to be no less resistant than

normal to hypotonic saline, the «erum, on the

other hand, has the power to hemolyze the cells

of a normal person The great majority of subjects

arc syphilitic The hemoglobin, it seems, is liber

ated from the erythrocytes by the action of an

endogenous hemoljsin which m the presence of
complement becomes fixed to the red cells when
the blood is chilled (cold phase) The presence of

some thermolabile component of complement is

required when the blood is again brought to
ordinary bodi temperature (w arm phase) to bring
about hemolysis (see Siebens and associates) The
phenomenon is quite distinct from cold auto ag
glutination (p 49)

ilareh hemoglobinuria Hemolysis ma> occur
and hemoglobin appear in the urine even in

healthy persons after strenuous muscular effort

In certain persons this tendency is exaggerated
and hemoglobinuria may follow relatively mild
muscular exercise It is seen not infrequently in

soldiers after long marches The free pigment in

the blood and urine of such cases is oxjhemo
globin, not myoglobin as might be expected The
fragility of the red cells is not increased and
neither hemolysins nor autoagglutimns which

might account for the hemolysis have been dis

covered

In the third type of paroxysmal hemoglobinuria

“the nocfurnol hemoglobinuria of VarcAio/oia-—

hemoglobin or bemosidenn (p 79) is passed almost
continuously in the urine but in greatest amounts
at night It IS accompanied by a severe hemolytic

anemia The cause of the hemolysis is believed to

be a peculiar susceptibility of the red cells to acid

metabolites their greater destruction at night

being attributed to the accumulation of carbon
dioxide during sleep The abnormal cells are

hemoijsed when incubated in serum made slightly

acid (Ham), or in anj norma) serum but normal

cells are not destroyed by the patient s serum The
fault in the patient s cells is thought to be some
abnormality of the stroma protein

The Suspension Stability of the Blood

Erythrocyte Sedimentation Rale (E^ R.)

The blood is a suspension of cells m a viscous

fluid, the plasma It is only the constant move-

ment of the fluid that keeps the cells evenly dis-

tnbuted throughout ^ATicn the circulation comes

to rest the cells at once commence to sink Under

ordinary circumstances the sedimentation of the

cells m a sample of blood can progress to only a

negligible extent, for it is soon circumvented by

the clottmg process which fixes them in a jelly like

matrix If for any reason, the blood is delayed

from clottmg, sedimentation may continue until

an upper lay er of clear plasma becomes separated

from the cells which have descended through the

fluid Wlien clotting then ensues the blood con-

sists of two strata, a thin y ellowish or buff-colored

layer of clotted plasma laid upon a much deeper

red stratum of cells TVhen blood had clotted m
this way the upper layer was known to tho older

physiologists as the "huffy coat” (see also p 109)



Chapter 7 nCMOL\SIS AND SUSPENSION* STABILITl' G5

a b c d e f
Fio 7 t Showinp the nailed cjp appearances of spectmcns of blood spread upon glass slides The

spccimcna, left to right, are from (aj health> man (bl healths vroman, (c) bealth> pregnant woman
(d) man, appendicitis (e) man, pneumonia, (0 aepsis Note the espcciall) granular appearance of speci
mens e and f (after fahraeu<)

Ancient and incdie\’al phjaicians came<l out

crude obsen alions of the quantitj of clear fluid

which separated from blood upon standing a« a

means of diagnosis In conformitj w ith their hu-

moral theories of disease, thej bchcN cd it to be the

"phlegm” which hnd «ep3rated from the other

humors

Biemaki (1S<11) was the first m modem times

to draw attention to the increase in the rate of

sedimentation of the blood m ^ arious pathological

states Tho subject has been studietl in more re-

cent times by Fahraeus and the eri/ihroctfte tedt-

mcnfaftcn raU (E S R ) has come to be recognized

as a useful diagnostic procedure The sedimenta-

tion rate is measured bj the depth in millimeters

of clear plasma which is formed at the top of o

vertical column of blood at the end of one hour

For the determination of the E S R either Weste-

gren’s or TOntrobe’s method is usually employ ed

In Westegren’s method, the blood forexammation

(about I 5 m! ) 13 diluted 4 parts to I of a 3 8 per

cent solution of sodium citrate * It is then drawn
into a graduated glass tube about 300 mm long,

and having a bore of 2 45 mm ‘ The upper end

of the tube which is fixed m a strictly perpendicu-

lar position IS left open, whereas the lower end is

closed, usually by a removable rubber cap held

in position by a spring

* This IS isotonic with plasma and has the same
specific gravity

* Since the concentration of the blood in red
cells influences the sinking rate, alton lecom
mends that their number be standardized to
5 000,000 per cu mm by the addition or removal
of plasma if the subject s blood is below or above
this level In Wintrobe’s method his bematoent
lube 13 employed, the packed cell volume (p 18)

being determined if desired after measunng the
E S R In the final calculation of the latter, a
factor is used to correct for any existing anemia

The determinations should be made at a tem-

perature of 20®C

T^esedimcntetion rates expressed as the height

of Bupernatanl pbama, in mm per hour for nor-

mal blood of men, women and infants, are given

in the following table

Men 1 3

U’omen 4-7

Newborn children 0 5

In oorma] pregnane} and m certain pathological

states, the sinking rate of the red celU is found to

be verj markedl> increased, in other words the

suspension stabiht> of the blood is reduced The
average figure during pregnane} is about 35 min

per hour The rate is also increased durmg men-

struation The pathological states which show the

most noteworth} increase m the rate are septi

cemia, 100 mm per hour, and puhnonar} tuber-

culosis, 05 mm Anemia (sickle cell anemia and

acholuric jaundice excepted), malignant tumors,

inflammatory conditions of the female pelvic or-

gans and man} other conditions increase the rate

moderatel} above the normal Reduclion in the

eedimeatation rate is rare, it occurs m allergic

states, ui peptone shock and m sickle cell anemia

and acholuric jaundice

TABLE 7 1

Showing the sedimenlalton rates of corpuscles from
the some sample of hlood suspended in different

prt^exn fraetiims of plasma (from Zozaya)

Protein Frtction
i

ESR.

f^bnoogea 41-fil mra
Eu^obulm 42-64 mm
i^udoglobuhn 5-12 mm
Albumin S- 6 ram
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The phjsical changes in the blood which might
cause this unusually rapid rate of red cell settling

are of considerable interest and were investigated

thoroughlj bv Fahraeus In considering the sedi-

mentation rate of particles suspended in a fluid

when thej are of a size comparable with that of

the red cells, four factors must be taken into ac-

count These as applied to blood are

J Specific grauty of the plasma as compared
with that of the corpuscles Corpuscles of high
specific gravity would sink more quiek)> in normal
plasma, and normal corpuscles more quickly m a
plasma with a low specific gravity In neither

corpuscles nor plasma was any significant change
of this nature found to explain an increase in the
ESR
2 Lowered inseonlg of the plasma is another

factor which could cause an increase in rale of

sinking, but no such change could be detected

S Increased size of the corpuscles would increase

their mass disproportionately to their surface and
in consequence enhance their rate of sinking, but

no significant alteration m size was found

j Clumping together of cells of normal size

would have the same effect as an increase in size

of the individual cells for just as lumps of clay

sink rapidly in water, whereas clay in the form of

fine particles remains suspended almost indef

initely, so aggregation of the corpuscles would

cause their more rapid sedimentation

This last factor is the chief cause of the lowered

stability of the blood 8uspen«ion m the pathologi-

cal conditions cited above The roughness and

granular appearance of the blood, due to the cor-

puscular aggregation is evident to the naked eje

when the blood is spread m a film upon a slide

(fig 7 1) Normal blood, in marked contrast,

forms a smooth homogeneous film Under the

microscope the crowding together of the cells m
large ma'ses is quite obvious An increase m the

fibrinogen and euglobuhn fractions of the pla'ma

IS held responsible for the effect Devtran m
creases the sedimentation rate and is used to pro-

duce more rapid separation of plasma and formed

elements The«e substances act upon the corpus-

cles m some unknown waj to make them adhere

to one another and form clumps of agglutinated

cells * It is probable that it is the relative propor-

tions of the fibrinogen, globulin and albumin frac-

tions of the plasma rather than their absolute

concentrations which are of importance in deter-

mining the ESR Thus a fall in the albumin con-

centration alone may have as great an accclerat-

* The red cells of normal blood show an incipient

tendency to cling together in chains—the so called

Toulrnux formation (pseudoagglutination)

ing effect as a nse m the other fractions That the
character of the plasma and not that of the cells

is the pnncipal determining factor i« show n by the
fact that if erythrocytes from blood with a high

sedimentation rate (eg, of pregnancy ) are sus

pended in the pla«ma of blood hav mg a low rate

of sedimentation (eg
,
of newborn) they settle

at the slower rate, and conversely, erythrocyteia

with a normal sedimentation rate in their own
plasma settle rapidly m plasma from blood with a
high ESR See table 7 1

Though the protein constitution of the plasma
is usually the most important single factor af

fecting the sedunentation rate, several other fac-

tors exert an influence eg, (a) the shape of the

erythroev'tes, any tendency toward a spherical

form by reducing the proclivity of the cells to

cling together (rouleaux formation) will retard

sedimentation, (b) temperature a nse in tempera
ture abov e 20®C

, as a rule, accelerates the E S R

,

a fall retards it, (c) the lealhin-ehoksterol ratio of

the plasma, the rate is retarded by an increase

m the lecithin concentration and accelerated by

cholesterol, (d) red cell eaneenlratton a high

erythrocy te count retards the E S R a low count

accelerates it

The nonspecificity of the test is evident never

theless determinations of the sedimentation rate

are of considerable value, especially, (a) in gang

ing the degree of activity of tuberculous processes

(b) as an aid in the differenttil diagnosis of certain

gynecological lesions Benign tumors of the pelvic

organs cause no change in rate whereas as al

ready mentioned, malignant growths infiamma

tory states anil pregnancy cause a pronounced

rise, (c) as an mdex of the extent and mten«ity in

pyogenic infections, and (d) in estimating the ac

livity of the inflammatory proce'>s in rheumatic

fever
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8
THE SPLEEN; 'HIE LIFE OF THE RED CELL; THE
REGENERATION OF BLOOD; IRON METABOLISM

Tlic Slructurc of iJie SpJecn

The gpleon is an important part of the rcticulo*

cndotlicluil sj-^tem Its structure is such that

blootl IS brought into intimate contact mth pha-

gocj'tic ceU-# Dotted throughout the spleen, like

Inlands, and surrounded bj the pulp are hRhter

areas of Ijmphoid tissue These arc the Mal-
pighian cQrpu-«clea The Malpighian corpuscle

(fig S 1) IS pierced bj a small arterj It is ana-

logous to similar areas la limph nodes, and senes
the same function, namclj the manufacture of

Ijmphocjtcs Blood enters the substance of the

spleen fine arterial ^ C9«els ivhich pass through

the Malpighian corpuscles and out into the splenic

pulp Here tiro different descriptions of its circu

lation lia\c been gi%on Bncflj
,
one of tlic^ indi-

cates that the \cs5els open into and lIoo<i the

splenic pulp, from nhich it passes back into the

\eiious smu«es through numerous perforations m
their iralls According to tbs i len

,
tlic eircubtion

through the splenic pulp is an open one Others

contend that the blood ncssoIs are continuous

throughout the splenic pulp and lead into the

splenic sinuses According to this i low, the circu

lation through the splenic pulp is closed, the blooil

cells passing into the pulp or out from the pulp

through openings m the vessel walls •

The Functions of the Spleen

The spleen has several important functions

The first three of these below are common to aU
parts of the reticuloendothelial sj stem (a) It has
a part m the final disposal of red blood cells, (b)

it phagocytoses bacteria and other particulate

matter, (c) it produces antibodies, (d) it manu-
factures lymphocytes, (e) it has actions, possibly

hormonal m nature, which influence the length of

life of the erythrocytes and exert some influencs

‘ Weiss contends that the nails of the splemc
sinusoids are made up of reticulDendotbehal cells
in flattened form Some of these cells may become
round and form ‘ core” tissue, whereas others
remain flat m the w alls of the sinusoids

on hematopoiesis, (0 it influences the number of

platelets and Icucocy-tcs, (g) it lias an important

reservoir function in many animals, thougli little

in man
/ The role played bt/ the spleen tn Uie deslruc

iu>n of the blood eelh In the pulp of the spleen are

to be found relatively enormous mononuclesir

nmcboid cells which have the power to engulf

foreign jarticles of various sorts They arc knorni

as tnaerophoffes and at times may be seen with

fragments of cry throcytes or even whole corpus-

cles within their cj toplasm These cells belong to

the reticuloendothelial system (ch 11) In certain

conditions in which o great destruction of red cells

is B feature, immense numbers of tho«e phagocytic

cells may soon loaded with erytlirocytc frag-

ments of V arious sizes Sometimes merely a dust-

hke residue (Acmoconia) containing hemoglobin is

all that remains of the blood cell The disposal of

abnormal or overmature erydbrocyics by the

spleen may not be a phagocytic process entirely

Attempts to demonstrate the red cell disposal

function of the spleen by comparatuc estimates

of the corpuscular contents of the arterial (m-

going) and \ enous (outgoing) bloodo hav e not, on

the whole, been very 8ucce<isful But Mann and

hi3 associates have been able, by spectroscopic

examination of the artem! and i enous blooda, to

show a definite excess of bilirubin (iron free pig-

ment) in the blood of the splemc vein over that of

the splenic artery The bilirubm m the venous

blood of other organs was no greater m amount

than that in the arteml blood In diseases with

marked red cell destruction, the spleen becomes

impr^oated with iron and with an iron-contaia-

ing pigment, fieniosidenn, deriv ed from the hemo-

globin of the chsmtegrated ccUs Similar deposits

occur in the liver and to a le=s extent in other tis-

sues

Although evidence derived from microscopical

studies and from bilirubin estimations shows un

doubtedly that red cell disintegration occurs in

the spleen, it is believed that only fragmented,

37
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reticulum {2), MS venous amuses, W, <^bite pulp
(from Cajal after fezymoaowicz)

dead, or effete and ecnile erj tlirocytcs or those

wiuch are abnormal arc disposed of in this nay
Tlie organ is bebeved not to attack healthy circu-

lating cells The reticuloendothelial cells of the

spleen, in common mth tho^e elsewhere, con«eive

tlie iron from hemoglobin

8 Other pkagoei/lic aclintj The phagocytic oc-

tivity of the reticuloendothelial cells of the spleen,

which has been considered m relation to the re-

moval of red blood cells, is also imjjortant in the

defense against infection bacteria or other par-

ticulate matter being taken up by these cells Af

ter splenectomy, animals become more susceptible

to certain parasitic and bacterial infections AI

though the spleen may liold only a small percent-

age of any paiticulate matter injected intrave-

nously, nevertheless it aKo can be stimulated to

form more reticuloendothelial ceUs and discharge

them into the circulation The pliagoeytic actii ity

of the spleen in common with other parts of the

reticuloendothelial system, is influenced by van

ous hormones It can be strongly stimulated by
c«trogenic materials such as diethyl stilbestrol and

estndial benzoate, and its phagocytic activity is

greatly depressed by cortisone

3 Antibody production This function of the

spleen is important, especially when the antigen

is in particulate form, and its production of anti-

bodies is relatively rapid Somehow, the pnmitne
reticular cells of the spleen are stimulated to di-

vide and produce antibody formmg elements

which subsequently mature into lymphocy tes and
plasma cells

4 Lymphocyte production The spleen contains

much ly mphoid tissue and manufactures lyrapho

cytes and other mononuclear cells

5 The hemopoietic junction of the spleen tn idie

embryo In the embry o, the spleen m common with

the bone marrow and hver is active in the pro-

duction of erythrocytes and granulocytes as well

as of lymphocytes But ery thropoiesis and granu-

lopoiesis m the spleen normally cease at birth

Yet, many observations point to the spleen as

etciiiDg an influence upon the erythrocytes

6 Suggested influences of the spleen on the struc-

lure and number of the blood cells Although, as

mentioned before, the spleen destroys abnormal

cells (eg, the sphcrocytes of chronic congenital

hemolytic anemia the erythrocytes in sicUe cell

anemia) it does not normally destroy cry throcytes

until after they liave served their purpose The
levels of circulating crythroeytei leukocytes and

platelets increase after splenectomy The number

of circulatmg reticulocytes is eleiatcd also, they

are thinner than normal and show' nuclear

changes Because of the reticulocy tosis after

splenectomy, the suggestion has been made that

a normal inhibition of the release of erj'throid

cells from the bone marrow diminishes after splen-

ectomy, permitting on earber release of the^e cells

into the circulation The increase m circulating

leukocytes following splenectomy is thought also

to be due to the removal of an inhibitory effect

of the spleen on the production or release of leu

kocy tes

Tlie spleen i® concerned m some way with the

life history of the platelets In normal animals

and in patients suffering from thrombocy topenic

purpura, splenectomy increases the number of

circubtiDg platelets This suggests «ome splenic

mflucnce on the production of platelets from

megakaryocytes since evidence for phtelet de

struction by the spleen is lacking

7 Resenoir functiim of spleen Ammal expen

meots m dogs, cats, and a number of other mam-

mals have shown that the spleen has a laige reser-

voir capacity The splenic blood was found to be

richer in red cells so that w ith splenic contraction,

in the cat, there might bo expelled mto the circu-

lation an amount of blood equal to one-sixth of

the blood volume and red cells equal to one-fourth
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of Uic lK)d\ p toW «uppl\ In nmmab,
'plenic rontnctioij occurs njtli excrcj«o, anovi^t

hemorrJng:c, when the pressure m the esrotKl

sinvis 1' reduced, and wlien splnnchnic ncr\c;4 ins

stinmhte<l or sdrcinlme injcctc<! AUhoUKh the

reservoir function m nnimnh nuj \>e of preit

importnncc, m msn, under normil conditions, it

13 slight The lolJiJ volume of the spleen in mm
IS not great and, it Ixsst, onlj a rehtivcli small

V oliimo of hlood could lie rclea^ul into the general

circubtion from it

8 Other eJTecls A cunons and uncsphmcil ac-

tion of the spleen Ins licen di«eo\ crcsl b> Cullum

bine and Simpson, who found tint toMc do<cs ol

the antithvroid lompoiind, thit>-th>minc (2 thio-

I amaif cau-^ ttru death af rrorrai? raA-

hits from pulmonirj c«lenn, hut not of splcnct-

torruzed animals Moreover, if a splcncctomiicd

animal n mjcited with an aqueous-acid extract

of hog or beef spleen, its Ru«ccptibiUtj to the ac-

tion of the dmg m causing pulmonary etlema is

restored Splenic extracts alone produce no such

effect

Kmnsptrstsvt II\per«pIeni'm is a condition

in which there is an excess of one of the normal

functions of the spleen affecting tlic blood cells

It IS a complication of splcnomogalj One or more

of such blood states as thromlwcv topenia, lcuco«

pema, and anemia maj be present Various causal

factorshavebeonsuggest«l (a)antJbod> produc

tion (b) excessive phagocjtosis (c) excessive pro-

duction of an agent suppressing marrow activilj

InR.\DUTios AVD THF spLtEX Anunals can be

protccterl from u«uallj lethal, altiiough not mas-

sive dose® of irradiation of the general bodj sur-

face bj shielding the spleen with lead, or b> Ih^

intravenous injection of ground up spleen or

bone marrow In the latter instance the protective

effect j3 obtained with that part of the materia}

containing the cell nuclei It has been suggested

that relatively undifferentiated cells m the ma
tenal injected or discharged by the shielded struc-

tures protect, in ®ome waj
,
the hematopoietic tis-

sue exposed to the irradiation or restore it if it

has been injured, as it is thought that the ccJb»

although injured, still retam their potentiabty to

divode and mature

EnJargeraciit of the Spleen

Enlargement of the spleen la associated with a
large number of pathological state® only a few

will be mentioned

In thrombocytopenic purpura the spleca is en

larged and its removal is followed by a nse lo the

platelet count and amelioration of the symptoms
Also, piilHtaiicoH such ns nntiphtelet serum or

diphtbcrmtovin, which when Jiijected cause plate

let destruction, are rendered much less effective if

tlio aplcen lias been removed S/ilenectom) fre

qiicnti) brings about a cure iii hemot’jtic jaundice

(acholuric jaundice) The spleen maj he considers
Wj enlarged in pcrnicioKS anemia hut splenectomj

exerts no effect upon the course of the disease In

sfknte anemia (congestive splenomcg dj Banti s

disease) the spleen is trcmendou«lj enlarged and
the liver becomes cirrhotic There arc portal

hypertension and repeated hemorrhages Splen

eclomy has been practiced in this disease watii

variable success Relief of the portal hjpcrten«ion

and splenic congestion bj anastomosis of the

portal vein to the inferior vena cava is advocated

by Wlitpple Splenic enlargement is a feature of

many other abnormal condition® such as malaria

lloilgKin B disease leukemia etc but in the«e

benefit does not follow its removal The organ is

also enlarged sometimes enormously in poly

cjffAcmto, but splenectomv fads to cure the condi

tion and indeed is attended by grave risks to life

(\Ioy nilian)

<7ai(cher s disease is an interesting although rare

condition which commencing usually in child

hood IS associated with a colos«al enlargement of

the spleen The enlargement is due to hypertrophy

and hyperplasia of reticuloendothelial elements

Masses of very large vc*icular cells (Gaucher s

cells) filled with a cerebroside called fterastn are

peen in the lymphoid tissue and venous «inu«cs of

the spleen Hyperplasia of reticuloendothelial

elements also occurs m other locations, e g ,
bone

marrow and liver The disease is due apparently

to some disorder of lipid metabolism Splenectomy

is the only effective treatment Niemann Pick s

disease is a somewhat similar condition affecting

the relieulocndotheiiA] system and lipid metab
olism Characteristic cells known from their np
pearance as foam cells ’ are present in large

numbers, they are loaded with sphiDgomyebn

Accumulations of this phospholipid are found also

in the liver and brain Subjects of this and the

preceding disease are usually children of the Jew

ish race Von Jakacha disease occurs in infants

aud IS characterized by splenomegaly, anemia and

an increase m the number of white blood cells

Great enlargement of the spleen also occurs in

gljK&gen storage (ton Gierke s') disease The chief

cbaractenstics are hypoglycemia mth keto'is a
slight nse only in the blood sugar after an injec

tion of adrenaline (ch 5S) and extensive deposit®

of glycogen particularly in the liver, associated

usually nitbadeficiency ingluco®e 6 pho3pbata«e

I>om Its position in the portal circulation the

spleen IS also very susceptible to enlargement,

either as a result of mechanical obstruction to the
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veins or to high venous pressure resulting from
cardiac or hepatic disease

The Life of the Red Cell

From the amount of bile pigment nbich is er-

creted daily by the liver the conclusion must be
drawm that a very large amount of hemi^lobin
(since this is the sole or at least the mam source

of bile pigment) Ls liberated from dismtegrated

red cells m 24 hours

There are three possible ways in n hich erjlhro-

c}'tcs normally might be destroyed m the body
(a) bj the macrophages of the spleen, (b) bj the

action of a hemoljtic substance in the blood, (c)

tlirough simple wear and tear and disintegration

m the blood stream There is no evidence that

hemolysis occurs to any sigmficant extent m nor-

mal blood and the phagocjtic cells of the normal

spleen seem quite inadequate to account for the

wholesale destruction of cells which evidently

must be going on continually in the body The
work of Rous indicates that the erythrocytes to a

very large extent undergo dLSintegration m the

blood stream as a result of the stresses and strains

to which the} are incessantly subjected during

their passage through the \essels TVhen it is

considered how delicate is the structure of the

red cell and to what violent treatment it u cx-

poseil during its lifetime, this wastage is not sur-

prising Tlie cells are flung from the heart into

the arteries at high velocity In their xo>age

around the circulation the> are exposed to jost-

Iings and innumerable collisions w ith one another

and with the arterial walls At times they are

forced through channels which are too narrow

to permit their pas«iage without marked distor-

tjona of tjjflit sha^e or thp-V msv be cau^t in a

fork at the branching of a ve^l and become "sad-

dlebaggeil ’ o\er it Their membranes are almost

continual!} undergoing alterations in tension as a

result of osmotic changes At last, becoming older,

the} are unable to withstand these abuses and

undergo fragmentation Fragments of different

shapes and \arjing in size from that of a half or

a quarter of the whole cell to mere dustbke rem-

nants contammg hemoglobin (hemoconia) may

be found in the circulating blood, m the spleen

and to a limited extent occasional!} in other tis-

sues

From determmations of bile pigment excretion

it has been estimated that in health between

7,000,000 and 10 000,000 cells are destrojed m
this wax ever} =econd—and of course the same

numlier must be formed afresh by the blood form

mg ti^e The lo's of hemoglobin is between 16
and 24 grams daily The number of red cells and
hemoglobm concentration m the circulation at

any moment represents the balance struck be-

tween blood wastage and blood formation b} the
bone marrow
Man} attempts have been made to determine

the hfe span of the erythroc}'te Several methods
have been emplo}ed, e g , stimulation of the dis

charge of reticuloc}'te3 from the marrow and de-

termming the tune of their maturation, measur-
ing the bile pigment excretion The simplest and
most common!} cmplo}ed method is some form

of the seleetiie or differential agglutination tech-

nique, mtroduced m 1918 by Ashby This method
consists m transfusmg compatible red cells and
later examinmg the recipient’s blood from tune

to tune for the presence of the foreign corpuscles

which are counted m a hemocytometer The for-

eign cells are distinguished from the transfused

person’s own cells by means of the scrum of an-

other belonging to a group with winch the recipi-

ent's celb, but not the foreign cells, are incom
patiblc* (p 5) That l«, the recipient's celb arc

agglutinated but not the foreign (donor a) cells

A plot of the number of surviving cells against

time gives a straight line which meets the time

axis at a point indicating the life span To obtain

accurate results it is necessar} to agglutmate the

recipient’s cells completely, potent agglutinating

sera must tlierefore be u^cd

Usmg this method it has been found that the

hfe of the average red cell is about 120 dajs

Landsteiner, l^ev me and James hav e cmplo} ed

theM andN groups m a sunibr way injecting M
celb into an N recipient, or vice versa, and u«mg
anti M or anti \ serum to agglutmate the trans

fused celb, leaving the recipient a celb unaggluti

Dated A more recent method ls that which cm-

pIo}'3 the isotope of nitrogen (N**) to tag the red

cell m the bone marrow This is done b} feeding

glycine into which the isotope has been incorpo-

rated, this amino acid is utilized in the B}'nthesis

of protoporphyrin It is neceswarj to the method

that the isotope should not leave the cell and be

utilised again for the manufacture of hemoglobin,

but should persLst throughout the life of the cell

Smee the uptake time is long the tagged celb are

not all of the same age and hence w ith this pro-

*Thus if corpuscles of Group O are transfused

into a person belonging to Group AB then, when

the recipient’s blood is mixed outside the body

with Group B (anti A) or Group A (anti B) aenim

the recipient a corpuscles but not the foreign cells

will be agglutinated
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ccdurc it IS (hflicult to obtnm n precise determina-

tion of the 8\ir\ iinl time TIic life span of the red

cell ns determined m man bj this method is 127

da>s Wiipplc and Ilawkin'i, bj determinations

of the bile pigment excretion, obtained a figure m
dogs, of 120 da\-s

^ur\i\al of rells tagged with mdionctne iron

or radioactuc chromium mn\ also be followed

The \alucs obtained for the life span are rather

similar to tho«c obtained bj the differential agglu-

tination procttlurc Using differential agglutina-

tion, MoUison reported that normal erythrocytes

mfu'ctl into patients with hereditary spherocyto-

sis sur\n\ cd normalb
,
but ery throej tes from such

patients liad a short sur\n\al time in normal re-

cipients \shbj has found tliat in pernicious ane-

mia the axerage life of transfused cells was IIO

da\-8, m aplastic anemia, 41 days, m malignant

cases, 52 days, whereas m transfusions gi\ en po«t-

opemtu cU to ordinary surgical ca«cs, uncompli-

cated by sc\crc anemia or malignancy, the sur-

anal time of the transfused cells averaged 124

clays

Tile Regeneration of Blood

The red blood cells arc formed m the red bone

marrow (eh 11) AnoxLa, no matter how pro-

duced, IS a fundamental factor la stunulating

en'throcj'tc production This stimuLating effect

seems to be a can«e<\uencc of an increase m the

blood Ie\el of a hematopoietic factor of extra-

medullary origin which results from the anoxia

Anoxia ts important also in bringing about the

release of iron from its stores

The MATERiAin Isecessssy for Erttkhocyte
Forsiati on

/ The red cell strtma It is doubtful whether

the materials requiied for the construction of Ibe

framework of the cell, e g , nucleoprotem, globu-

lin, lecithm and cholwterol are er lackmg The
body possesses large supplies of these materials

and an ordinary diet contains them in adequate

amounts In certain anemias, however, e g ,
per-

nicious anemia and Cooley’s anemia, the failure

of the body to assemble these materials for the

manufacture of cell stroma may possibly be s
fundamental causativ e factor

2 I/eniogfobm is added to the red cell only after

the cell’s dev elopment has progressed to a certain

stage (ch 11) Synthesis is believ ed to take place

in the nucleus of the cellsm the bone marrow The
complete history of hemoglobm m the body has

yet to be WTitten, but it is now established that

the body can symthesizc pyrrol groups from sim-

pler and readily av aibble compounds, possibly , as

suggested by Hans Fischer, from acetoacctic acid,

glycine,* proline, oxy^proline and tryptopliane

have been proposed by others as possible building

stones Given the pyTrol group, symthesis of pro-

toporphy rin is readily effected {ch 6) An inter-

esting cxpoTimcnt in tins connection is described

by Wiipplc and hts B«socialcs \Mien hemoglobin

was given intravenously to anemic dog^, the am
mals' hemoglobin was increased by an amount
equal to that injected At the «ame time the excre

tion of bile pigment was incrca^ by a corre-

sponding amount This paradoxical n^ult is m-
terprctcfl m the followmg vrav The pyrrol of the

injected hemoglobm is cxcrctwl as bilirubin,

whereas the globm part of the molecule is utilued

for the production of new hemoglobin the pyrrol

groups of which must therefore be derived from

<omc other «ourcc—food or body tissue—and

synthe«i2(Hl to protoporphyTin It has already

been pomtoil out that heme (porphy nn -4- iron) is

a unncraal material and is present m the great

majority of food tuffs So here it might be «up*

posed, was a eourcc of on almost unlimited supply

of the necessary pigment element \et heme can-

not be spilt by the digestive secretions and it is

gcnenliy agreed that iron 'o combined cannot

be utilized for hemoglobin syntheeis Globin, of

course, Ls required to complete the hemoglobin

molecule RTiipple and his a«soclate•^ hav-e found

that this protein is well utilized for hemoglobin

synthesis, yielding from 30 to 40 grams of blood

pigment for each 100 grams fed to anemic dogs

Hemi^lobin or globin, or a digest of the latter

when given iotnivenou‘<ly to anemic animals

forms hemoglobin almost gram for gram They

found that, as compared with tlie porphynn part

of the molecule globm was of much greater im-

portance for hemoglobm regeneration, this pro-

tein apparently ls a limiting factor in hemoglobm

symthesis Ujion a diet lowm protein but adequate

m iron, hemoglobm regeneration was minimal

The ammo acidb necessary for the construction of

hem<^lobin are present m milk, meat, and other

sources of first class protem Globm can also be

synthesized to a limited extent apparently from

endogenous sources This function is probably

situated m the liver Certain ammo acids, e«pe-

* The most cooviocing evidence that this aimno
acid 13 a precursor of pyrrol has been obtained bv
SbemiD and Rittenberg who fed glycine to rats

and to men, after incorporating isotopic nitrogen

into ita molecule, and found it in the newlv formed
protoporphyrin
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TABLE 8 1

Hemoglobin production influenced bg diet

Diet Cnms Duly

n«MigIobiilia
PrmhKtion
(Tm-Wetfc
FndV
Period)

Bread 400

I'Oaif

3
Milk 450, bread 400 3
Cream 100, bread 400 10
Butter 100, bread 350 15
Asparagus 200, bread 300 9
Spinach 200, bread 300 15
Raspberries 200, bread 300 5
Raisins 200 bread 200 25
Apricots 200, bread 300 48

Eggs 150 bread 300 45
t\ hole fish 250, bread 300 13

Beef muscle 250, bread 300 17

Fig muscle 250 bread 300 30
Chicken gizzard 250, bread 200 80
Kidney 250, bread 300 70
Chicken liver 250, bread 300 SO

Beef liver 300 bread 800 SO
Beef liver 450 95

cially proline and Ihreonmc, ^^cre found to in-

crease hemoglobin regeneration after hemorrhage,

which suggests that they are used for the synthe-

sis of globm Htstidinc which constitutes 8 per

cent of the globm molecule is, contrary to expecta-

tion, less effects e It seems likely, that copro-

porphyrin is a precursor of protoporphyrin and

thus constitutes a step in hemoglobin synthesis

Tlie evidence for this is that (a) m pernicious

anemia the protoporphyrin of the erj'throcytes is

closely correlated with the reticulocyte percent-

age, ana’ (bf w hen rtle a\®esise is in redipse ptv-

toporphjrin is sery low and coproporphynn can-

not be demonstrated, but after treatment with

vitamin Bu the coproporphynn increases rapidly

and in advance of the protoporphyrin

^^Tiipple, Hooper and Robscheit earned out a

senes of experiments upon animals made anemic

through repeated bleedings, and tested their

power to regenerate hemoglobin when fed apon

various diets Meats were found to be the most

potent for this purpose Carbohydrates in the

form of bread and sugar w ere found to be ineffec-

tive In fact they had actually a definitely de-

pressmg effect upon the hemoglobin repair proc-

ess, for animals regenerated their blood more

rapidlj when stan ed tlian when fed upon a bread

and sugar diet In explanation of this fact Whip-

ple suggested that the starved animal drew upon

its tissues to supply the basic elements for hemo-
globin synthesis, whereas carbohjdrate food on
account of its well known protem-^parmg effect

prevented the tissues from being utilized in

this way Infection or ^ery 8e\ere hier damage
markedly depresses hemoglobm regeneration in

anemic dogs The depressmg effect upon regenera-

tion of hemoglobm which is seen m the Eck fistula

animals is apparently due to interference with

liver function (defective protem synthesis) and
to the reduction in iron absorption

These workers found that, of aU protem foods,

lucf was by far the most effective for blood re-

generation Next m order came kidney and
chicken gizzard Milk had little regenerating ef-

fect Table 8 1 shows the comparative values of

the various articles of diet A bread mixture con

eisling of potato and wheat flour, bran, sugar and
the necessary salts and vitamms was used as the

basal diet This was practically inert so far as the

regeneration of hemoglobm was concerned The
article to be tested was added to this basal diet

The animals (dogs) were rendered anemic by
three or four successive bleedings until the hemo
globm bad beca reduced to 30 per cent of the nor

mal The item of food to be tested was then added
to the basal diet and the animal bled from time

to time ID order to maintain the hemoglobin at the

original level of 30 per cent The amount of blood

removed expressed in grams of hemoglobin gave

a direct measure of the amount of pigment re

generated in a given time

Iron Metabolism

Being an essential constituent of the hemoglo-

bin molecule, this mmeral must be available m
adequate amounts m order that normal blood

r^enerafion sAaiY occur Iron proviaVs tfie iej-

etone for hemoglobm construction, unless it is

supplied in appropriate amounts the maturation

of the red cells is retarded, and the numbers dis-

charged from the bone marrow into the general

circulation reduced

Absorption, Storage and Excretion or Iron

Iron 13 absorbed to some extent throughout the

entire mtestinal tract, but m b> far the greatest

amount from the upper part of the small mtestme

The absorption is by way of the blood There is no

evidence for a significant uptake bv lymphatics

After absorption the element is stored in the in-

testinal mucosa, the liver and to a less extent in

the aplecn and kidney Liver iron is readily in-

creased by iron feeding or injection Under ordi-

nary circumstances only mmute quantities of iron
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arc detectable in the plasma, the normal amount

being about 0 1 mg /100 ml
,
although the iron-

binding capacity of plasma is about three times

this aaluc The great proportion of the iron of

the blood IS present in the red cells A amallcr

quantity is present in the muscle (myoglobin,

cydochrome, etc ), the remamcr is stored m lucr,

kidney, and aainous other tissues as Jemtin anti

hanosxdcnn Wiole blood contains from 45 to 50

mg per cent and the total quantity in the atluU

human body is between 4 and 5 grama Sec table

8 2 Iron is present in the blood mainly as (a)

plasma iron, and (b) iron combinetl mlh hemo-

globin, which accounts for from 92 to 93 per cent

of the total There is aery little Mcretlon of iron

by the bowel or kidney under ordinary conditions

The dally loss in adults is about 1 mg The view of

McCance and Widdowaon that normally the iron

stores of the body arc regulated not by ctcretion

but through the control of absorption is now gener

ally accepted Iron is, therefore, \cry largely a
"one way" element That which is absorbed is

held by the body with great avidity and the iron

bberated from hemoglobin is used again for the

manufacture of new hemoglobin, the pigment part

of the molecule alone being excreted m the bile

Several factors influence iron absorption It

will be affected by the acidity of the mtcstine and
motility of the gut and by the presence of roduc-

mg agents such os ascorbic acid The level of phos-

phate also has an important effect, its presence

decreasmg absorption and its absence mcreasmg
It Indeed a low level of phosphate m the diet

accompanied by a high intake of iron may lead

to & very high ab^crptioa of iron rater/creocc

with the external pancreatic secretion by duct

ligation or ethioninc damage also enhances iron

absorption Inorganic iron seems to be more
readily absorbed than the iron found in various

foods The iron m milk, cereal and meat is ab-

sorbed relatively well When given with phytic

acid the absorption or iron is poor It is nowr

known that the truly organic iron of foods,

namely that combined m heme, is not available

since it IS not released by peptic or tryptic di-

gestion, whereas the inorganic iron which may
represent 50 per cent or more of the total iron

of the food IS available About 5 to 10% of the

food iron 13 absorbed Severe infection reduces

iron absorption very raarkedly, sometimes to

only one-tenth of the normal

In iron deficiency anemia the absorption of iron

IS enhanced This seems to be related to a reduc-

tion in the hemoglobin levels and an increase Ui

hematopoietic activity rather than to the state

of the iron stores, though this point is «till some-

what controversial

A conception of the mechanism whereby the

iron absorption occurs has been offered by Gran-

ick and his ns'iociatcs Their results with radioac-

tive iron mdicate that ferrous iron passes from

the intestinal lumen into the muco'yil cells, and

13 here oxidwed to the feme form (FeOH)

The feme iron, as feme hydroxide pho«phatc,

combines with a protein known as apo/emlin

(mol wt around 400,000) the iron phosphorus-

protem complex /emhn being formed Femtm
IS tJius a conjugated protein containing about

23 per rent of iron The jron-phosphorus por

tion has the approtunafe formula ((FeOOII)

(FeOrO,II,)l

At the V ascular ourfacc of the mucosal cell the

iron of femtm is reduced to the ferrous form, the

convcreion is fscilimted by vitamm C Immedi-

ately upon entering the blood stream it is oxidised

and combined with the Bi iron-bmdmg globulin,

named (rans/ernn or stderophilm, of the plasma,

m tlus complex form iron is carried At the pe-

riphery of the circulation feme ions diffuse across

the capillary wall into the tis«ue fluids but iron

enters the cells m the ferrous form ftobablj un-

der some circumstances, especially when the oxy-

gen supply to the tissues is low ,
ferrous iron passes

directly into the plasma without going through

the ferritin stage When saturated with femtm
the mucosal cells act as a sort of block If, on the

other hand, there should be a scarcity of iron m
the intestinal lumen the iron thus stored m the

epithefiaf celfe is re/easetf into the cucufatron

Thus the femtm mechanism tends to stabilue

the level of pla«mia iron However, the so-called

mucosal block is by no means perfect, for iron,

TABLE 8^
The distnhution of iron tn ihe body of a

dog teetghing SO kilograms (Hahn)

per ent IMt
rtf body iran

Blood hemoglobin iron 900 57

Muscle hemoglobin iron 110 7

Total hemoglobin iron 1010 01

Parenchyma iron (muscle and
other tissues) 240 16

Available visceral storage (liver,

spleen and marrow) 223 15

Available iron of other tissues

(estimated) TSd: Sd:

Total iron 1550 100
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if m high concentration in the intestinal contents

continues to be absorbed into the plasma But the

homeostasis of plasma iron is not dependent al

together upon the ferritm mechanism, for even

while iron is passing in considerable amounts
into the blood, its concentration in the plasma

shows little or no rise This 13 because it is taken

up for the manufacture oTHemoglobin by the red

bone marrow, and when this has been satisfied,

by the reticuloendothelial and parenchymal cells

of other tissues where it is stored, especially m
the hver and spleen, or utilued in the formation

of muscle hemoglobin, respiratory enaymes and

other complexes These compounds, and to a

much greater extent, the hemoglobin of effete

erythrocytes is continually yieldmg iron to the

plasma The endogenous iron amounts to about

24 mg daily, and, except for the very small

amount that is excreted m the urine, feces and

bile, IS available for re-use The level of plasma

iron represents the balance struck at any moment
between the iron from such sources, together with

that absorbed from the intestine, and the iron

taken up b^ the bone marrow and other tissues

Excretion plajs a negligible part in the stabilisa-

tion of the plasma level of iron Ordinarily, the

greater part of the iron in the parenchymal cells

13 m the form of ferritin, but m the reticuloendo-

thelial cells it is deposited mainly as hemosiderin

Generali} speaking, when iron storage iQcrea«e3,

the proportion deposited m the tissues as hemo-

siderin also increases

An adequate supply of pyridoxm is essential for

the normal absorption of iron from the intestme

The mam features of iron metabolism are sum-

marized in the followmg scheme

Besides its well known function as an essential

element in the hemoglobin molecule, and as a
constituent of other respiratory pigments, iron

appears to play a role in the nutrition of epithelial

surfaces Abnormal nail growth glossitis, fissures

around the corners of the mouth and localized

thickening of the mucous lining of the esophagus
leading to dysphagia occur in anemias due to iron

deficiency, and are cured bj iron administration

It has been calculated by Moore that the adult

male loses 0 5 to 1 5 mg of iron per da} This loss

13 increased by about 0 5 to 1 mg per dav in the

adult female before the menopause, and during

pr^nancy the iron requirements of the female are

further increased by 1 to 2 mg per day Children

require 0 35 to 0 6 mg per day to build up their

iron stores during growth Since, normall} about

10 per rent of the dietary iron is absorbed, it wxU

be evident that the dail} requirement for the

adult male, 1 e , the amount required to replace

the small amounts lost in the excreta and m dis-

carded cells from the skm and gastrointestinal

tract, 13 approximately 12 to 16 mg It will also

be clear that for growing children and for w omen

before the mcDopau«e or during pregnane} the

requirement for iron will be xer} considcrabl} in

creased

Iron IS sometimes given parenteral!} but it

should be remembered that pla«ma has a limited

iroD-binding capacity and that the free metal ex

erts a toxic effect If this tron-bindmg capacit} is

not exceeded, mjected ionized iron will combine

with the metal-combinmg protein as does the iron

absorbed from the gut Injected colloidal iron will

be taken up b} reticuloendothelial cells and will

be dealt with much like the iron from hemoglobin

breakdown

Bed bone marrow

l
llemoglobiD of circulating

erythrocytes

i
Disintegrated erythrocytes

InUetinal lumen

and

I

ilucoaal cello

Ferntin Fe**

l
> Plasma

—Ye***A globulin (transferrin) 1

i
^

Olh*T liinies Ezcrelton (minimal)

Utilization (muscle hemoglobin,

respirator} enzymes, etc) or

storage (especially m liver

and spleen)
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TJic Significance of Copper, ManganMc
anti Cotmit

Copper 13 bclic\ 0(l to act as a cataljst in aomc

stage of liomoglobm sjTithcsis It does not it'u>lf

enter into the structure of the licmoglobm mole-

cule B’addell, EKchjcm, Stecnbock and Hart

found that in joung rats rendered anemic bj be-

ing placer! upon a diet of ^holo cow’s roilL, iron

alone failed to promote hemoglobin regeneration*

MTicn the iron was supplemented bj a \er3 small

quantity of copper, blood regeneration was in-

duced Manyancic exerts n similar though le's

pronounced supplemcntarj effect Tlio fixer is

main storehouse for oopjier ane] miautc

amounts {0 1 to 0 S mg ) arc present normallj in

blood

Though anemia due to copper deficiencj is

unV-nowTi m man, a sc\ ere and c\ cn fatal anemia

due to the lack of this metal maj occur m farm

animals, eg, the ‘falling sickness" of South

African cattle

Cobalt has a poworfullj stunuLsting effect upon

red cell production and m repeated doses ni3>

induce poljcjihcmia When rats ncrc inject*^

with cobaltous chloride their plasma rather

quick!} showed a high titer of a factor stimulating

erythropoiesis Cobalt is also on essential dictarj

constituent for the 8}'tithe«is of hemoglobin Ex-

perimental ammaU kept upon a diet adequate to

all respects for normal erj thropoiesis, except for

the absence of cobalt, deiclop a sexere anemia

Cattle and sheep grazing upon land lacking m tins

mineral become anemic and fad to respond to iron

therapj, but arc cured dramaticallj bj the nd-

mmistration of traces of cobalt Cobalt is a con-

stituent of V itamin Bu

Hemochromalons

This IS a disturbance in iroa metabotism la

which extensive deposits of a colloid iron-contaiD

iDg pigment called hemostdertn are found id the

cells of the liver, spleen and other tissues Hemo
sidenn contains up to 55 per cent of iron, bat its

exact chemical composition is unkoown The total

iron content of the body is greatly increased, it

may be 10 tiroes the normal amount A second jel

low pigment known as hemofusan is also some
times present in the connective and muscular tis

sues Other features of the condition are bronztno

of the tltn, cirrhosis of the beer, sclerosis of the pan
creas with diabetes (bronzed diabeteal, and some

* Some experimenters have obtained a certain
degree ofbeiaogtobw regeaeratioa iritbzroaaJeme,
although the rate of regeneration was much in
creased by the addition of copper

tunes tcalieular atrophj The disease maj appear

after repeated transfusions

Hemochromatosis has been attributed to a high

iron content of the diet combined with a defi

eicnc} of some cs'-cntial coti«titucnt A condition

resembling hemochromatosis has been reported

in Nc^ocs of certain South Afncan tribes who
subsist mainly upon a diet of maize and ingest

excessive amounts of iron derived from the pots

in which the food is cooked In rats and dogs on a

Bomewhat similar diet, a high absorption of iron

was obtained The low phosphate level of the diet

was thought to be a mayor factor Jt is probable

that other factors are involved however in hemo
chromato*>iS A patient suflcnog from hemo
cfiroma(o«is absorbs 20 per cent of a do«e of fer

rous iron given orally, or more than 10 times the

amount absorbed by a normal person \ ct the

quantity found in the blood is less that than pres

ent in the blood of a normal person receiving such

ft dose

Jlemostderostt ts the term applied to the de

posit of hcmosideno in the tissues which occurs

63 a result of the excessive breakdown of red cells

to malaria and bemoly tie types of anenua It may
be tooked upon «iinpiy as an exaggeration of the

Bomial proce«s of iron depo*itioa
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9
THE ANEMIAS

Classification

Wc hnv e seen that m health the population of

red cells and the concentration of licmoglobm in

the blood are kept at normal lc\el3 lij a nice

balance between the new formation and the wast-

age of crjlhrocjtes Anemia results when the

balance is tippoil one vraj or the other, i e , bj a
defect of blood formation or an increase m blood

wastage Basically, it la a condition m which the

hemoglobin Icicl of the blood is roduccil below

the normal limits The anemias ma> bo classified

broadli into (A) Vtosc a4»Kialcd uilh blood loss

or increased blood destruction and (B) diose caused

bij defectue blood /ormaium

A Anemias caused 61/ blood loss or increased

blood destruetion

I Posthemorrhagic anemws
Hemorrhage

a Acute

6 Chronic, as a result, for example of peptic

ulcer, uterine bleeding, iink>lostomia«is

Oiookworm disease), purpura, etc

II Ilemotr/tic anemias

Red cell destruction, as a result of

o Chemical hemolr/tic poisons, lead, arsenm-

reted hjdrogcn and certain coal tar de-

rivstnes

b Certain specific injections, e g , mabria,

eepticemia

c Abnormal structure of the red cells which

render them more susceptible to phago-

cjtosLS or to disintegration in the blood

stream, e g ,
chronic congenital hemolytic

(Lederer s) anemia, and thalassemia

(Cooley's anemia, Mediterranean anemia

or erj-thioblastic anemia)

d An endogenous hemolysin of unknown na~

twe, e g ,
chronic congenital hcmob'tie

jaundice and the anemia as-rfxaatcd with

paroxysmal hemoglobinuria

e Anli-Rh, and occnsion-al/j/ anti-A ond anti

B agglutinins causing hemolytic disease of

the newbom
In the hemolytic group the increased blood de-

struction IS manifested b> a ns? m the concen-

tration of bile pigment in the ph«ma which gives

an indirect van den Bergh reaction, a greater ex-

cretion of bile pigment and porphyrin in the urine

and feces, and the deposit of an iron-contaimng

pigment in the liver and other tissues There 13

frequently jaundice of a slight or moderate grade

SicLtc cell anemia is believed to be caused b>

blooii destruction os a result of a congenital anom
aly of the red cells In this type, which occurs

almost exclusively in Negroes, elongated crescent

or sickle shaped hireCringent erythrocytes some

15 fi or 80 in length are a characteristic feature

Such c«lU arc found m the blood of a high per

centage of Negroes (8 to 9 per cent) though only

relatively few 1 in tO of these develop anemia
There 19 also a proportion of Negroes and abo a

few whites whose red cells become sickle shaped

under certain adverse conditions, especially as a

result of reduction in the oxygen tension of the

blood This IS spoken of as the ttcUc cell trait and
IS due to a single sickle cell allelomorphic gene

tsickie cel) anemia being caused by the presence

of two genes) It has been shown by electro

pborctic studies that the hemoglobin (probably

the globiQ rather than the heme) of the ery thro

cytes in sickle cell anemia, in tho«e showing sickle

cells but no anemia or those in which sickling

can be induced differs somewhat from normal
hemoglobin The abnormal hemoglobin consti

lutes 100 per cent of the blood pigment in sickle

cell anemia 60 per cent when sickle cells are

present but there is no anemia and 40 per cent m
those in whom sickling can be induced by a low

oxygen tension

Chrome eongenilalhemolyticjaundice Sy nony ms,

scAofurtc jaundice, spAerocyltc anemia hereditary

spherocytosis, chronic familial jaundice, hemolytic

splenomegaly The chief features of this form of

anenua are jaundice and a high incidence of pig

meat gall stones, spheroid erythrocytes (i e ,
the

diameter of the cells is reduced but their thickness

13 increased, their volume being approximately

DOrmal), rehcvtocslosis up to 60 per cent or more
of the total red cell population, increased /rajplity

of the cells and enlargement of the spleen Splen

ectomy is usually followed by the disappearance

of jaundice, a return of the red cell count to nor

77
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mal and a marked reduction in the reticulocytosis

The spherocytosis gradually disappears and with
It usually though not invariably the increased
fragility ot the er> throcytes These facts indicate
that disordered function of the spleen is not the
primary cause of the condition The cause of the
hemolysis is unknown though it may be due sim
ply, as in certain other anemias, to the reaction

of the macrophages of the spleen to the defective

cells produced by an abnormally functioning bone
marrow Others believe that an endogenous hemo
Ij tic agent is responsible, a view which receives

support from the experiments of Dameshek and
Schwartz in which a hemolytic serum produced by
the injection of guinea pig a cells into rabbits was
emploj ed to produce anemia The injection of this

anti guinea pig hemolytic serum into guinea pigs

caused a profound drop in the red cell count and
the appearance of cells with spheroid shajie, in

creased fragility and a reticulocytosis These ob
servers suggest that the greater fragility of the

red cells is simply a function of their globular

shape and that spherocytosis is a reaction of the

bone marrow to excessive deatructioa of ted cells

caused by a circulating hemolysin Others have
shown that there are changes in the metabolism

of the erthrocyte, there being a defect in glycolysis

which may be a result of deficient phosphoryla

tion The administration of glucose diminishes the

hemoljsis in this condition

Some divide the disease into two distinct forms

congenital and acquired Justification for the di

vision IS provided by the fact that in the acquired

form the patient s cells, after transfusion into a
normal person, bat e a normal life span but normal

cells transfused into the patient survive only for

about one fourth of the normal time This points

to a hemolysin In the congenUal type the behavior

of the cells is reversed, the patient s cells injected

into a normal subject arc removed rapidly but

normal cells persist lo the patient a circulation for

the usual time Thissuggests that in the congenital

type the abnormality of the cells is due primarily

to some defect of bone marrow function These

experiments w cre performed by Loutit and Molli

son, who consider that in the congenital form the

spherocytes are unduly susceptible to normal

hemolytic processes, that ahemol>sin acting uo

der normal conditions may bo Ijeolecithin, and

that the slow movement o! blood through the

spleen favors the hemolytic action This would

explain the benefit which follows removal of the

spleen, as w^ll as whj this operation does not

always reduce the fragility of the cells

Ledcrer s anemia is an acute hemolytic anemia

The leucocy tes are increased in number and phago

cyto«is ot red cells may be a pronounced feature

In Thalassemia major, or Cooley s anemia there

is microcy tosis and some of the red cells show con

centric nngs like a target (“target cells ) The

disease is congenital, being inherited as a Mende
lian dominant With some forms of the disease
there may be also splenomegaly and bony changes
It IS thought that the fundamental abnormality
IS a defect in the formation of hemoglobin

B Anemias due to defectne blood formation

I Nvlntional anemias

a Iron deficiency—hypochromic, microcytic

anemias The deficiency may be due either

to the exce5«i%e loss of uon from the
body as in chronic hemorrhage or to an
inadequate quantity of this element m the

diet Tlie former is the usual cause in

adult males, but m infants and adolcs

(xnts, and in pregnancy or other condi-

tions where the iron requirement i& in-

creased, the latter may be a factor Under
some circumstances too, a failure m the

absorption of iron may be a cause of the in

tractability of anemia to iron admmistra

tion by mouth
h Frolein deficiency, although in itself a leas

common cause of anemia, is not infre-

quently a contributory factor

e Lack offolic acid In man, lack of vitamin

C IS a possible factor also and in animals,

deficiency of certain other vitatmns

pyridoxin riboflavin, mcotmic and panto

theme acids

d The macrocytic anemias of sprue and
pregnancy are usually cla«scd with the

nutritional anemias

II Lack of or failure tn the absorption or in the

ufihzalim of the specific antianemic factor

(cyanoeobalamxn, mtamin —^Addi'on

lan pernicious anemia and certain related

hyT>erchromic macrocytic anemias with a

m^aloblastic tyqxi of bone marrow Bone

marrow for microscopical examination is

obtained by puncturmg the sternum, iliac

crest or a spinous process with a specially

designed styletted needle and aspirating a

small sample

III Macrocytic anemias (hypo- or hyperchromic)

ttilh normoMoshc or macTcblastie bone mar-

IV Toxk agents uhich induce aplasia of the bone

marrow or depress its function—aplastic

ancmtfM Among such agents are quma

enne, gold salts, benzol, ar«phenamme

radium, X rays, and sometimes bactercil

and syphilitic toxins The red marrow ls

greatly reduced m amount, being replaced

by fatly tissue Blood formation is pro-
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founcUy tlcprc««=ed Anemia of tlic aplastic

tj pc ma> al?o result from exhaustion of

the bone marrow followmg a long period of

ovcractivitj induced by some other type

of anemia, ormay appear w ithout a known
cau'Hj {idiojyalhic opfosJic anemm)

V. 7n/fchons—the anemia accompanjing infec-

tion 13 U'uallj n mild, normocjtic, normo-

chromic tjpc Asa rule, hcmolj’sw is not n

factor The exact defect is not clear but

there is a decreased production of hemo-

globin «‘'i-o(.iated with dccrca'^ absorp-

tion of iron, decreased mctal-combinmg

globulin of plasma and a decreased

plasma iron lc\ cl

The cau«c of spfenjc anemia fBanti’s) is iin

knoKn, it IS therefore diflieult to fit this type into

an} of the preceding categories According to ‘'omc

there is increased blood destruction, but impor

tant factors appear to be dcprcbscd marrow func

tiou and the loss of blood resulting from repeated

gastrointestinal hemorrhages An anemia very

closel) resembling Addisonian or true pernicious

anemia results from infeotalion with the fish tape

worm, Diphyllohothnum (aCiim Some beUcie that

an important factor in Us cau«ation is the compeit

tion of the parasite for xitamin Bn
Blood indices The following indices calculated

from the hemoglobio concentration, red cell count

and packed cel! volume of a specimen of blood are

ejnp]D>ed to express the characters of the todivid

ual ceils in the different t^iics of anemia

The color index This is a numerical expression

of the hemoglobin content of the individual red

cells It IS obtained by dividing the hemoglobin
value in grams per 100 cc by the red cell count,

both values being expressed as percentages of the

normal (The normal weight of hemoglobin per

100 ec IS taken as l-l 5 grams and the red cell count
as 5,000 000) Thus, if the hemoglobin is 60 percent
of normal and the red cell count 50 per cent, then

60/50 = 12 color index But if the hemoglobin
percentage is reduced to a greater degree than tbe

red cell percentage the index will be less than
unity That is, each red cell contains less than lU
normal quota of hemoglobin On the other hand,
the hemoglobin concentration of the blood may
be greatly reduced but if the reduction runs paral

lei with the reduction m red cell percentage the

index will have the normal value of 1 0

Mean corpiuscular lolume (M C F ) This ex

presses the volume of the individual red cell »n m*

(1 ml = 10” a*) The mean corpuscular volume in

a’ IS obtained by dividing the volume of packed
cells expressed in ml per liter by the red cell

450
count in millions per cu mm (e g , -g- = 90)

Anemias may be classified according to the

MCV as macrocytic (over 96), normocjtic (86

to 96), and microcytic (under 86)

ifean eorpvaeutar hemoglobm eoncenlraUonxs the

hemoglobin m grams per 100 ml of blood divided

bj (ho packed cell volume per 100 ml , expressed

15
as a percentage (e g ,

— X 100 •= 33 per cent)

This value is neier greater than normal but may
be normal (above 30 per cent, normochromic) or

less than normal (belowSO per cent, hypochrormc)

Mean eorputeular hemoglobin (M C fl

)

is tbe

hemoglobin per red cell expreh«ed m ^ig (10“” g

)

This mnj be obtained by dividing the hemoglobin

m grams per liter by the red blood cell count in

150
millions per mm * (c g ,

= 30 #i;ig ) The mean

corpuscular hemoglobin may vary with tbe con

ccntration of hemoglobin wnthm the cell and with

the volume of the cell

Attempts have been made to estimate the total

truthropoietie acttiUy of bone marrow from the

crythroid myeloid ratio, plasma iron turnover and

fecal urobilinogen, and the effective erylhropoiests

(i e , tbe proportion of cells produced b} the bone

marrow that are deliiered into tbe circulation),

by means of erythroej-te count, and by tbe uptake

of radioactive iron by the red cells It boa been

found that the effective erythropoicsis can be in

creased three times in acute anemia, and six times

IQ chronic anemia

Ilypocbromic Microcytic Anemias—Iron
Deficiency

In this group the essential defect is one ofhemo-
globin formation The hemoglobin percentage of

the blood is reduced to a greater extent than the

number of red cells These, indeed, may show

only a slight reduction The color mdex and

M C H are considerably below the normal, w hich

means that each red cell has received lexg than its

normal quota of pigment The erjthrocjdes are

also smaller than normal, so the MCV is also

low The low C n is m part the result of the

smaller size of the red cell but alw of a reduced

concentration ofpigment throughout the red cell's

substance Some of the corpuscles are so pale that

they resemble "ghosts” or only the peripheral

zone of the cell is colored (anisochromasia) (sje

figs 9 1 and Q2, and frontispiece }

Iron deficiency is considered to be the essential

cause of the anemias belonging to this class The

deficiency may result from increased iron requue-

roenfs coupled with an inadequate amount of iron

m the diet or from defective absorption of (lie

metal from the food but the usual cause, m adult

nia^, IS blood loss
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Fio 0 1 Red cell diameter diatnbuUOD cunrea
in simple achlorhydric anemia and in perntcioua
anemia compared with the normal (after Haden,
see also fig 9 2)

Ffo 9 2 Red cell diameter thickness and
volume in various clinical conditions compared
with the normal (after Haden) D, diameter T,
thickness V volume

Hypochromic nnemia occurs most frequently

in nomen of childbearing age when there is s

dietary deficiency, especially of iron The anemia

18 aggravated by the losses of iron incident to

menstruation or repeated pregnancies Davidson

has recently crophasiaed the need for h/ger

amounts of iron during this period m women In

the previous chapter, iron loss and iron require

ments have been discussed

Anemia of Infants

The fetus accumulates a store of iron in the

ht er in the Liter montlis of gestation This sen es

as a reser. c that is drawn upon for the manufac-

ture of hemoglobin m infancy The high red cell

concentration (p 12) with which the infant comes

into the world also contributes to the iron re-

serves In the normal infant the iron stores are

sufficient for the manufacture of hemoglobin for

the first SIX months or so Growth, however,
makes heavy demands upon the iron supplies and
after the first half y ear it is necessary to pro\ ide a
diet which will contain adequate amounts of iron

m order to guard against the development of

anemia of the hyTiochroimc type Milk, it will be
recalled, is very poor in both iron and copper
The iron content of milk is doubled by the pas-

teuTUation process and tnpled m the drying or

evaporation processes The development of ane

mia in milk fed rats has been mentioned and the

anemia of sucklings is a problem m the breed

ing of farm animals If the iron stores are deficient

at birth as in premature mfants or as a result of

maternal anemia, anemia may occur in the very

young infant

TTie hypochromic anemias respond m a "spec-

tacular fashion to the administration of morgamc
iron (e g , ferrous chloride ferrous carbonate etc

)

The administration of copper is rarely necessary

since this occurs in sufficient quantity m the diet

and as an impurity m iron preparations

A ouicrocytic anemia with a megalohhsUo type

of bone marrow also occurs in mfants It responds

to vitamin Bn and to folic acid It is frequently

accompanied by leukopenia and splenomegaly

rcmicious Anemia (Addison’s Anemia) end
Related Macrocytic Anemias

Pcrnicwms anemia is due es«cntially to a defect

m the formation of the red blood cells

Chief features of the blood picture are

/ Great reduchon m the number of red cells and

consequently in the hemoglobin percentage The

10 per cent of the normal

t The red cells are reduced la number below

the normal to a greater extent than is the hemo

globin percentage The M C V and M C H are

therefore raised above normal The high MCI!
IS due to the greater size of the cells

S Large cells—the average diameter of the

cells IS increased to between 8 and 9 and eveep

tionally large cells called maeroevt** arc plentiful

The average volume of the individual red cells

(figs 9 I and 9 2) is about 135 a’ (normal about 90

ji*) Normoblaste and earlier forms are present in

the circulation and a characteristic large nude

ated cell containing hasopluJtC mstenal in its

cytoplasm end little or no hemoglobin is a feature

of the blood picture This cell, known wt the

megaloblail, differs chemically morpholog

ically from any normal cell of the erythrocyte

senes found either in bone marrow or blood The

reticulocytes are around 3 per cent



PLVTL I

Sam]>lcs of bone

\ Normal
1 Erythrocytes
2 Erythrobhsts
3 Early normoblast
4 Veutrophil leucoQ-le
5 Eosinophil leucocyte
6 Neutrophil metam>elncyte
7 Basophil metamy eloc\ te

8 Eosinophil metamyelocyte
9 Neutrophil myelocyte
10 Myeloblast
11 Hemocytobbst
12 Lymphocyte
13 iJite normoblast

U Megakaryocyte

obtained by sternal puncture

B In pernicious anemia

1 Megaloblasts

2 Late normoblast
3 Giant neutrophil Icucocy te

4 Ery throblast

5 Erythrocytes (macrocytes)

6 Megatobbst in mitosis

C In fnicrocatic anemia due to iron deficiency

} Early normoblast
2 rrythrocj tes (microcytes)

3 Extruded nucleus from normoblast

4 Late normoblasts

5 Eosinophil leucocy te

6 Myemcyte
i Neutrophil leucoey te
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4 The total number of Uiikocpfcs ts reduredhut

the IjTnphocjtes arc rclativclj incrcasctl

5 Great variation in the size of the cells

—

antsocj;/ost«, the cells \arjTnK from thoe smaller

than normal to the large cells mentioned above

/’eiitfocjffes arc moderate in numlier

ff Increase in iron and hi/iruhin of the plasmn,

increased excretion of pigment (urobilin)—in

direct van den Bergh

7 Blood cofume redueed mainly as a result of the

red cell diminution, the plasma volume being

around the normal let el

8 fro^ifity of the red cells usuallj slightly re

duced

Other featurfs

1 The red bone tnarrow is hjperplaatic It ex

tends into the shafts of the bones displacing the

jellow marrow and cveri the tiony walls msj be

eroiled Upon miero^copicsl exsmmaiion the mar
row shows mcgaloblasts and other immature forms

in large numbers (sec ch U and Plate 1)

5 Achlorhydria almost always exists

8 Sore shiny tongue, ulossihs, atroph> of

lingual papillae

4 Chrome combine I d<5?cn<rolion of the cord

6 There la an atroph> of the mucosa of the

fundus and bodj of the stomach

B Urobilin appears in the urine in severe ca«es,

and in all those in nhich plasma bilirubin is in

creased urobilinogen is m excess m the feces In

health from 1/140 to 1/740 of the total amount of

hemoglobin in the blood is excreted dAiI> os uro

bilinogen In pernicious anemia 1/10 of the total

hemoglobin may be excreted as urobilinogen

Hemosiderin deposits (p 7o} occur

7 The disease shoiss remissions and relapses

the .xnTO.iAji\ni«>, ..hf* Axtrvjid fwSsw
proaches the normal and the percentage of rcticu

locytes increases—rr/icafocy/c cnscs During the

relapses, the characteristic hematological features

of the condition are exaggerated

The essential factor m the production of perm
Clous anemia is not belies ed to be increased blood

destruction, but rather a defect in blood forma-

tion Increased blood destruction undoubtedly

occurs as evidenced bj the rise in plasma bibru

bin, but it IS a secondary effect The abnormal

erj'throcj'tes probably stimulate the pliagocytic

activities of the reticuloendothelial cells m the

spleen, Ii^er and elsewhere Since the fragility of

the red cells is reduced rather than increased it

would not appear that thej disintegrate more
readilj m the blood stream The discovery of an
antiancmic principle in li\ er and subsequent to-

searches arising from the emploj’inent of this

principle m the treatment of pernicious anemia

8l

ha\c shed a flood of light upon the nature of th^

disease

Liver, Livfr Extract, Gvstric Tissue aM)
TUF Antianeihc Factor

In 1926 Minot and Murphj, inspired by th^

labomtorj finding of WTupple and lus associates,

namely , that liver w as the most efTcctix e article of

diet for the treatment of anemia in dogs, tried th^

effect of adding !n cr to the diet of pernicious ancs

mia patients The spectacular success which fol

lowed this treatment is well known and todaj

lightly cooked liver (from to 1 pound per daj)

but prcferablj on extract of liver, or the cssentwl

principle, \ itamm B» ,
is recognized as a specific

for the <li«ca«e Kidnej tissue was shown to has e o,

flimiMr though less pronounced curative effect

Tlie hematopoietic substance present in the Jner

and m nonprolein extracts of h\er tis<5Uc and

which 13 effective m the treatment of pernicious

anemia ts known as vitamm Bu, or c>anoco>

balamm and formerly as the antianenuc or he

matmic principle The action of vitamin Bu la

sev eral times more potent given parenterally than

when given orally Itmaj be mentioned here that

Wilkm^oD found that the antianemic principle

was present in normal human liver and m the

livers of pernicious anemia patients who had re-

ceived specific treatment, but »as absent from

the livers of untreated subjects of the disease

The Chemwal Identification of the Antianemic

Factor, Bn

Jbo JlirkiisjEindJiisassnciatesand Smith re-

ported the isolation of red, needle-«haped crystals

of a substance w hich was many tunes more potent

than the most purified extracts of hver in the

treatment of pernicious anemia, causing a retic-

ulocj-te response m pernicious anemia patients in

a parenteral dose of 1 iig ,
or even less The red

crystalhne material, now generally referred to as

\ itamiR Bij ,
has since been shown to be a cobalt

complex, and is apparently the antianemic factor

m pure or neatlj pure form It also contains phos-

phorus and mtrogen, but no sulfur its molecular

weight IS around 13S0 and its formula is

CwHfsOwNuPCo Its chemical designation is c>a

nocobalamm

Several analogues of this compound have been

obtained from bacterial cultures, from the gastro

mtealtnal contents of animals and from feces,

sewage, etc

It may be mentioned that the cobalt ion by it
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self elicits no hemopoietic response in pernicious
anemia

Besides its iropottance in hemopoipsis and its

action m promoting the gron-th of certain bac-

teria, vitamin Bij ls a growth factor for higher

animals, including man It also has an influence

upon the metabolism of certain sulfur containmg
ammo acids (e g , conversion of homocj'stine to

methionine) According to Niewig, vitaimn Bi* is

essential for the synthesis of ribonucleic acid, a
constituent of the nuclei of all tells, this would
account for the neurological defects m pernicious

anemia, and for the abnormalities of certain epi-

thelial surfaces, such as tliat of the tongue (m the

production of glossitis), as well as for the failure

in erythrocyte maturation

\1tamm Bjj is by far the most potent hemo-
poietic principle known, being several thousand

times more potent weight for weight than fohe

acid Bii 13 also effcctn e in arrestmg the course of

the neurological lesions of pernicious anemui

The Production of the Antianemc Pntmpky
Intnnsie and Eztnnsu: Faclan

As already mentioned, irreversible gastric

atrophy occurs and achlorhydria is virtually an
invariable aecompmiment of p^^rnicious anemia

Hie significance of this fact was demonstrated in

1029 by Castle who found that the gastric con-

tents of a normal person during the digestion of

meat w ere curative when fed to a subject of perni-

cious anemia Later Ca«tlc and his associates

showed that pure gastric juicc obtained from a

normal por«on bj the administration of histamine

when incubated with beef steak produced the

curative material The active principle was not

produced when beef was incubated mUi gastric

juice of a patient with pernicious anemia The

production of the anti anemic principle w not due

to the action of hjdrochlorit acid, pepsin, rcnnin

or lipase but to the presence of an cns>TncliLe

but unidentified substance w hich acts at a pll of

7 (the optimal pH for the action of pcp«in is I 6)

Before tins, Sturgis and Isaacs found that gastric

ti«siie contained the material necessary for the

formation of the antianemic factor, it bong, like

liver it«elf, effective m the treatment of perni-

cious anemia Desiccated defatted hog stomach is,

therefore, alsj employed ns an alternative to liver

or ]i\ er extract for oral administration The gas-

tric factor Ls le«s stable thin the liier pnnciplc,

bemg destrojed b> temperatures above -ISX or

bj digestion with pepsin or trjpsin In the bog,

the gastric factor is produced bj the mucosa of

the pjlonc and cardiac regions of the stomach
and the commencement of the duodenum, i e

,

regions which secrete an alkaline juicc (pjlonc,

cardiac and Brunner’s glands) In the human sub-

ject the factor, according to Fox and Castle, is

formed m the fundus and bodj of the «toraach,

none is found in the pj lone region nor in the duo-

denal secretions

Two factors, therefore, were recognized as being

essential for normal erjihropoiesis one in the

food, cspcciallj in such items of diet as are rich in

the vitamin B complex, it was callcil the extnmic
factor and for vears eluded the keenest re‘=carch,

but was finally identified as vitamin Bn ,
the

other factor is secreted m the gastric juice and is

known as the intrinsic factor

A characteristic lesion is found in pernicious
anemia which readilj explains the achlorhydria

and the lack of the intrinsic factor The fundus and
body of the «tomach show atrophy of the moco'-a

and extreme thinning of all coats The gastric

glands are almost completelj destroyed, the miis

cular coat IS atrophic The pj lone region which
does not produce the intrinsic factor is normal
One would be led to expect that total gastreetomj
ID man would be followed bj pernicious anemia
If the survival tune foUow-ing total gastrectomj is

sufficient to permit exhaustion of the vitamin Bu
stores an anemia of the pernicious tjpe develops

The Extrinsic Factor, Hie Actum of the Inlnmtc
Factor

The extrinsic factor (vitamin Bit) is present in

liver, beef, nee polishings, j-east, and other sub-

stances rich in the vitamin B complex It is aLo
found m the inte'^tmal contents of normal per

sons, as well as m the feces of patients with perm

Clous anemia There is, therefore, no reason to be-

lieve that a dietary deficiency of this factor is the

cau'O of the disease The basic defect m pernicious

anemia is the failure of the gastric mucosa to

produce, at least m effective amounts, the in

trinsic factor It is now believed that this factor

IS essential for the adequate absorption of i ita-

min Bij Tins may involve some combination

with the vitamin or it maj influence some siwcific

process in the gut wall mv oh ed in the absorption

of the V itamin BTien the intrinsic f ictor is giv en,

the fecal excretion of vitamin Bu labelled w ith

radioactive cobalt is reduced There is iiNo the

possibility that the intrinsic factor bv binding

vitamin Bii keeps it from being taken up by the

intcstmal bacteria, thus ensuring that it will l^e

available for absorption In the absence of the

intrinsic factor there is
‘ starvation in the midst
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of plenty” m so far aa the extrinsic factor is con-

cerned For this rea«on Bn is cficctue gixcn pa-

rentcrallj in pernicious anemia m a fraction of the

do'45 that 13 required bj moutii irowc\ cr, if Bn
IS acJminislered mth normal gastric Juice the bx2o

of the cflectixc oral do^c is much reduced In

concluding this section the (01107.105 Tcmaths of

Castle maj be quoted

*The disease would not develop i( the patient

could effect daily the transfer of a millionth of a
gram of vitamin the distance of a fmall portion

of a millimeter across the intestinal mucosa and
into the blood stream This he cannot do, pnnci
pally as a rc«ult of failure of his stomach to secrete

into its lumen some essential hut still unknow-n
substance et the patient ma> each daj absorb
mtiom! mueft difficulty tfic products of tfic ifigei

tion of many grama of carbohy drate fat and pro
tein from foods that m addition may contain con
sequential amounts of %nlamin Bn in terms of his

trivial need ”

Other iMcgalohlnstic Anemias

Though pernicious anemia is the most common
tjpc of anenua showing a megalobbsttc bone
marrow, there arc other forms mth c!o«e5y similar

marrow and blood pictures but who«Q pathogen”^
e«C8 are not altogether clear Such megaloblastic

anemias occur m Irtjptcai spnie, prejnoncy, carct-

wma i4 Ihe ilomach, gasirocclicfistula n hich short

circuits the region of the small intestine from
which Bij IS absorbed, and xnfeilalton unlk the

tapeworm, tiiphyllohoUinum latum The anemia of

sprue, m which the absorption of fat is defective,

IS due possibilj to the interference with the ab-
sorption of \ itamui Bij other than through a bek
of the mtrm«ic factor, though in certain ca«es the

btter IS absent even though there la not achlor-

hydria In the megalobbstic anemia of pregnancy
the marrow and blood pictures are eunibr to those
of pernicious anemia, but there is as a rule not
true achlorhj dria, nor ciegeneratu e changes in the

'Pmal cord, recovery follows childbirth Also
many cases of this disease, like that described by
IViUs as occurring in the tropics, and called iropi

cat nulntional (or macrocytic) anemia, arc un-
responsive to the administration of ritamiB Bu

,

but respond readily to crude liver extracts or to
folic acid * In carcinoma of the stomach there is

achlorhydria and the anemia may be indistin-

* Tropical nutritional anemia occurs moat fre
UUently and severely in pregnant womeD An
auemia with similar characters which is resistant

JO treatment with punfied preparations of liver,
out 18 amenable to crude liver extracts or folic
scid can be produced in monkeys

guishablc m et cry way from pernicious anemia,

even to the neurological symptoms, it is probably

produced in the same manner—lack of the m-
tnn«ic factor In the anemia caused by thphyl-

hlum, there is no lack of the intrinsic

factor, but the worm interferes m some way with

the utilitation of the vitamin Possibly this 13

cau<«d by the parasite producing a principle that

inhibits the specific action of the intrmsie factor,

or by its absorbing or utilizing the vitamin in its

own metabolism TheimestigationsofvonBons-

dorff indicate that the parasite must be situated

high up m the small intestine in order to cause

anemia Finally, a rare tyqie of megalobhstjc

anemia which fails to respond to the hematmic
principle was described ongmaUy by Wilkm«OD
and Israels It is not due to the lack of the erjdh-

rocyde maturation factor (Bu), but to failure of

the latter to bo ubhzcd by the hone marrow It

was, therefore, named achrestic anemia

Tlie Bc^ponse to Liver or GnBlric Tissue

The antianetnic pnncjple acts upon the bone
marrow, restoring the blood forming processes to

normal It a bohex ed that rocgaloblasto«i» is not

the result of a simple arrest of the maturation of

red blood cells, but that the megaloblasts result

from a Jong resting phase between stages of on
to^es Hence factors retarding cell division can

lead to the production of this tj^pe of cell The
slow cell production results from the deficient for-
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mation of DNA (desoxyribonucleic acid) and
RNA (ribonucleic acid) which a a consequence of

a lack of vitanun Bn Tlic direct effect of Bu upon
erythropoicsa has been demonstrated m man,
when the vitamin is injected into megaloblastic

bone marroiv, the abnormal erythropoiesis is cor-

rected locallj- before s general effect occurs (i e

,

on the marrow in other situations)

The first detectable effect of specific treatment

in pernicious anemia la a ri«e in the reticulocytes

In untreated cases of pernicious anemia these con-

stitute 2 per cent or less of the red cells "W itlim 2
to 5 dajs after vitamin Bu

,
a potent liver ex

tract, or n preparation of gastric tissue has been

administered, lai^ numbers of reticuloej’lea ap-

pear The increase reaches its maximum about the

fifth daj'^, when the percentage is from 10 to 40 per

cent From then on the rcticulocj'te population

declines, and there is an increa"ed number of

mature erythrocytes The lower the red cell count

before treatment, the greater is the rcliculocj'te

response to specific therapy

Tbe rise in the hemoglobin concentration of the

blood lags behind the multiplication of the red

cells If the stimulus to erjihropoicsis is intense,

the hemoglobin cannot be manufactured in suffi-

l*leroy]g]utainic Acid. Sjnonyms: Folic
Acid, Vitamin Bo\ Liver Lactobacillus casei

Factor, Norite-eliiate Factor, ^ itamin ^I,

Wills Factor, Factor U

In 1941 Mitchell and his associates obtained a
substance with acidic properties from the green

leaves of various plants, e g , spinach, peas,

clover, etc
,
and gave it the appropriate name of

ftdte acid WTiat has since proved to be the same
principle had previously, from microbiological

studies, been found in concentrates of In or and
Jeast (nonie-cluate factor) It stimulates the

growth of certain microorganLsms, eg, Licto-

baallM easel. Streptococcus faeealis R (or S lachs

R), and is essential for the existence of certain

protozoa and insects It is, therefore, aKo known
as the liter L casei factor, but is now more com
monly referred to b> its chemical name pteroyl

glulamu: acid (PGA) It is made up of a ptcndjl
ring joined through para-aminobenzoic acid to a

molecule of glutamic acid Para aminobenzoic

(I*AB) acid appears to be a precursor from which

pteroylglutamic acid is synthesized in nature

The chemical structure of pterojlglutamic acid

IS shown below

Glutamic acid

f

IIOOC—

^

I H 0 H

,_i-A^rVA-
J

1

:iu

HOOC-CIH, Prcroic acid

Pteroylglutamic acid N (4 {[(2 amino-4 hjdroxy 6-ptendjl) methyl) ammo} benzoyl] glutamic acid

cicnt quantities to furnish each cell with its quota

of pigment and the color index and M C H fall

well )»low the normal value

With the improv ement in tlie blood picture the

general sj mptoms of the disease abate, but the

secretion of acid gastric juicc is rarely if ever re-

stored Specific treatment therefore docs not re-

move the primary cau«e of the disease, but must

be persi-,ted m for the rest of the patient’s life

The maintenance dose is, of course, much less

than that required originally for the restoration

of the normal blood picture The neurological

symptoms may improve if vitamin Bu is given

earlv, and in a dosage considerably greater than

tliat required for maintaining the normal blood

picture The degenerativ c changes in the cord ate

due to the lack of the hematinic principle, and

are not simply secondary to and caused by the

anemia

Of fundamental importance in the physiology

of pteroylglutamic acid is its indispensability for

tha synthesis of desoxyribonucleic acid, a con

stitucnt of the nuclei of all cells (ch 47) Certain

analc^cs of folic acid, such as aminoptenn

(4<iminopteroylglutamic and, or 4-aminofoIic

acid), amedioptenn (4-amino-lO-methyI ptcroyl-

gliltamic acid) amino>fm-/of) (4 aminopteroylas-

partic acid) antagonize this action of the vitamin

Pteroylglutamic acid is synthesized in the intes-

tine of some mammals, especially of the rat, and

the analogues are useful in producing folic acid

deficiency for experimental purposes They have

also been used m the treatment of acute leukemia,

esfiecially in children, the number of kukemic

cell? is reduced, and temporary remissions of the

disease induced A permanent cure does not, liow-

ovftr, result, and the administration of the com-

pound IS attended by certain toxic symptoms,

c g ,
etomatitis, diarrhea, alopecD and ilcnfnesb
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The IlFMoroiETic Acrno\ op

I’TEHOlLGLUr^MrC Acii)

Several ol>«enations had pointed to the exist

ence m liver or m cnulc hver preparations of a

principle effective m certain mncrocvtic anemias

which failed to respond to liighh purified livor

evtracts TJiere al o appeanxl reports of a bene-

ficnl action of preparations of hreivers least,

which docs not contain viLamin Bj*, in macro-

c^rtic anemias and in the nutritional anemia of

monkeys Su pecting that the unknown hemo-

poietic sulK-tincc m crude pri paration* of liver

was folic acid Spies and hus a^«ocwtea admin

i«tcrcd it to pernicious anemm patients with re-

iaarkahJe PierovJ^JuiajnJfi acjil js aJ-o

effective m other anemns charactcnzctl bj a

mcRnlobhstic bone marrow o g the anemias of

sprue and pregnanej hut fails in the treatment

of macrocj tic and other tjTies of anemia nilh a

normoblastic or macro! bstic bone marrow It

relieves the nutritional leukopenia of monkeys
and stimulates the provluction of granulocjtcs

and is tlercfore of value in the treatment of

agnnulocvtosis (p Off) It Juis no effect vhalci'er

in cTTcsfin^ Ue progras of Ifie neurofoyicaf fe«ons

{ehronie eonibxned degeneration of (fe cord) tn

pemieitnis onemia Indeed the nourolosical «igns

appear to be aggrav atc<l b> its administration

Its action m restoring t! c bone marrow to normal

la idontieal inth that of the vitamin Be
Ptcrojlglutamicacid irassjmthcsizcd b> Angier

and associates in l&4o Tlie synthetic compound
IS as tberapeuticall> effectu e as the natural prm
ctple

The chief sources of fobc acid arehvcrkid
nej and green v^etables its cooccntratiou m
plant foods appears to run parallel with their

cWorophj ll content

The Pc^ible REiAno\«Hip ov the Anti
AXEMic Tactoh or Liver and

PTEROTLGLUTAillC AciD

The chemistry and actions of folic acid and
of the antianemic factor of liver show that thej

are «eparate and distinct prmciples Moreover it

soon became evident that the concentration of

fobc acid m higUj purified and potent liver

extracts IS equivalent to onlj a small fraction of

the amount required to ehcit a reticulocjdc re-

sponse in pernicious sncEDia Again as mentjoned
above pterojlglutamic acid is wholly ineffective

in arrestmg the cord changes of pernicious ane-

mia The nomdentitj of the two principles was
miaffj settled b> the isolation of crjstalhne Bt*

Both vitamin Bi* and folic acid seem to be cs-

«catial m the ‘i5-nthc*«is of nuckoproteins It is

tliougltt tliat folic acid is necessary for D^A
formation but tliat vitamin Bi« is ps-ential for

both D\A and RNA sj-nthcsis Since both D\A
and R\A are ncccsBar^ for the maintenance of

the structure and function of neurons this maj
explain whj Bn is effccliv e m improv mg the

neiirologicai condition in pernicious anemia and

fohe acid IS not

Citrororum/oclor foUnxe aetd loicovorum

A derivative of pterojlglutamic acid which pro

moted the growth ot the microorganism Leuco

nojfoc filroiorum was i«ofated m 19tS bj Sauber

lich and Baumann from liver extracts and yeast

This substance which is now known os the eilro

torum factor has an action similar to that of

pterojlglutamic acid in pernicious anemia and

other fncgaloblastic anemias U al<o annuls the

toxic effects of such folic acid antagonists as

anunoptenn and amethoptenn Substances with

the same action and apparently identical with

the cilrovorum factor have been prepared arti

liciallj andnaroed /ofinteocid (^hivcaodossoci

ates) and leueoiorum (Jukes and associates)

Other antianenne ogenlt The pvnmidine ba«e

tkymtne (5 methj luracil) and zanlhoplerin (ato

pterin) give a hematopoietic response but one

nl ich IS much inferior to that of pteroylglutamic

acid An amount ot thymine several thousand

times the weight of an effective doee of pterojiglu

tamic acid is required to produce a reticulocyte

response in pernicious anemia (Spies and asso

entes)

Alacrocjtic (Hj7>ocIiroinic or Ilyperehromic)

Anemias with ISormoblastic Bone ^farrow

Macrocjdic anemias showmg a resemblance to

Addisonian anemia m «o far as the blood picture

IS concerned occur in various disea<=es eg car

emoma (other than gastric) sj^ilidis etc But the

bone niaiTOw is of tlie normoblastic tj-pe ‘'ince

they are not due to deficiencj of the antianemic

principle thej do not respond to the adnunistra

tion of hver extract or of gastric tu'ue J\or do

thej respond to the administration of fol c

acid

Idiopathic Vplastic Anemia

This is a comparatively rare type of anemia in

which there is a rapidly progres'uve reduction in

all the blood cells—erjthrocytes leukocj'tes and

platelets There is little or no evidence of blood

regeneration retieulocj tes are very scarce and

nucleated forms are usuallj absent The red cell

count may reach an extraordinarily low figure

—

213 000 per cu mm m a case reported by Ehrlich
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Granulocytes and platelets may entirely diaap
pear The marrow is hypoplastic or aplastic, there
IS a great reduction in its cellular elements and
almost complete absence of hemopoietic activity

The lymphocj topenia which also occurs, but is less

marked than the reduction in granulocytes, eug
gests that the entire hemopoietic system is at

fected The causes of the bone marrow hypoplasia

have been mentioned
A number of cases have been reported (Thomp

son, Richter and Edoall, Anderson) in which the

typical blood picture of aplastic anemia was asso

mated with a normal or even a hyperplastic mar-
row In these, to which the term ‘‘pseudoaplastic

anemia” might be applied, there would appear to

be some interference with the maturation and de
livery of the cells into the blood stream rather than

to absolute suppression of marrow function

Conclusions

It 13 only upon pernicious anemia or macrcxgrtic

anemias of the pernicious anemia type with a
megaloblastic bone marrow that vitamin Bn or

"folic acid” therapy has any specific effect Other

macrocytic types (with a normoblastic type of

marrow), the imcroc^'tic anemias and aplastic

anemia fail to respond to the administration of

Uver extract, gastric tissue or pterojlglutamic

acid It has been mentioned that certam megalo-

blastic anemias (e g .
that of pregnancy) are re-

sistant to the action of vitamin Bu but respond

to fohe aad In posthemorrhagic anemuv and

certain other secondary anemias whoU Iner is of

^alue, not from any specific action but simply

becau«c it furnishes iron and protein of high

quality
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10
THE WIHTE BLOOD CORPUSCLES OR LEUKOCYTES—

THE PLATELETS

Clossjficatjon nnil ^lorpliolofr>

The wlntp blood rclla iblTers from tlir er>thro-

cj’te m that »t contains no licmoglobm anti has a

nucleus The majontj of the white cells arc bIm)

consukrabij hrger than tiic crjtlirocjtes, meas-

uring from 8 to IS ^ in rliametcr, the sue tie

pending upon the particiihr tarittj Tliej arc

much less tninicrous Ilian the red tells, m the

adult the} number from 5000 to 9000 per cu mm
of blood In infmej thoj are tniec as numerous
and tliroughout childliood the count is higher

than in the adult ^^^lcn a film of adult blood is

examined under the microscojw the while cells

appear aerj apar^elj ^catterifl here and there

among the crowds of colored corpu«clc9 which

outnumber thorn more tlian GOO to 1

On a basis of morpliological (h{Tcrcnce8 the

colorless corpuscles are diiidid first into two
mam groups (I) Cells vnlh a single nuckns and a
ekar nongranular cataplasm—tlic lyraphocjics

and the monocj'lts, (11) cells hanng a lobed or

tneompUUli/ partitioned nucleus and a eijloplasni

containing fine chromophil jirranides—the granulo-

cytes Each of these two mam classes is divided

further into subgroups on a basis of differences

in structuie or staining properties' (see frontis

piece)

I The Nosgravular Lehkocites

—

AGRANTJLOCYTiS

These are of three varieties (1) S/nall hjmpho-
cj/te, (2) large lijmphoeyle, (3) inonocjte Although
these forms show no granules in the protoplasm
under the ordinary methods of staining granula-
tion may be demonstrated after staining with
azure blue The l>mphocj’tes contain a few coarse

azurophil granules, those of the monocj'tes aic
fine and \ erj numerous

' The term leukocyte la empioj eel by most au
thors to denote all the white cells, and this from
the simple meaning of the word seems logical
home however, confine the term to the granule
cytes The first of these usages will be followed in
this text

1 Small lymphocyte'? Tlicse are «lightly

larger tlian the red cells—about 8 m i’' diameter

The nucleus is reUtively large, "lightli indented

and fitams more dccpij w ith basic dj es than t)ie

surrounding narrow nm of ej topbsm winch sepa-

rates it Irom the hounifarj of the ceff The smaff

Ijmphocjtos originate m Ijanphoid tissue and are

found in large numbers m the ijmph nodes and

spleen Thc3 constitute in the adult from 20 to 25

Iior cent of the total number of w lute cells m blood

and arc the commonest tells found in IjTnph In

childhootl Ijmplioid tissue us muth more abuiid

dint than in adult bfe and the ]>mphoc3’tos are

more numerous The% amount to from 50 per

cent or more of tht leukoej'tcs m carlj childhood

ami (o about 35 per cent at the ago of 10 jears

2 I*\no£ LiMpJiocYTrs These resemble the

preceding m genera) appearance but are consider

ablj larger bcuig 12 m or more in diameter The

c>‘topiasin forms a wider zone about the nucleus

which IS ova) or kidney shapcil These cells are

found in insignificant numbers m adult blood but

are more plentiful in the blood of joung children

They are largely confined under phj-siological

conditions to the Ij mphoid tissue, but even here

they are greatly outnumbered by the small

l>Tnphocjtcs Thej are considered by manj as a

jounger foiro of the small Ijanphocj'tc

3 Monocytes are from 10 to 15p m diameter

They posse'?s a relatively larger amount of cyto

plasm The nucleus has a deep indentation on one

side, which gn es it a kidnej or saddlebag sliape

On the supposition that this cell represented a

stage m the development of the polj morphonu

clear leuLocj’te, it was called the ' transitional

leukocyte" by Ehrlich This view has since been

ahown to be w rong for the monocj'tc bears a rela

tionship to the Ijmphocjtes rather than to the

polyniorphonuclears It lias been mentioned that

the monocyte contains hke the lyunphocytes,

azurophil granules in the cytoplasm The mono

cytes are activ elj motile arid phagocj tic, and are

considered by iao‘=t observers to be derived from

fixed histiocytes (p 102) Such an origin would
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class them as circulating elements of the relicolo-

endothcLal sy stem According to Maximow, how-
ever, they arise from lymphocj-tes They consti

tute from 5 to 7 per cent of the white cells

Small numbers (0 2 per cent) of a slightly differ

ent type of monocj te are also found in blood Its
nucleus instead of being bdney shaped is round or
oval It was previous]3 known as the large mono
nuclear leukocyte, but it js probably simply a
} ounger form of the preceding variety

II The GiuirrmocrrEs

These are divided into three groups according

to the staining reactions of their granules One
t'J’pc—the eostnopAtfic—stains with acid djes,

e g ,
eosm, another—the basophihe—stains with

basic dyes, e g , methylene blue and the third

type—the neulrophtlu—with neutral dyes, le,

mixtures of acid and basic dyes Th^ staining

reactions apply to human leukocytes but such

distinctions cannot always be made m other ani-

mal species The nucleus of a granulocyte is com-

posed of two or more lobes connected together

by strands of chromatin

1 Eosinofrils are not numerous, they

amount to no more than 2 to 4 per cent of the

total white cell count The granules w hich are oval

and much coarser than tho^ m the other two

vancties are stained a bnght red with eo«in The
cell IS also slightly larger and the nucleus usually

bilobed lu certain pathological conditions which

will be mentioned later they may form a much
laiger percentage of the leukocyte population

2 Basophils are present to the extent of only

Fio 101 Arneth stages

0 15 per cent or less Their granules stain deeply

with methylene blue Their significance is not
known They have been coneidcrcd by some ob-
«r>ers to be degenerated neutrophils, but there

appears to be httle doubt that they are a distinct

type and like the other granulocydcs are a product
of the bone marrow Support is lent to the fatter

view by the fact that they are mcrea«ed in condi

tions {^sociated with excessive marrow activity,

eg, chronic myelocytic leukemia and polycy-

^emis \cra They arc also JDcrea'=ed in chronic

inflammation of the accessory nasal sinuses

3 Neotrophii^ are by far the most nuraer

ous, constitutmg from 05 to 70 per cent or more
of the total number of white cells Their granules

are quite small and are stained a violet tint with

neutral dy-es As will be seen prp'iently the neutro-

phils are octiv ely ameboid m character le they

are capable of locomotion and ingest foreign par

ticulate matter They are about 10 or 12 p in

diameter Their nuclei show a variable number of

lobes depending upon the age of the cell

The Arnelh Count or Index

U was pointed out by Arseth that the number
of lobes IS any neutrophil depends upon the cell s

age the older cells having the larger number * A
fivelobed nucleus for instance indicates & stage

ID (be life of a cell just preceding its final dis<olu

(ton, an unlobed but deeply indented nucleus a

very young cell Five stages m the life history of

the polymorphonuclear leukocyte are therefore

distinguished corresponding to the number of

lobed developed in the nucleus A count of the

nuclear lobes id the cells of a blood film will give

Ibe proportion of cells of different relative ages

In figure 10 1 stage I shows a nucleus with a single

lobe CoDstnction of the nucleus can be seen but

the nuclear substance is continuous from one part

to the other In stage II the nucleus is partitioned

into two parts which are connected only by chro

matin threads In the next stage 3 lobes are seen

and so on to the last or senile stage m which the

nucleus has five or more lobes The cells of this

stage are large, edematous and nonmotile, their

granules strain poorly or not at all In some con

ditions, e g ,
acute septic infections and pernicious

anemia, enormous neutrophils (up to 20 #«) with a

great number of nuclei are seen These arc known

as maeropolycytea

The Araeth index is determined by counting the

number of nuclear lobes in each of 100 neutrophils

The cells in the different stages are expressed as

» The extent of the previous activity of the cell

rather than its age may be the important factor

determining the number of nuclear lobes
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percentages of the total The count under the or

dinary conditions of health is ns follows

PtfttMlafrt

trukocytrt

Stage I S

Stage 11 30

Stage in 45

Stage IV' 15

Stage V 2

In certain diseases the ) oungest cells (stage I) aro

much more numerous and maj constitute 50 per

cent of the total There maj be an entire absence

of cells in the later stages (IV and I ) An increase

in the percentage of cells of the earlier stages is

spoken of as a ’ slutl to the left ’ It is seen in con

ditions which stimulate the bone marrow to

a greater production of white cells, c g ,
pyogenic

infections It is also seen in tuberculosis and after

exposure to the \ ra\8 and after the injection of

thyroid extract In children a shift to the left oc

curs much more readily than in adults In per

nicious anemia the pcrcenfiges of the older cells

increase—“shift to the right —and m some cases,

as mentioned above, macropolycytes appear Fx
cept m the case of the senile nonmotile cells a re

lationship between the plngocytic activity of a
partieular coll and its age has not been demon
strated

The SehtHttig ind«employ s a simpler elassifiea

tioa of the neutrophils but includes marrow clc

moots Four stages are recognized (see table 10 1)

(a) the myelocyte which shows a single spherical

nucleus, (b) young metamyelocyte with a slight

indentation of the nucleus, (c) older metamyelo
cytes with the process of lobulation definitely m
dicated, this is knonm as the band cell of Schilling

or ‘ Staff cell and corre^nonds to the first stn^
of Amcth, (d) older neutrophils i e , the other

stages of Arneth Stages (a) and (b) arc not found
normally in the blood They appear when a pro

nounced “shift to the left occurs (sec frontispiece

and ch 11)

The nonmotile cells of the last or fifth stage of

Arneth appear, periodically in increased num*
hers—in "showers”—in. the blood stream They
are replaced by young cells from the marrow
Like the red cell the dyung neutrophils dismte-

grate m the circulation or are disposed of by the

macrophages of the spleen or the tissues The bfe

span of the neutropluls has been variously esti-

mated By some it is beliex ed to be no more than

about 3 day's and by others no more than a few
hours Ponder, however, puts it at 21 days He
induced a leukocytosis and shift to the left m the

Arneth stages by the injection of thyroid extract

and followed the blood picture until the poly-

TABLF 10 1

Showing SehilUng index and differential count of

mature eella figures indicate percentages

NeuCftiphtls
1

5
a

i

1

1
1

a

Mrelo
1

cy(n

ju\cnilt Olrlrr
1

lohiU**

0 - 5-5
1 55-70, ' 0-1 20-25| 5-r

nuclear count returned to normal Since the nsc

in the count is due to discharge of young cells

(Stage I) from the marrow
,
when the count again

showed tlm normal percentage of cells of Stage V
it was assumed that the discharged cells had

reached the end of their life ®pan At any rate

the average life of the neutrophils is apparently

much shorter than that of the red cell (p 70)

Tlie Functions of (he Leukocytes

The ncutroplulic poly morphonuclear leuko-

as well os the monocytes and other reticuloendo-

thelial elements constitute probably the most im-

portant elements w hicli the body possesses for its

dcfcn<e against invading microorganisms Their

power to attack bacteria depends upon their mo-

tibty and a proclivity for the mgestton of solid

particles The latter action, which was first dem
onstrated by MetchaikofT, is termed phagocsfloste

(phago—I eat) TTieso two varieties of white blood

cell arc free lances among the body cells, they

wander from pbec to place through the tissues

and .nracticallv no .nart of the bod.v is barred to

them They miinuate a process Ipseudopodturn),

improvised at the moment from their cell proto-

plasm. through one of the joints in the endo-

thehum of the capillary wall Then by causing

the semifluid substance of the cell body to stream

into the protoplasmic projection, they pass out of

the blood vessels "at will ” By this action of dta-

pedcsis,’ as it is called, myTiads of white corpus-

cles may pass out of the \es‘<els m a remarkably

short time Reaching a point where the bacteria

have entered the body they surround the threat-

ened area and proceed to destroy the mvaders If

for instance, an actively inflamed region should be

examued under the microscope, inao«es of neutro-

phils would be seen, and many of these would be

•The term diapedesia, literally a ‘leaping
through ' IS Boroetimes applied to the passage of

ceils through an unbroken capillary wall, but
the term is scarcely appropriate for a passive
process of this nature
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obsened to hold bactenaimpnconod wathin their

bodies As many as 15 or 20 microoi^anisros maj
be seen at times within a single cell It has been
shown that the bacteria arc inge^teil a!ne and
remain so for a time withm the leukocjde {fig

102)

IVhen a tissue such as the mesentery or web of a
frog, in which the capillaries are clearly visible, is

examined m the living state a short time after a
culture of bacteria has been injected into it, the
small vessels leading to the “itc of looculation are

found swarming with neutrophils In the surround

ingti®«ues the ameboid cells are seen moiingsome
what ponderoush hither and thither to engulf the

offending bacteria MTien the latter are intensely

virulent in nature this normal leukoej te reaction

may be scnou«lj depressed The monocytes,

though much less numerous, also join in the gen

eral attack and show their phagocj tic propensities

to a marked degree After the first flooding of tbe

tissues with neutrophils and monocyte* numbers

of the latter come to rest and together with other

reticuloendothelial elements of the tissues undergo

transformation and aid lo isolating the infected

area from the neighboring health) ti«sues Until

this is aceoiaplished the danger of the infection

becoming more widespread alwa\s exists In their

struggle against bacteria equipped as these are

with powerful toxins, mao) of the white cells are

kilted These collect within the center of the in

flamed area together with exuded plasma, liquefied

tissue cells and a few red cells that have escaped

through the injured walls of the capitlanes This

material constitutes pus, and the so called pus

cells are dead leukoc) tes The circumscribing wall

and its eetmfiuid contents constitute an abscess

By the action of the phsgocjtes, aided by a pro-

tein digesting ferment (protease) which the) elab

crate, the overl) mg structures whether coooective

tissue mucosa or skin are in part removed piece

Fic 10 2 Drawing of a neutrophil at half

minute intervals to show motiiit) and phagocy
tons of bactena

meal In this wa> a communication with the ex

tenor is effected and the contents of the cavut) are

discharged

Not only bactena but practical!) an) foreign

matenal, whether a ro«e thorn or a catgut suture,

IS attacked and removed if possible, or loosened

by the neutrophils aided b) the monoevtes and
other phsgoc) tic cells of the tissues The removal

of dead tissue or of blood clot or the separation of

necrotic from living structures is accomplished in

tbe same na) Devitalized bone, although not re

movedm Its entiret) , unless it is of ver) small size

la nevertheless eroded and separated from the liv

ing tissue b) the leukoc) tea The disappearance of

effete organs such as the tail and gills of the meta
morphosing tadpole or the creeping muscles of in

sect larvae as these develop to the mature form,

13 effected b) <similarphagocv tic cells Theappiica

tion of heat to a part also attracts leukoevtes in

large numbers to the capillanes from which thev

munediately commence to migrate

Tbe aclivit) of the Icukoevtea u best studied

bv tbe method of Sandison and Clarke in which

a transparent chamber is inserted into tbe tissue*

€ g , the rabbit s car After a time fine vessels grow

into the chamber through openings in its sides

which ma) be examined under the microscope

Another ver) simple method is that of suproiifaf

stointng \ thin ^m of a non toxic (supravital)

^6 •
neutral red azure, or brilliant cre«vl

blue 13 laid upon a glass slide and allowed to drv

,

a film of blood is laid over this and covered with an

ordioar) cover gls«s which is then sealed with

vaseline around tbe edge* The preparation is kept

warm and examined under the microscope the

cells remaining alive and active The neutrophils

seen in euch preparations are not uniform!) sphen

cal as in fixed emears, but are continuallv changing

their shape P-eudopodia are in constant move

ment and the granules can be seen streaming

through the c)topla£m with each movement of the

cell Tbe rate of progression of the neutrophil is

from 30 to 3o I* per minute at bod> temperature

(fig 10 2)

Of the functions of the other v anctios of granu-

locjtes—the eosinophils and basophils—little is

known The eosinophils are not markedh motile

and onl) ehghtl) phagoc) tic

The fympAocj/lce—although, genenllv speaking

they are not ph3goc)"tic—appear to exert «uch an

action upon certain pathogenic microorganisms,

noUiblv, pncumococpi tvpes III and A great

migration of l)-mphoc)tes ehanctenzes certain

chronic t) pw of inflammation

An important function of the l)Tnphoc)te» is

the manufacture of serum globulin, lx>th^- andy*

fractions having been found in extracts of I\ mph-

ocjtes Immune substances (antibodies) are rec-
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ognircd as being assocntwl ttiHi tlip -y-gtobolm

fractfon, so it n as presumed that the lymphocytes

occupied a hej po«ition m dofen’'c reactions of an

immunological nature The in\ c^tigations of

^Tiito and Doughert\ hn\ c gone a long way to

eubstnntiate this idea The h mphocj tes and sc-

rum of mice ohich had been immunized to sheep

erythrocytes contained an antibody winch Iy«ed

the<e cells, but none was found m the Kmpho-
cyies or scrum of nonimmunizcd mice Fur-

thermore, extracts of the lyanphocytcs of the

immunized animals contained antiboily in a con-

centration from SIX to eight times higher than tliat

found m the scrum Antihcmolysms to staphylo-

coccus toxin ha\c also been demonstrated m the

lymphocy tes of mice immunized to thus toxin Tlie

production of antiboilics in the ly mph nodes was
first demonstrated by McAfaster and Kudacli m
1935, and Ehrieh found that a threefold increase

in output of !y mphocytea from t!ie nodes accom-

panied the antibody production

The mannerm which the Uanphocy tes add glo-

buhn to the plasma appears to be by a process of

m’toplasmic budding and ultimate dissolution in

the lymphoid tissues and blood stream Budding
can be obserxed within a Sanduson-Clarke cham-
ber inserted into the tissues

Ibe supply of globulin to tiie blood is appar

ently under the control of the pituitarx glend

through the action of its adrenocorticotrophic

hormone upon the adrenal cortex Tlie pituitary-

adrenal influence w as demonstrated by VHiitc and
Dougherty in the following wax Rabbitswereim-
munized to sheep corpuscles and after the specific

antibody had appeared in the circulation, were
left untreated for a period of tliree months, when
all antibody had disappeared Tliey were then

divided into four groups One group was injected

With the original antigen, no significant nse in

antibody concentration of the blood of these aoi-

mals occurred Of the remainiog three groups one
was injected with steroid fractions of the adrenal

cortex, another with the adrenocorticotrophic

hormone of the pituitary (ACTH) and the third

wth an aqueous extract of adrenal cortex The
steroid hormones caused an increase in antibody

concentration, nearly as great as that caused

originally by immunization—a maxnnal dissolu-

tion of lymphocytes m the lymphoid tissues and
a scarcity of lyunphocytes in the circulation The
response to the pituitary principle was also pro-

nounced, altliough not as great as that gixen by
the steroids, whereas the aqueous extract caused a
relatively small reaction The adrenal cortical

fractions which exert this effect arc tho<5e with an

oxygen atom in the 11 position (see chapter 5S)

Cortico<t(‘ronc and n-dehydro-17-hydroxycorti-

co«tcronc arc therefore effective in this respect

but not dcsoxy corticosterone

It has ato been found that injections of adrenal

cortical hormone, or of the pituitary principle,

increase tlie bulk of lymphoid ti«sue as a result

of edema, the edema fluid containmg larger num-
bers of lymphocytes undergoing dissolution La-

ter, after the edema has subsided, the tissue

shrinks until its weight is less than before the in

jections Adrenalectomy w followed by an increase

m the mass of lymphoid tissue

Tlie reduction in lymiphocytcs m response to

adrenal cortical hormones and ACTH is of mod-
erate degree The co«mophil3 “how a much more

pronounced reduction in number following the

administration of thc«c principles The eosino-

pema occurs so consistently and is so dchcate

that it IS employed as a means of assaying the

potency of cortisone and ACTH Adrenaline also

causes cosinopcnia, perhaps by stimulatmg

ACTH production Adrenalectomizcd animals

show a lymphocyto«is, and ox ergrowrth of lyunph

Old tissue IS not an uncommon feature of adrenal

msufllciency (Adduon a disease) m man

Tlie Fate of the Lymphocytes

This ha<5 been a puzzling question for a number
of years, for it has long been known that immense

numbers of these cells disappear from the circu-

lation daily According to one estimate, the entire

population of lyrmphocy’tes m the circulation of

the dog arc replaced twice each day (Drinker and

Yoffey), repbeement five times daily is gixen for

the cat (Sanders and associates) Some have

thought that lymphocytes were transformed into

other tyi^es of cell, others that they returned to

the lyunph nodes and were destroyed in the ger-

minal centers But the most widely accepted ex-

pbnation of the wastage of lymphocytes has been

that they are shed from the muco«a of the gastro-

intestinal tract, and no doubt brge numbers are

discharged from the body m this way Neverthe-

less, little effect is exerted upon the disappearance

of lymphocytes m rabbits by the removal of the

entire gastrointestinal tract and the mjection of

some 300,000 000 leukocytes into such a prepara-

tion does not cause a rise m the leukocyte count

It appears now from the work of the authors men-

tioned above that the brge daily tumoxer of

these ccUs is to a great extent at least the result

of their dissolution m the lymphoid tissues and

blood, thus globulm is supplied to the plasma
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Variations in the Numl>cr of Leukocytes
in the Blood Stream

Lettkocttosis

In the e\ent of some damage to the tissues

which calls forth a Icukocj’tic response, not only

IS there a migration of leukocj'tes from the blood

to the “ite of injury, but also a discharge of these

cells fiom the marrow and an increase of their

number m the general circulation Instead of the

normal count of 7000 or 8000 per cubic miUi

meter the colorless cells maj number from 20 000
to 30,000 u ithin a «hort time Leuhoajtom is the

term u^ed to designate an increase lu the total

number of white cells All \arieties of the white

cells do not necessarily share in the increase In

one instance it may be the neutrophils, in another

the h-mphocy'tes or the eosinophils that are in-

creased, and it Ls the presence in abnormal num-
bers of one or other of these w hich then gi\ es the

high total leukoc^ te count It is often of great

diagnostic ^aluc to know which type of cell is

responsible for the leukocyto«is, and in order to

determine tlus a so-called diffeTcnlial count of the

cells IS made That is the numbers of the different

types in a stained smear of blood are counted and

their percentages of the total count determined

Also, clianges in the proportions of tlic different

white eell types may occur although tlieir total

number is normal Such alterations can be re

^ealod only by a differential count The following

example is given in illustration, the lyTtiphocytes

and monocytes are relatively mcre3«ed the neu-

trophils and eosinophils reduced

Total white cells per cu mm 7500

Lymphocytes per cent 35

Monocytes per Cent 8

Neutrophils per cent 56

Eosinophils per cent 0 7

Very commonly an increase in the neutrophils

IS entirely responsible for the leukocydosis On
this account the latter term is used frequently but

somewhat loosely to imply an increase in the

count caused by the neutrophilic elements alone

A eutrophxlxa is a more precise term that has come

into use for the latter condition Lymphocytosis,

monocytosis and eostnophilta are the respective

terms employ ed to designate increase in the other

elements

Acute infections by the pus-forming organisms

—staph\lococeus, streptococcus, etc, arc the

most potent causes of a neutroplahc increase On
this account tlie exammation of the white cells

furnishes a \aluable diagnostic sign for the de-

tection of hidden inflammatory conditions, e g

,

appendicitis, empyema, etc A neutrophilic leu-

kocyrtosis occurs also in pneumonia, whooping

cough, scarlet feier and some other infectious

fevers Tlie nuclear count shows an mcrease in

the young stages at the expense of the older

(cb 11)

Ptcroylglutamic (“folic’ ) acid i^ a dietary con

stituent required by many species for the produc

tion of granulocytes by the bone marrow
,
and

for the maintenance of the normal population in

the circulation Absence of tlus \ itamm from the

diet of monkeys and chicks is followed by a pro-

found leukopenia

Chemolans, Chemical Factors »n Infiammation

Chemolaxis is the term applied to the unknown
' force which draws the white cells from the blood

stream to the point of injury in the tissues This

property of responding by a locomofory move
ment to chemical substances is not peculiar to

leukocytes but is possessed by many types of free

living unicellular organisms Chemotaxis may be

positive (i e , attractive) or negative (repellant)

and although the former is most commonly ob
served in leukocytic behavior certain chemicals

produce the opposite effect

It was formerly thought that the chemical prop

erties of the bacterial toxin were responsible for

this effect but it has since been shown that nucleic

acid and its derivatives guanine adenine adeno

sine etc or some other principle supplied by the

tissues (see below) are the speciGc stimulants In

jections of these substmees cause a rapid rise in

the leukocyte count Toxins or other injurious

agents act probably indirectly by liberating nu
cSeic acid from the ti'isue cells as well as from in

yiw.«llft.iiknr.vti» tJuunaelvea It has bcea miiggjt'iljyl

that the actual force which attracts the cells from

the vessels to the tissue focus may have changes in

surface tension of the blood cell membrane as its

basis for during the early stages of the inSanuna

lory reaction the leukocytes m the small vessels

near the injured site appear 'sticky They col

lect and cling to the walls of the vessels and are

thus separated from the red cells which occupy

the axis of the stream An artificial cell model may

be used to illustrate the surface tension theory

When a small globule of mercury is placed m a

weak solution of nitric acid, the globule moves

rapidly toward a crystal of potassium dichromafe

dropped near it upon the surface of the solution

03 a result of a chemical reaction leading to surface

tension effects, or if the mcrcurv is placed in a

dilutedichromalc solution, it will move away from

a drop of nitric acid in its vicinity (negalivc

chemotaxis) Experiments, however, upon unicclo
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lar orgatusms such as the amoetn, to tthich the

xihite cell bears a stroiiK rcscmblfi»ce, li »vo faiict)

io shovv that the spontaneous movements iro aut

face tension phenomena It must l>e admilteil that

the problem of chemotavjs remains mistdved

l’haROC%to*is does not necessanlj depend ui>on

chcmolaMS but ma\ occur quite apart from it, as

when chemlcldl^ inert mntcrinl, e R ,
particles of

carbon or silic i are engulfed bj leukocytes coining

into contact with them at random On the other

hand, a positive chemotactic cfTcct maj not lie

follontd bv jihagocj tosis, for neutrophils maj be
atlraclcd In some dead or foreign material and
more toward it with the apparent ' intention” of

devouring it, hut not do so

YJpnkrn hasohUtncfi a Ditrogcnou% cr^staihne

primiplc from inBamtn itorj evudates which in»

crea'ses capillarj pe*rmeal)ilitj
,
allowing the free

escape of ph«nu protein, utul mduecs the migri-

tion of Iciikoti tes through the cpillarj wall TIi«

substance, named le ilolazine, appears to lio a
simple {xjlj peptide and ^ rel itcd neither to hista-

mine nor to nutlcic atid It has abo been found

bj others in the stictus entcricus of the rnhhit It

seems to be the fittor re«{)on«ible for the snarm
of leukocitca which m infcctiie and infiamma-

tory states are attracted from the circulation into

the tissues of the affected part Four other sub-

stances have been recovered bj Menken from

inflammator> evudates, these are called the leu.

kocylons promoling facUir (L ? F ), necronn, py.
renn and the leukopenic factor

The kukoeytostt promoting factor causes the dis-

charge of immature leukocj tes from (he bone

mirroir and hyperphsia o! granulocytes am)
megakarj ocj*tcs w ithm the latter It is a pceudrv-

globuhn, or closolj associated with this fracUou

of the exudate, and is presumablj responsible for

for the leukocytosis which is so often a feature?

of the blood in infective states Although in-

creased manufacture of granulocytes is induced
by L P F

,
the rapid increase m leukocytes sug-

gests tliat preformed cells are discharged into tho

circulation, and there is evidence that iQ the early

stages of leukocytosis capillary sinu®e8 of tho

marrow
, harboring masses of leukocy tes, are sud-

denly opened up and their cellular contents dis-

charged This suggests a va®omotor reaction,

which IS substantiated by the fact that even
saline (1 cc ) injected intravenoasly into a rabbit

causes about 300,000,000 mature neutrophils to

enter the general blood stream within 1 hour

Neerosin, wluch is associated with the eiiglobu-

hn fraction of inflammatory exudates, is the sub-

stance which causes tissue injury, lymphatic of>-

fitruetton and necrosis in inflammation The
lymphatic blockage, according to Menken, is

sdlutory since it tends to limit the '«pread of the

infection Injection of this substance intrave-

nously into ntiimals caii'es widespread injury,

eg, hemorrhages into the gastrointestinal tract

focal necroois of the hver and JcukoeytK. infiltra-

tion of the kidneys Xecro«m is thermolabile and

nonpyTOgenic

Pyrextn is a thermostable fraction accoeiated

also with the euglohttlin It appears to be a glyco-

protein It induces fever

Tlie leukopenic factor causes leukopenia as a

result of the trapping of leukocytes in the !ung«,

spleen and hvor Tims factor caiieca inu«ca and

vomiting when mjected intravenously It i-*

closely associated with pyrexm and, oJthougli it

can be separated by mcomplete hydrolysis from

the pyrogenic factor, it has not been shown wath

certainty tliat the two factors arc sepante and

distinct

Inasmuch as Uie leukocytes, especially the

neutrophib, arc c«eential elements m the defen-

sive mechanisms of the liody against infective

microorganisms, their attraction to an infected

part must be looked upon ns a physiological and

salutarv rcs{X>n«e It should, therefore, not be dis-

couraged in any way by agents, eg, many anti-

septics, whicli, altliough themselves mimical to

bacterial growth, defeat their own purpose bv

destroying the leucocytes, or reducing their ac-

tivity Such agents may eien act to repel the

neutrophils from the injured region Sulfanilam-

ide, on the contrary
,
is clauned to actually stimu-

late leukocy te activ ity either directly or by ren-

dering the invading microorganisms less re«iatant,

or more “appetising,” to the phagocytes Some
interesting observations have been made by Mai

lery and McCutcheon on the movements of leu

kocytte m attack, winch giv e a meaning to the

well worn phra'C ' lowered resistance ” Tlie neu

trophiL in samples of blood from patients acutely

lit and from those convalescent from various dis-

eases were observed, and their rates of approach

to a minute clump of bacteria measured and com-

pared with the rates of approach of the ob«en er s

cells under identical conditions In the acutely ill

patients the rate of approach was 9 7 ji per mm
ute, as compared with the normal of 16 1 /x per

minute No significant difference was observed

between the phagocytes of the convalescent pa-

tients and tho‘=e of the ob'erv er

Ph]/ttoloyical Uukoeylosea It had formerly been

tai^ht that an increase in the neutrophils
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occurred during digestion—dipcsitic leukoeylemt—
but it seems that this was a misconception These
cells show spontaneous rhj thmical variations in

their numbers, the total white cell count reaching
its maximum of about 7000 to 8000 in the after

noon, and its minimum, 5000 to 6000, in the early
mormng These variations occur quite mdepend
entlj of meals Leukocj tosis also occurs during
pregnancy, parturition and meastruation, in mus
cular exercise and after adrenalin administration,

or m states such as fear, pain anoxia etc, which
cause the liberation of adrenaline from the adrenal

gland In infants and young children the leukocyte

count IS considerably higher than in adults, the
count IS also less constant in infancy, varying
without apparent cause by 2000 or more per cu
mm

EottnopMia or increase in the number of cir

culatiDg eosinophils, occurs in several conditions,

notably allergic states, e g ,
asthma and anaphy

lactic shock, and in infections bj various animal

parasites, eg, hoohviorm (ankylosloma duodenal)

disease, in which the eosinophils may be 30 per

cent of the total white cell count, and fncAmosis

In the latter infection there is a general leukocyto

sis with the eosinophils running as high as 50 per

cent of the total Infections with hydatids, ascans

and other worms also cause eosinopbilia to a

greater or lesser degree The significance of this

association of eosinophilia with parasitic infection

IS unknown The«e white cells are also increased

in LcoSer s disease and in a number of skin dis

eases, the tissues in the neighborhood of the

cutaneous le«iODs may be infiltrated with eosino

phils During the acute stage of pyogenic in

fections the eosinophils are usually reduced in

number (eosinopenia)
, in the convalescent stage

they are, as a rule increased The eosinopenia

esused by ACTH and by adrenaline has been men
tioned

Lymphocytosis The neutrophils are not slimu

latcd b> tuberculous malarial or syphilitic in

fection In the active stage of such conditions

either an absolute or relative increase in the oum
ber or circulating lymphocytes is the rule In other

chronic inflammatory states and m infections with

the colon or diphtheria bacillus also it is the lym
phoc) tes rather than the neutrophils that are in

creased in number They indicate in general an

inflammatory condition that is undergoing repair,

IS being held in check or at the most is making
slow progress Lymphocytosis therefore occurs as

an aftermath of acute infections The neutrophils

on the other band represent the * shock troops
’

and their presence indicates that a more active

campaign is being waged In joung children a

relative lymphocj tosis is the rule

Monocytosis An increase m the monocytes is

seen much less frequently than that of the other

leukocj tic types Apart from monocytic leukemia

and glandular fever (see below), the chief condi

tions in which they appear in greater numbers
than normal are tuberculosis, malaria, sjphilis,

bracellosis and bactenal endocarditis According
to Cunningham, a decline in the Ij mphocyte count
with an increase in the monocytes in pulmonary
tuberculosis is an indication that the tuberculosis

process is being arrested

Pathological Increases in the Leukocyte
Population; Leukemia, Glandular

Feser

The leukocj tic increases discussed in the fore-

going sections, even those associated with ab-

normal states, are moderatem degree, and are due

to reactions which in themsehes are of a “pur-

poseful” character and on the whole phj-siologieal

But in the leufiemias we find an altogether un-

controlled and often relatively enormous increase

(up to 1,000,000 per eu mm ) m the number of

leukocjtes, and a distorted mode of white cell

production with the appearance of immature

forms in the circulation

The disease occurs spontaneously m the fowl

(chicken Uukcsxs) and in manj mammalian spe-

cies and can be transmitted bj the transfusion of

viable Icukcmic cells of one animal into the circu-

lation of a normal ammsl The transfused cells

multiply in the blood of the host That leukemia

can be transferred in a similar way from man to

animals has not been proied The disease m fowl

can also be transmitted by cell free blood parsed

through a Birkcfcld filter, and is therefore be-

beved to be due to a J mis, probablj a protemliko

substance This substance does not pa®s from an

affected to a normal bird—under natural condi

tions The disease in man or in other mammab
has not, as j et, been related to a i irus IMiatev er

may instigate the abnormal blood state, its in

flucncc 13 impressed upon the earliest progenitors

of the white cells in the bone marrow or Ij mphoid

tissue, which results in the production of abnor-

tnallj formed and malignant blood cells This

same morbid state may produce tumor masses

Oymphosarcoma or mjelosarcoma), clearlj indi-

cating its malignant nature

In experimental leukemia in mice, which is

clo^elj ‘>imilar or identical with the human dis-

ease, genetic factors are prominent The mfluenee

of hereditj is often evident also in human leu

kemia Bj mbreedmg mice which are susceptible

to the spontaneous development of leukemia,

strains ha\e been produced m which from 80 to

90 per cent of the animals show the disease at the

age of from 6 to 9 months Little is known of the
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other riclor« which maj bo cf>nccrn«l, whether

homionnl, humoral metibohe or nutritional (e r .

a ilarnin or mineral i{efici( ncj ) Miller on<l Turner

and tVeam and hi^ colleapiiee e found tliat the

urine of patient« with liukcmja eoiitauw pnne)-

pies s\hjch stimulate Ieukopoie«H in guinea pig*»

and produce a blood picture m these animals re-

spmhling that of human leukemia The actions

of these gul>stanccs suggest that the\ are sjKiific

stimulators of Iciikoc\te produttion It is j>osUi-

liteil tliat lhe% are nomiil prmclple^ (one of

uhicli induces Inperpla'ia of hmphmites, Uie

other of granulocytes), but produeed in oxresa in

UiikeiiiLa Tlic Umphocj te-slimulatmg pnnciph

appears to lie a h\drox\*acid, whereas that which

cau'cs granulocyte hy porpbsia is believed to be a

noncarlionol acid A second mje!oid-=timulalmR

substance, obtained from the unm of patients

with mieloid leiikemn, has the cliancler of a

protein or of a glycoprotein

It has lieen suggested b\ Miller and Turner

thatthc'C two principles normallv act reciprocally

to control leukopoiesis and mamtam a mcc l>al«

ance between the production of mjeloul and
ly mphoid elements The mcoloidstinuilitingsulK

stance induces proliferation of mioloid elements,

inhibition of h mphory tie luporjilasia and matur-

ation ol Ijmphocvtes, whereas the lymphoid ma-
terial acts to stimulate the proliferation of Km
phocjtes, to inhibit mvoloid proliferation and to

induce mvelonl maturation

The incidence of the di«e ise in mice is greater

in females than in mules, wbicli has euggesleil an
influence of the «ex hormones and the adminiitn-

tion ol' estrogen or androgen has been found to

increase or reduce, rcspcctn cly
,
the «u«ccptibihty

of these animals to the experimental transmission

of the disease ll-Dchydro-I7 hydroxycorlicos-

terone for a time reduces the number of leuko-

cytes in the leukemia of mice and causes the

shrinkage of lymphosarcomatous ti««ue, little

bsting effect upon the course of the di«<3«e has
been observed Adrenalectomy lias a pronounced
effect m increasing the susceptibility of mice to

the experimental disease

The thy-mus appears al«o to hav e a definite ef-

fect upon the incidence of spontaneous leukemia
in mice, removal of this structure causing a very

marked reduction Tlie nature of the relationship

is unknown
The leukemias are usually classified oa the I»s)s

of the cell type—lymphoid or mv cloid (e g ,
gran

ulocy tic)—inv olv ed in the malignant hyperplasia

Tlius, lymphatic (f(/nip/io6rastic or lympftocyht^

kukemw anil myeloid (myelocyhc or myelobhstic)

kuhemia, respectively, arc usual designation*

Ijtlier of these may bo classed ns acute or chronic

Tills latter div ision is based not so much upon the

elinieal course of tlie di5ea'c os upon the degree of

immatuntv of the cells m the blooil and bone

marrow, the acute form, as compared with the

chronic, Ijcing iharactcnzcd by cells m the earliest

stage of development In acidc myeloid (myelo-

blasUe) feukcmia the typc-cell is the myehtlasl

Tlie myeloblast is an entirely abnormal cell and

not simply an immature Jeukocvte as foen nor-

mally m the lionc marrow It is a large tell about

20 II m dimieter with a eirglc round or oval nu-

cleus which nearlv fills the fill The chromatin is

di«trihute«l cveiilv throughout the nucleus with

little tondensation into ma^se^ Tiie nucleus con-

tains from four to fiv e nucleoli Tlie eydoplasm fc>

ftronpK basophilic, shows no granulation and is

thin and irregular at the cell boundarv In suita-

ble pnjianilions a slow snail like movement of

those relK can 1» demonstrated by «low cmcma-

tographv Undifferentiated mvejocvtes ore ol o

found in the blood In the clironit form of myeloid

kiikmtn (myelocytic leukemia) myeloblast* are

mfmiuont and flie mjelocydcs more plentiful

In acute lymphatic (lymphoblastic) leukemia,

the charaeten«tic coll is tlic lymphoblast Tlus cell

closcK resembles, but can bo cUstingubhed from

tlie myeloblast by thecoar'or chromatin structure

m its nucleus, by pO'So««uig only one or two nu-

cfeoli ami by showingacharactert tic movement

ilescribetJ by introbe os ‘stately " and appar-

ently purposeful In the chronic form of lymphatic

({ymphocylic) (eudcmia, the feukocytosis is due to

small lymphocytes, which make up over 90 per

cent of the total number of white cells, and may

be 250,000 per cu ram Few immature cells are

seen

Leukemias m which the type cell b the mono-

cyte, basophil, or even the megakaryocyte alao

occur rarely

The somewhat redundant or contradictory

terms tevlemic leukemia, subleuketmc leukemia

and aleukemic leukemia are u«ed, rcspectiv ely, to

designate the abundance, scarcity or absence of

leukocytes in the blood The first mentioned term

18 applied to tho°e loukenuas m which the blood

picture ts dominateil by leukocytes In subacute

leukemia, the white cell count is normal or near

the normal and only an odd immature form can

be found, and in the aleukemic type few or no

abnormal tells are present, the total count is not

increased and may be subnormal But this is only
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a phase of the disease, a ri'e m the leukocyte

count eventually occurs, the leukemia being

usually of the Ijunphatic type

In the treatment of the leukemias, the destruc-

tive action of the X-rajs upon Ijunphoid tissue

and bone marrow is mdely emplojed The life of

sufferers from the chronic form is thereby pro-

longed, but neither X-ray nor any other agent B
of any avail in the acute forms Internal radia-

tion with radioactive phosphorus (pw) 13 also

used in the chrome form and acts hke X-rays,

but has a more selective action Within recent

years several chemical agents have been advo-

cated for the treatment of chronic leukemias, e g

,

urethane (ethyl carbamate), especiallj' in the

chronic myeloid tj’pc, nitrogen mu^rds, 4-

n.vcv«vo-me.t.h^l pteTOylglutAtnie acvd (anttwoptr

erm) or other folic acid antagonist

In IIodghn'8 disease, which is allied to the leu-

kemias, there is general enlargement of the

lymphoid tissue and usually a moderate leuko-

cytosis (15,000 to 25,000 per cu mm ), m which

neutropluls predominate and Ijmphocytes are

reduced

The monocytes and Ij-mphocytes are increased,

in the condition originally named glandular fettr

by Pfeiffer (1889) and tn/eclious numonueUosi*

b} Sprunt and Evans (1920) There is enlarge-

ment of the cervical Ijmph glands, spleen, and

liver, and a leukocytosis, usually not exceeding

20
,
000,

of which the mononuclear leukocjies

(monocytea and leukocjies) constitute from 60

to 90 per cent or more A characteristic serological

feature of this disease is the usual although not

invariable, finding of a high titer of agglutuiins

against sheep corpuscles (heterophil antibodies),

as first shown bj Paul and Brunnell

Leukopenia

Leukopenia mean« a reduction in the number

of circulating leukocj'tcs It is seen m certain dis-

eases, notably typhoid fever, and may be in

duced expcrimentallj by injections of the toxin

of the typhoid bacillus—or emulsions of the dead

organisms, and also by the injection of Menken's

leukopemc factor (p 93) ,
the action of the adre-

nal cortical hormones and ACTH m producing a

reduction m IjTnphocj tea {lymphopenia) has been

mentioned (p 91) Leukopenia is also a feature of

‘ folic acid” defieiencj in some «pccies, e g , mon-

key and chick In some cases m which the white

cells are reduced m number m the blood, the re-

duction 13 due to their attraction to some solid

organ such as the lung or spleen This has been

^hown by takmg blood counts from various re-

gions In other w ords leukopenia may be due to a

redistribution of leukocytes in the body, rather

than to an actual reduction in their number A
temporary fall in the leukocyte count may pre-

cede a leukocytosis Certam poisons, e g ,
benzol,

cause leukopenia by depressing the activity of

the bone marrow

Granulocylopenta agranulocytosis, etc Granulo
eylopenia is the term applied to an abnormally low

leukocyte count due to the reduction in granulo

oytes The lymphocytes and monocytes are but

slightly reduced or not at all, so that their propor

tton of the total count is increased One or both

of th«e types of agranular cells sometimes show
an absolute increase There may be complete ab

6tw« ^ gtawwtweytes vtVvew vV* Vmtq ftpraniilocjj

tosts is applicable In most instances the absence

of granulocytes is associated with a severe septic

or necrotic condition of the throat This condition,

called agranutocytie cn^ina, is fatal in the great

lASJontv of cases The cause of these states is un
known but the fault is evidently one of the bone

toarrow, and is probably induced by some toxic

agent The marrow shows frequently an almost

complete suppression of gfanulocyte formation

but IS normal «o far as ery thropoiesis is concerned

In animals reduction in the granulocytes is readily

induced by the administration of bensol which

acts specifically to depress marrow activity and
there is a belief that m some cases agranulocy toais

IS induced bv certain benzol derivatives employed

for their antipyretic or analgesic properties The
arsenobenzenes, dinitrophenol and rarely sulf

amlamide and sulfathiazole have been incnmi

nated Amidopyrine was the 6rst drug shown to

exert this effect but other drugs e g sulfona

nudes, arsenicals certain derivatives of quinine

and chloramphenicol sometimes cause the disease

In the treatment of these conditions pentose nu

cleolidehvs been employed with the object of stun

ulating the granulopoietic functions of the

marrow, but pteroylglutamic acid (“folic acid )

appears to be the most promising agent yet dis

covered for the treatment of granulocytopenia

(see fig 10 3)

In some cases of agranulocy tosis the bone mar

row shows an increase in the number of primitive

cells of the granulocyte senes (myelocytes and

myeloblasts), and cells of these stages appear in

the circulation The maturation of granulocytes is

apparently arrested at an early stage (ch 11)

From the analogy between this fault 10 granule

pOiests and the erythropoietic abnormality seen lo

pernicious anemia, the condition has been termed

pernicious leukopema, or the maturation type of

tbs disease
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Tltc Blood Platelets (Tliromlioc) tes)

These arc commonlj "tated to be simplj frag-

ments of protoplasm 0 e , non-nuclcatcd) dcmctl

from the c}dopLasin of the megakarjocjdca (p

106) Tlieir colorless cjtopbsm contains

t^-pes of granules Tliosc of one tj*pc are arranged

central!} m clumps or cliams and stam supra*

\jtall> viilhncutralredorazurebluc Tho'cofthc

other Utw are discrete, stain supravitalK with

Janus green and are scattered throughout the

bod> of the cell The platelets ha>e an average

diameter about a third that of a red cell, namel}

,

2 5fi, and number from 200,000 to 400,000 per cu

ram The most usual figure found in health is

around 250,000 per cu mm TTiesc Wood efements

^ar} considerablj in shape Their best known
function IS concerned nith the mechani'un of

blood clotting (ch 12) Tlic disintegration of

the platelets la said to occur more readif> m
blood drawn during the digestion of a meal of

meat

Vanationa m the number of platelets occur m
the following conditions Thej arc increased after

a meal of meat, after hemorrhage and in certain

allergic conditions, in mjeloid leukemia and m
commlesccnce from infections

Thej are diminw/tcd m purpura hemorrhagica,

aplastic anemia, pernicious anemia, m anaph>.

laus and in the acute stage of septic infections

and as a result of irradiation

The number of platelets per cubic mifljmeler

msj be determined by diluting a sample of blood

nith a fluid Composed of sodium citrate 3^ per

cent formalioO^ per cent and brilliant ere*} 1 blue

0 1 per cent, and counting iniinediatelj The pro-

portion of platelets to red cells (normally about 1

to 20) IS determined If the number of red cells

per cubic millimeter is known then the correspond
ing number of platelets is readily calculated More
commonly now a count of the platelets is made
after diluting the blood with a solution which
deatrojB the red cells Probablj the most accurate

method is that described b} Brecher and Cronkite
who used atnmomum oxalate as a diluting fluid

and phase contrast micro«cop) for counting

Besides their well known role in the coagulation

of blood (ch 12) the platelets probablj eerte

other functions They haie a pronounced tend*

enev to agglutinate into masses and to fomj de-

ports upon any roughened surface or foreign

material Particles of India ink or microorgamsms
injected mto the body become surrounded bj a
mass of agglutinated platelets They may there-

fore aid in the body’s defense against mfecU%e

Fio 10 3 ^bowing the cfTect of folic acid upon
the grasuloci leo in agranuloc} tosis (After Black
and Stanburj slightly modified )

agents It is probable also that they "OrNe to «eal

leaks in the capillaries by adhenng to small de-

fects which maj occur from time to tune in the

debcatc endothelial wall Thej constitute the first

defensj against the loss of blood from larger ve«-

ecb Collecting around the margms of the imscular

wound they fiefp to ch^ it, or at any rate «en e

to fasten the clot, which subsequently fonns, to

the \ascular wall, through their action m indue

mg retraction and consolidation of the clot, thej

narrow the opening m the i essel and form a firm

plug withm its lumen They liberate a Tasocon

stricter principle which is identical with a sub-

stance extractable from serum (serotonm or S-

OH-tOptamine) Platelets possess substances

which exert complex antigcmc effects Thej con-

tain some materials which appear to be identical

with the ABO blood antigens and others which

are distinct and seeminglj specific According to

HamngtoD antibodies for platelet antigens maj

be naturally -occumng or immune, complete or

incomplete, agglutinins or lysins Platelets pre-

pared by differential centrifugation arc relatu ely

free from the other formed elements of the blood

These preparations may be effectiv e m unproi mg
xascubr tone and preienting Id's of blood m
severe thrombocytopenia The length of bfe of
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the platelets has been estimated at from 3 to 5
dajs
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11
THE ORIGIN OF THE BLOOD CELLS—HEMATOPOIESIS

Introduction

There are twomamachoola of thought concern-

ing the de\ clopment of the blood cells in postnatal

life (a) Tlie imttonanor monaphytchc school holds

the Mev\ that all tj^pcs of blood cells are derived

from a common prinijtne free cell irhieh the}

term the ' stem cell ’ or /lemocytadliMi (b) The
dud^itc school believes m the cTislence of tno

distinct tj’pes of stem cell, one m the bone mar-

row which gives nsc to the myeloid clementa

—

er3 throc3dc«, granulocjdcs and mcgakarjocytcs

—and the other in IjTnphoid tissue which is re-

sponsible solel> (or the genesis of the bmphocyte
It IS not possible to speak unreservedly for either

IheoTj
, though the Unitarian view seems to hav e

the balance of evidence in its favor and wiU be
followed in this text Both schools arc agreed,

however, that in the early embrjo the mesen-

chyme gives nsc to a primitive free ccU from
which all the blood cells are denv cd It is also

gencmll} conceded that ccrtaui cells (reticular

cells) of the bone marrow and Ijnaiphoid tissues

of the adult are the representatives of the

racsenchj'nie cells of the embryo and to such cells

all the hJoud cells tmcc ihffjT hreage

The point at issue is. Do the bone marrow and
lymphoid tissues give nse to two cell types, with
their potentialities restricted, the one to the de-

velopment of erjdhrocj'tes and granulocjrtes, the

other to the dev elopment of Ijinphocytes’ Or,

Do both tjTies of tissue, myeloid and lymphoid,

give rise to a pnmitive free cell—the stem cell or

hemocytoblast—with potentialities for the pro-

duction of all types of blood cells, but whose de-

velopment along one or other line is determined

simply by its immediate environment? ’ The lat-

ter is the oionopbyletic view (Fappenheim, Maxi
mow)

It 13 not maintained, however, that the indi

vidual blood celU arise, under ordinary circum

stances, m direct line of development from the

stem cells, that is each blood cell from a hemo-
cytoblast In health, the blood cells are produced
through the multiplication of cells belonging to

later stages of hemopoiesis (erythrobhats and

myclocj'tcs, p 106 and fig 111) In other words a

single stem cell is the ancestor of many millions

of mature blood cells This type of development,

imoliing the proliferation of cells of later stages

and the production of daughter cells of the same

type which then undergo maturation, is called

homoplastic hemopoiesis

Under pathological conditions, on the other

hand, the stem cells may undergo activ e prolifera

tion, and produce, directly
,
immature blood cells

(erjlhroblasls of various ages, myeloblasts and

myelocydcs) This is termed heteroplastic hemo-

poiesis

Scheme I, and figures 11 1 and 11 2 will en

able the reader to follow the de«cription of the

blood cell ongms wluch will now be given

Ilemaiopoieais (Blood Formation) at

Difrerent Embry onie Ages

In the Eault Esisbyo

The tolk sac The first signs of blood and blood

vessels appear in the mesenchyme of the wall of

the yolk sac le , outside the embryonic area

proper At a very early stage groups of mesea

chj 109 C9})j m ihl3 t>}9e>d tjJs-vdj pj

Ponder—are first observed to arrange themselves

into cords or columns which soon separate into a

central and two outer layers

The outer two enclosing lay ers form the walls

of the pnmitive blood vessel—primitive endotke

hum Of the central group some go to form the

first blood cells, whereas the secretion or actual

solution of others forms the plasma m which the

cells are suspended These free elements are known

as the pnmitm blood cells After this the mesen

chyme loees its power to produce blood cells

directly A few primitive blood cells may anse

from the primitive endothelium from tune to time,

but they are few xn number and the proce®3 is be

lieved to be relatively unimportant in most mam
mals, and does not persist for long The further

development of the pnmitne blood cells follows

one or another of two courses (a) Some of the

cells—primary erythrdblasts and crj/lArocyfe*— ac

quire hemoglobin and serve as oxygen earners

These are short lived and soon disappear forever

(b) The rest remain coIorle«s and apparently an

99
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Fig II 1 Diagram showing maturaiioa of the
red cells The view of ‘'abin, Doan and associates
IS indicated bj the parenthesized terms (see foot
note, p 105] As mentioned in the text the earl>

and late erythrobla-sta of these observers are
termed poljchromatophil erj throblasts b> Maxi
mow This term has been omitted from the di

agram for tho sake of simplicity (modiSed from
Sabin)

Fig 11 2 Diagram showing maturation of the

granulocjtes Parenthesized terms are those of

Sabin Doan and associates (modified frombabin)

changed from their primitive state, they are ttry

tiimlaT to if not identical in appearance with, the

large lymphocyte These cells are found in adult

bone marrow and Ijmphoid tissue, and id small

numbers in circulating blood They are termed by

Maximow “hemoeylobla-its" and upon (hem the

monoph^letlc conception of blood formation in

p>c«tein\)Tj onic life is based The> are the “stem

cells’ and are, according to the Unitarians, po

tentiall} capable of producing any of the blood

cells in the adult Though the«e cells arc identical,

morphologically, with the primitive blood cells of

w Lich they are an older stage, apparently they are

functionally different, for they form secondary
erythroblasts and erythrocytes (which the primi-
tive cells do not) but never pnmory erythrocytes

(Scheme I) They also give rise to megakaryo-
cytes The latter are enormous cells (40 p) with
muUilobed nuclei The primitive endothelium
as well as the primitive blood cells gives rise to he
mocy toblasts and also to a few histiocy tes (p 102)

which show phagocytic proclivities devouring
degenerated red cells In mammals few granulo-

cytes are formed withm the yolk vessels They
arise extravoscularly from hemocy toblasts de

nved from the mesenchy me cells

!•» THE BOOT OP THE EMBRTO Although thcsc

stages of blood development are proceeding in the

me«enchj me of the yolk sac, the heart and vessels

are developing in the embryonic area Soon the

embryonic and extraembryonic systems of vessels

form communications with one another and the

pnmitive blood plasma, primary ery throcy tes and
bemocy toblasts flow into the body of the embryo
The mesenchyme cells of the general connective

tissues of the embryos body also form hemocy

toblasts at this time From these stem cells

secondary erythrocytes and later, granulocytes

and lymphocy tes are produced Blood formation

throughout the general mesenchyme is, however,

of short duration Uemopoie^is soon becomes lo

calized in tbe liver, spleen, bone marrow and
lymph glands Normally it is only in these situa

lions that the mesenchyme cells exhibit their

powers of producing hemocytoblasts, therefore, it

IS exclusively in these tissues that the hemopoietic

function for a time IS earned on

Is Lite EiiBRYOvic astj Postvatal Life

Id the later part of prenatal life of most ani-

mals, the hier and spleen (except the lymphoid

tissue of the latter) lose the power to produce

stem cells and so no longer ser\e as blood form-

ing organs The hemopoietic function from now

on resides solely in the bone marrow and lymph-

oid tissues (p IW) The marrow is concerned

with tlie production of red cells, granulocytes and

platelets, the Imphoid tissue of lyunph glands,

of the Pejer’s patches of the intestine, and of the

spleen and thymus form Ij mphocytea In certain

animals, such as the opossum and frog, the forma-

tion of red cells (erythropoiesis) and of granulo-

cjdes (granulopoiesis) is continued throughout

adult life by the spleen In the bird, although the

marrow is the chief organ for blood formation,

the liver still retains m part its embryonic hemo-

pmctic function

In htc embryonic and postnatal life the mesen-

chyme gii cs rise to three mam tvpes of cells

1 Those which retain their embryonic potencies

throughout adult life, being capable of producing
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Mesenchyme of jolk sic

Endothchum Prinutive I’losma

j
Mood cell

Ilemocjtoljlasts llistiocj tea

Primnrj erj Uiroblnsts IlemocjloMast

I

IPnmarj erj throcj le I

Secondary ery throMaat

I

Secondary crytbrocy tc

Scr{cu£ I Dmoram to Srow the Develomcent

iOi

Gencrnl me«onchy me cells in body of embryo

I
^ 1

Endothelium llemocytoblast Histiocytes

Heroocytoblnsts 1

Secondary Myclo Lyrapho Megakaryo
ery throblasta cytes cytes cytes

I I
I

Secondary Graniilo Platelets

ery tlirocytcs cytes

THE Btooo Ceils iv the Eablt Eubrto

Megakary ocytes

hemocytoblasta (stem Cells) and so of generating

any or all of the blood cclU feotne of these, called

the mhrj/onic reltevlar cells, are situated in the

reticulum of the bone marroiv and of the lymphoid
tissue Ordinarily those eells, as stated on page
J07, are restricted m their hemopoietic activities,

the great majority of the blood cells m conditions

of health being formed by the divisions and re

divisions of cells of their oim kind (homoplastic

hemopoiesis) Cells having similar potencies are
also present in the general connective tissues, and
m these situations arc spoken of as undijfereitfiafed

mttenchyme cells Under ordinary circumstances
these latter cells do not give rise to stem cells As
the result of some abnormal stimulus, hoaever,
their dormant powers inherited from their mesen
chyme ancestry may become aroused and they
may then give rise to the various types of blood
cells For example, areas resembling marrow tissue

may be produced by the experimental stimulation
of these undifferentiated cells, the several types
of blood cells are formed within such areas Maxi
mow rendered the kidney of the rabbit necrotic by
tying the renal vessels, and thereby induced in

this Situation hemopoietic activity reseiabliag

that which occurs in adult red marrow Marrow
like tissue producing erythrocytes and granule
cytes may also arise as a result of an abnormal
stimulus in the spleen, liver, adrenals, aorta,

lymph nodes and other sites In certain forms of

anemia, especially of infants, the extramedullary
formation of red cells sometimes occurs (in kid
ney, spleen liver, etc ) and in leukemia granulo
cytes, which normally arise only in the bone
marrow, are produced by the spleen

2 The second type of cell has retained a certain

measure of its embryonic ebaraclenstics These

cells are endowed with the remarkable power of

allering Ibeir form and Suneiions undar appro

priatc elimulation They are found in the general

connective tissues ly mg among the fibroblasts

They are allied to the connective tissues oa the

one hand and on the other to certain white cells

(monocytes) of the blood and so form a connecting

link between the tissues and the eirculating cells

The cells of this group constitute what has been
termed as AschofI the reliculocndolkeltal syalem

(Scheme II)

3 In the general connective tissues the great

majority of the original mesenchyme cells become
transformed into the ordinary and completely

differentiated connective tissue elements—the

fibroblasts These, once formed remain practically

unchanged in structure and in function

Tlic Heticulocndotliehal System

To tire cells of this system tlie general term

histiocyte has been applied The term simply

means a tissue cell, and on this account is w ithout

descriptive \alue But it would be difficult to com
a word that would embrace all the various cell

types of this system, and yet would be sufficiently

explicit to distinguisli them from some of the

blood cells Pyrrol cells is a term that lias been

used in the past for a reason tliat will appear pres-

ently The different tyTes of histiocytes possess

one characteristic in common They are phago-

cytic for foreign particles of all sorts, for this

reason they were called macrophages by Metch-

xukoff to distmguish them from the much smaller
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Reticuloendothelial cells or histiocytes—macrophages

I Fixed histiocytes II Wandering histiocytes

1

1

Conneetiie tissues

(resting

1

Reticular

in reticulum

^

“1
1

3 4 Solid

Endothelial 3/icrogfta

lining sinuses

1

Blood histiocytes

1
1

wandenng) of aplecD or capillanea of

cells lymph glands

bone marrow
liver (Kupffer

eella) spleen

bone marrow,

adrenal

pituitary

ScilBUE 11

Of extraneous

origin

Mono
cytes

phagocytes of the blood—the neutrophils or mt
cTopkages In one particular, however, the histio*

cytes differ from all other cells of the body

—

neutrophils included They are etamed m the

living state by neat solutions of certain colloidal

djes—pynol blue trypan blue lithium canmae,

etc The vital or supravital staining reaction is

simply a process of ultramicroscopic phagocytosis

Th^t IS the line ultramicroscopic particles of the

dje are taken up from the solution (which is too

dilute to stain orduiar> celH) and as a result of

their accumulation into larger masses in the cyto*

plasm become visible under the microscope It is

by means of this reaction that the macrophages

can be detected among the ordinary tissue cells

from which it is sometimes difficult otherwise to

distinguish them

Varieties of Reticuloevdothelial

(R E ) Cells

The reticuloendothelial cells or histioc>’tes may
be divided for the convenience of description into

two groups—jlred and vxmdenng (cf scheme If}

Fio 113 ^.macrophage loaded wilh particles

of India ink B macrophage showing processes

C, red cell (semidiagrammatjc)

FixedRE Cells

1 Or the coxuioN convective tissues ( TlS

BOE uisTiocTTEs) and of the loose tissue of the

serous membranes e g omentum pleura etc

These are also sometimes referred to as resting

wanderiDg cells Tbeir morphological character

•sties are various Some are round or spindle

shaped others are squamous whereas many have
long mobile processes They he among the fibre

blastic elements and often can be (iistinguisbed

from the latter only with difficulty except by
their special staining reactions They maj at any
time as a result of some stimulus particularly one
of an laSammalory nature become free and wan
der through the tissues After the stimulus has

been removed they may again come to rest

2 Op the beticclcu of the spleen lymph
glands and bone marrow These are large cells

/oined to one another by means ol long branching

processes They lie among and are attached to

the fibers of the reticular stroma They too given

the necessary stimulus may become detached and
actively motile

3 Flat evoothelial-lieb cells lining the

bfood sinuses of the spleen bone marrow adrenal

cortex and pituitary This group al<>o includes

those most interesting structures—the large flat

tened stellate cells in the blood sinuses of the liver

(Kupffer cells) The latter possess manj branch

mg processes and project into the capillarj lumen

la many instances they are almost free being

moored to the capillary wall by a delicate strand

of protoplasm At other times they may become

detached and are earned away in the blood stream

(fig 11 3)

4 MicaoawA of the central nervous system

Wandering R E Cells or Free JhsliocyUs

1 Op THE 80UD TISSUES From the forcgoiBg it

IS seen that many of the fixed histiocytes may

apon occasion become actively motile Large cells
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of this tjpe are found in the B^ncrnl conncclivc

ti««ue'* in (he omentum in the splenic pulp and

ID the I>mph fclinih, hone mnrrow, etc ffig 111)

The \iandenng cells on the other hand come
to rest and become fixed for the time On account

of tJ cman\ different forms ulucli these uandenni;

microphflgrs inn> assume as a result of an infljm

matQr> stimulus Maximow has nnmid them
pol^hlasts

2 Or THE ulood (a) Of extraneous ori^m

Under certain circumstances as a result of some
intense pathological stimulus (c g leukemia bac

tenal endocarditis), the ordinarj ti«sue macro
phages alreadj mentioned mnj be found in large

numbers in the blood stream Thev arise chicilj

from the spleen and hone marrow and swarm into

the venous sjstctn but rarclj reach the arterial

side for, on account of their huge size (30 p) they

arc strained out hj the capillancs of the lung

Large numbers ma) be obtained from the n^ht
heart but few if anj from the left

(b) Vonocytea (see p 87) The origin of these

normal elements of the blood has been the subject

of considerable eontfovcr«\ According to some
thej ansa solelj from histioeytcs especiallj of

the spleen and bone marrow and arc there

fore cls««cd with the reticuloendothelial system
Lewis boa shown that in hanging drop cultures

macrophages maj be transformed into monoc> tes

or Mce rersfl Maximow on the contrary believes

that the raonoc) tes anse from mphoej (es stal

ing that in certain situations eg in the spleco

all tran<itioQal stages from U mpboc} te to mono
cj te may be seen

Fovc^0^w OF TRE BETlCtTLOEVDOTHEUAt

Ststeji

The word ‘ endothcbnl ' is not quite appropn
ate The cells lining the blood sinu'^s »rc not true

endothelial cells The ordmarj endothelial cell of

the blood \raseh is a highly differentiated cell

like the fibroblast and has no charncters in com
mon with the go-ealJed endothelial cells of the

smuses of the bone marrow, spleen, etc These
are called hltoral (“hore) cells by Maximow The>
are relics of the pnmitn e endothelium

From the account of tlie lustiocytes which has
been giv en it is quite ei ident that phagocytosis is

one of their chief functions In this they consti

tute one of the most important and powerful

means b> which the defense of the body is sus-

tained Their action though similar to that of the

neutrophilic leukocytes, is less mobile and more
localized m character They, with the aid of the

lymphocytes, contribute toward the repair proc-

ess which follows the acute phase of a tissue m
jury The various types are for the most part

mdilj transformable one into another, the dif

ftrent formi w hi hthey assume ix'ing determined

In local cm irorimental conditions and the nature

of the stimulus Any of the stTtionary cells may
change into wandering histiocyies (macrojilmgcs)

or mobile nils mn\ become fixed and cither retain

in the sessijc state their special phagocytic prop-

erties or lose these entirely and become com erted

into the ordinary connective tisue elements

—

fibroblasts—or into epithelioid cells The fibro-

bl »sts howev cr, ne\ or undergo tiie rev erse change

and assume ameboid characters once formed tliey

remain fixed According to Maximow Ivanpho-

cylos may give rise to macropliages The latter

however, never give ne to lyrniphocydes

In chrome inflammation or in the repair atage

of an acute process the histiocytes play an im
porlant r61c Some (the so called dust cells of the

lung) arc re«ponsif)le for (he removal of foreign

particles ivhieh have been carried into the pul

monary alveoli by the inspired air The abililv of

the Kupffer cells to take up ingested thorium di

oxide (Thorotrast) which is opaque to the \ rays

IS made u«c of to delineate the liver in tJ e living

subject The spleen placenta ureter and kidney

pelvis the vessels of the extremities or of the

iirain and the cerebral ventricles can at«o be out

lined radiographically by means of this agent The
adimnistration of Thorotrast is not however,

free from danger It is radioactive the alpha ray

activity of 2a cc of Thorotrast being equivalent

to that ot 1 ftSof radivm which is aufDcient to pro

ducc pathological changes insusceptible persons

Tbonuin dioxide is eliminated from the body m
insignificant amounts almost all being penna

oenlly stored to the reticujoendothebal cells of

the lione marrow spleen and lungs as well as in

the Kupffer cells and even though no deleterious

effects result from its radioactive properties it sets

up a proliferation of connective tissue by acting

os foreign material

The epithelioid and giant cells of certain «pecific

inflammatory processes e g tubercle which are

derived from the histiocytes is but another in

stance of the latter s protean nature and it is

owing to these activities that the tissues are

rendered so remarkably adaptable and plastic in

their reactions to altered conditions The omentum
for example has long enjoyed a reputation as a

protective structure owing to its ability to form

adhesions which serve to seal perforations of the

gaatromteslioal tract or to isolate infected regions

within the abdominal cavitv The omental tissue

IS particularly richly "upphed with both sta

fionary and wandering bistjocvte® It contains

also even in health immense numbers of Ivmpho

cytes which in part are derived from division of

tbeir own kind locally, and in part, have come
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from the blood stream Normally the presence of

these various cells in such numbers gives an ap
pearance closely resembling a defense reaction

—

the physiological inflammation of Ilossle IIis

tiocyles and lymphocytes are continually being

cast in showers into the peritoneal cavity at all

times but to a much greater extent in imtative
conditions Monocytes have been studied in irans

parent chambers inserted into the tissue of the

rabbit s ear They have been observed to leave the

circulation and to become motile and phagocytic

and othenvise indistinguishable from tissue his

tiocytcs

The formation of bile pigment (ch 39) and the

final destruction of the blood cells (ch S) in the

spleen are other well established functions of the

histiocytes The reticuloendothelial system is also

believed to be concerned with antibody formation

In certain pathological conditions, the Itpemia

of diabetes Gaucher a disease and Niemann Pick a

disease (ch 8) the reticuloendothelial elements,

especially of the spleen are markedly increased in

number and become loaded with lipid material

The Blood-Forming Organs of

Postnatal Life

Bed c^s, granulocytes and possibly platelets

are formed in the bone marrow, and lymphocytes

in the lymphoid tissue The stroma or reticulum

of these structures is the essential blood forming

tissue The latter consists of (a) a fine network

of cylindncal or nbbonlike fibers which can be

stained by siUer preparations and (b) large cells

—

reticular cells—which are fu«ed together by

branching processes to form a loose network, the

latter is intimately associated with the network of

fibers which appear as remforemg strands The

reticular cell (embrjonic reticular cell, p 101) is

fJtw JMa.cfisf- iyvircumb in the adulf. to the

primitive mesenchyme cell The blood forming

capacity of the myeloid and lymphoid tissue de-

pends upon the abiLty of these cells to form hemo-

cytoblasts which in turn according to the cn

vironment in which they arc situated, are capable

of developing into red cells, granulocytes or

megakarjocytes on the one hand or Ij-mphocytes

on the other

The Bove Marrow

The red bone marrow is the hematopoietic tis-

sue for erj throcj tes and granulocj'tcs in postnatal

life In the adult, this tissue is almost entirely

confined to the flat bones such as, the sternum,

ribs, diploe of the skull and the bodies of the

vertebrae There is httle or none, usually, la the

long bones, such as, the tibia and the bones ol the

forearm, although small amounts may be found

m the ends of the femur and humerus in young
robuH adults The total volume of red bone mar-

row m the adult human body amounts to about

1400 cc In infancy red marrow is pre«ent, not

only in the ends of the long bones but it fills the

cavity of the shaft which in adult hfe contains

only a yellow fatty material, this is not hema-
topoietic However, even in the adult the fatty

marrow retains the essential reticular structure

of hematopoietic tissue and is therefore capable

under appropriate stimulation of blossoming into

red marrow So under certain conditions, for

example in pernicious anemia and to a much
less extent during residence at high altitudes or

m any state associated with long-continued oxy

gen lack the red marrow is increased m amount
It encroaches upon the medullary cavity of the

shaft replacing to a greater or less degree the

fatty tissue * In aplastic anemia on the other hand

the fatty marrow increases at the expense of the

red marrow

In old age the volume of the red marrow is

much reduced and most of the flat bones con*

tain minimal amounts

Drinker has shown that the circulation of the

marrow is closed i e ,
the blood and the reticular

tissue are eeparated by a complete membrane
This IS contrary to the older view that the blood

came into direct contact with the marrow cells

through gaps m the capillary walls The vascular

bed of the marrow is a meihwork of small blood

sinuses (<musoids) lined by flat endothelial like

cells similar in character to those lining the si

nuses of the spleen Not all the sinusoids how
ever, are open at one time It has been esti

mslfd liy Dnao that the marrow rnntams a ^reat

many more of these vessels than could possibly be

accommodated within the resistant bony encase-

ment, were they all m the dilated state Some of

the sinusoids are completely collapsed and im

pervious to the blood Others are dilated but

owing to the vessels that lead to and from them

being constricted, they are isolated from the gen

eral circulation Regions of low oxygen tension

are in this way provided It has alreadv been

pointed out (p 13) tliat a low oxygen tension

serves as a stimulus to red cell formation

• In some cases of rapidly developing anemia fat

dn^lets may appear in the pcnpheral blood and

alter some cases of hemorrhage the fatty acids of

the blood increase These facts suggest a dispersal

of the medullary fat id order to make room for an

extension of the blood forming tissue—the red

marrow
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The blood cells, if the obsenations of Maw-
mow are accepted, are formed cxtravascularly

and Bubsequcntly enter the blood stream * Theip

pressure upon the endothelial wall causea its ero-

sion or rupture and the cells m^ade en masse the

lumen of the sinusoid i\here further growth and

maturation of the cells follows Finallj , through

the opening up at certain periods of the \csscls

leading from the hemopoietic region, the mature

cells escape into the general circulation Tlie sud-

den showers of ioung cells that occur in pernici-

ous anemia (blood cri«ea) maj be explained b> a

process of this nature That the deliierj of red

cells mto the circulation is normallj mtcrmittcnt

13 also suggested bj the fact that the red cell

count 13 not constant but shows a diurnal rhythm,

the highest counts occurring in the mominghours
There may be a difference of 300,000 cells or so

between the maximal and minimal dadj Jexeb of

the red cell count Norroatly no cells enter the

general blood stream until maturation is nearly

complete Druihcr, for instance, was unable to

cause the pa«sage of immature forms into the

blood bj prolonged perfusion of the marrow or by

muscular exercise The perfusion fluid evidently

was usable to open a w a} into these isolated pools

and wash out the immature forms From what

we know of the capdlarycirculation mother situa-

tions this IS not unexpected (ch 15, 23 and 26)

Smcc the mtroduction of the technique of

bone marrow puncture and of culture methods

our knowledge of the cellular structure of hu-

man marrow under normal and pathological con-

ditions has been greatly advanced The total

number of nucleated cells per cubic millimeter

m the bone marrow is around 75 000 Cells of

the granulocyte series make up about 25 per cent

and those of the erythrocyte senes from 50 to

60 per cent The remamder are megakaryocytes

and unidentified cells (see Plate I)

The Matubattov of the Blood Cells

Erylhrocytes—Erythropoiesxs

The red cells pass through several stages before

they attain full matunt} In the examination of a
simplified (hypoplastic) marrow, such as may be

induced in the pigeon by underfeeding orm mam-
mals after poisoning with benzol, most of the

stages can followed (cf fig 11 2 and frontis-

piece) The reticular cell, as we have seen, gnes

’ Sabin Doan and others contend that only the
granulocytes have an extravascular ongio, the
erythrocytes being derived not from reticular
cells but from the endothelial elements (littoral
Cells of Maxitnow) of the marrow capillaries

nse to the hemocytoblasl The latter divides into

two daughter cells which stain deeply witli basic

dyes These arc called 6a«opAific enjlhroblasts by

Maximow
,
they contain no hemoglobin The next

stage which may be distinguished is, following

Maximow ’s terminology, the polyckromalophil

erythroblast Tlie earliest cells of this “tage are

large, with a brge, round and often tesicular

nucleus, their cytoplasm is rich in basophilic ma-
terul but alao contains traces of hemoglobin Tlie

hemoglobin concentration increases in amount as

dexclopment adxanccs, the more mature cells

being well supplied with pigment Hemoglobm is

acidophilic, so the cells of the erythroblast stage,

since they ha\ e retamed a relati\ ely large amount
of basophilic substance, stain with both acid and

basic dyes Tins property of dual staining, known
as polychromasui, dimimshes again as the cells

mature bey ond the crydliroblastic stage and grad-

ually Io«c Ihcir basophilic material

Several authors (Sabin Doan and associates)

distinguish three types of cells during this stage

of development—the rntgoloblas! and the early and
late erythroblatls The megaloblast of these authors

corresponds to the y oungest of the polycbromsto

phd erylhroblasla mentioned above i e a large

nucleated cell which, owing to its relatively large

proportion of basophilic matenai shows only a

very alight tendency to polychromasja Maximow
avoids the term megsloblast, advising that it be

reserved for the large cell of pernicious anemia to

which it was originally applied Be and other

hematologists claim that the latter cel) although

resembimg the primitive cell of normal marrow

18 not identical with it (see p IM)

The older ery throblasts git'e rise to narmablasts

The normoblast, as the name itself impbes, re

sembles the mature erythrocyte m size and hemo-

globin content but still retains its nucleus which,

honever, shows condearation of its chromatin

material (pyknosis) and stains more deeply In

the final stage of the maturation process, the nu-

cleus IS extruded from the cell and the now nearly

mature erythrocyte is discharged from the mar-

row into the general curculation It betrays its

youth only by a fine basophilic reticulation of its

cytoplaam and is therefore called tlie relicuhcyle

(p 13) It IS probably not until the reticulocytes

have reached a certain concentration m the mar-

row that they become discharged into the general

blood stream

In healthy marrow the multiplication of the red

cells which occurs to replace those lost from the

circulation through wear and tear is effected al-
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most entirely by the division and redivision of

later forms i e of normoblasts and older eryth

roblasts (homoplastic development) and to a neg
ligible extent through the multiplication and
subsequent maturation of the more primitive

forms The joungest crythroblasts (basophilic

and polj chromatophilic crythroblasts) for ex

ample in normal marrow arc absent or amount
to no more than 0 01 to 0 04 per cent of the total

nucleated cells of the erythrocyte «erie3 accord

ing to Sabin the older crythroblasts make up
about 30 per cent and the normoblasts 70 per cent

or so In permcious anemia on the other hand
large numbers of \ ery primitive cells including the

characteristic megaloblast are present In this dis

ea'aj erythropoiesis is abnormal in that the cells

produced are not only of a more primitive ly^pe

but are different from ones ever seen at any stage

of normal ery fhropoiesis It is not then merely a
matter of reversion to a pnmiti\o but otherwise

normal mode of red cell development The bene-

fits of liver therapy apparently depend upon the

power of the I epatic principle to restore the nor

mal mode of red cell dev elopmcnl

Granulocjtes—Cranuhpouiis

The earliest stage in the differentiation of the

granulocytes from the primitive reticuLnr cell of

the marrow is that of the so-caUed mjcloMatt It

IS generally agreed that the origin of tfie granulo-

cytes is extravascular and that they pass into the

marrow vessels only after they acquire mot lity

hlaximow considers the myeloblast to be nothing

more or lc»s than the poly v alent hcmocytoblast or

stem cell identical with the Large lymphocyte

the minute differences in structure between it and

ihahliej’ix’isg^vp ji i? ihtyugbi- tntbe/myjnuj

ment in which it is placed i e the bone marrow

Here it gives rise to the three types of granulo-

cyte The my elobla«t is giv cn added interest smcc

a cell similar to but not identical with it is pre-

dominant m the blood and marrow of certain

forms of leuLcmia (p 94) when it may constitute

90 per cent of the w hite cells It forms only a very

small percentage of the cells of normal marrow
After the stage of the myeloblast a few specific

granules begm to appear m the cytopla^^m which

at the same time becomes less basophilic in char

actor A1 o present are a few azurophyl granules

In the subsequent historv of the cell up to its

discharge into the circulation four stages ba^ed

upon the dev elopment of specific granulation and

the reduction m basophilic material are recog

nized Tlie cells of the first tlircc of these stages

are termed mjelocjles A B and C respectively

The cells of tl e fourth stage arc called inetamyelo-

cyUa In the youngest stage (A) the granule^ as

mentioned abov c are v ery few* and are in greater

numbers jn myelocyte B and in maximum quan

tily m mvclocyte C Tlic nucleus in tl e^e stages

is oval or spl erical and shows no attempt at

lobulation The metamyelocyte is characterized

by <hglit indentation of the nucleus and the first

evidence of tv pica) ameboid movement Finally

the nucleus becomes deeply indented or con

strictcd at one or more points and is discharged

into the circulation as a y oung leukocyte (neutro-

phil eosinophil or basophil) This is the first

stage of Arneth mentioned on page SS It is aLo

referred to bv Schilling as the older metamvclo-

cyte or the band cell As shown in figure 1 1 4 three

levels of development are distinguished IjCvcI I

extends from the reticular cell to and includes

the myelobbst Level II embraces the myelocyte

and the metamyelocyte cells at this level multi

ply activ elv and hav e the power of growth Lev el

III includes those forms present in normal blood

(Amcth stages) the cells have lost the power to

divide and grow

As in tlie ca«e of erydhropoiesis the earliest

stages of wJutc cell development—^mycJoblastic

and early myelocytic—are little m evidence in

normal bone marrow The leukocytes an. sup-

plied to the blood through the div ision and redi

vision of the hter forms of white cell elements

—

le the myelocytes A census taken of the color

less elements of the marrow in normal rabb ts

gives an average of about 1 per cent myelobbsts

90 per rent myclocvtes C and metamyelocytes

*TI a cell myelocyte A rcsemlles closelj its

nrocei itor the raj eloblast and represents a Iran

ition etage I et veen the latter cell and the older

mv elocyte It is often referred to as the promyelo

cyfe *5ome use this latter term to include also

myelocyte B
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of which the great majontj arc neutrophilic, and

about 4 per cent 3 oung leukocj'tes Younger m3'c-

loc3'tc'5 make up the balance Tlic number of

Icukoc3’tic elements is three times greater than

the number of red cell elements—crythroblasts

and normobbets The ratio of granuloc3'tes to red

cells in blood, on the otlier hand, is 1 to 600 The
difference in the cell ratios m marrow and in blood

IS ascribed to the greater mortalit} of the leuko-

cytes and the con«oqucnt necessity for a greater

hemopoietic activ ity in order to replace tlicm

In myeloid leukemia the process of granulo-

poiesis is pushed back to a more embryonic type

and immature forms appear in the blood Tlie

marrow picture indicates a great acti\ ity of the

early myelocytic and mjcloblastic stages TIic

marrow of the fetus and to a less degree that of

the newborn sliow ako a rclatucly Urge propor-

tion of immature cells

Lifmphotd Ttfsue and the Formation of

Lymphocytes

The central areas of the follicles m lymphoid

tissue glands, spleen, etc ) stem more
lightly with the ordinary stains than the periph-

eral zones These lighter areas, about 1 mm m di-

ameter and pierced near the center by a small

arteriole, are generally known as the "germ cen

ters " In the embryo and in newborn animals the

earhest stage in the dc%elopmcat of the lymipho-

evtes IS represented m Ij-mphoid tissue as «cU as

in the bone marrow by a large lymphocyte or he-

mocytoblast It is analogous and practically iden-

tical m structure with the my cloblast It la called

<Ae Cymp^dCast' fn jxisfnataf hfe, lymphocytes

an«e only from lymphoid tissue The ancestral

cell or hemocydoblast stems from the undiffer-

entiated primitn e reticular cell of the lymphoid
stroma similar to that m the marrow from which

the myeloblast and, according to Maximow, the

erythroblast arise but, as in the case of the mye-
loid cells, the lymphocytes normally arise from
the division of cells of later stages

The total mass of lymphoid tissue amounts to

between 1 and 3 per cent of the body weight, and
its output of cells 13 relatively enormous Yoffey
estimated the daily production at 35,000,000,000,

the tremendous wastage has already been men
tioned (p 70)

An mteresting eicperiment of Maximow 's sup-

ports the view that the large lymphocyte or he-

mocytoblast is the common precursor of the gran-

ulocyte and lymphocyte and that the course of

dei elopment which the stem cell shall follow is

determined by its immediate environment

Lymphoid tissue was cultured in an environment

prepared to simulate that of the bone marrow by
the use of a preparation of blood plasma and

marrow extract Proliferation of the large lyunph

ocytea and their differentiation mto myelocytes

were dearly observed

Distinguishing Features of the Different

Stages of tlie Leukocyte Senes

Oxidase Granules

The mature granulocytes, the myelocytes and
myeloblasts (except the very youngest) and the

pnimtivc monocy tes contain fine, reddish brown
granules [oxidase granules) which become evident

when the ceils arc stained tn the following way

OVashburn technique) The cells are first treated

with a solution consisting of benzidine, 0 3 gram

10 95 cc of alcohol and 1 ce of a saturated solu

tioD of sodium Qitroprusside Ten drops of this

solution are applied to a dried blood film and

allowed to stand for 4H nunutes Five drops of a

solution of hydrogen peroxide in 25 cc of water

are then added After standing for another 4yi

minutes the film is washed and dnecl and stained

with Licshmnn s stain Cells of the lymphoid senes

do not contain oxidase granules

Mottutt axd Peaoocttosis

Wlicn stained supravitally the pnmitive mono
cyte is phagocytic and actively motile, whereas

myeloblasts and lyTOphoblasts are usually stated

to be nonmotile In hanging drop preparations,

however, Rich states that both of the last men
tioned cells aho show definite motility and that

the mode of locomotion of each tyqie is character

exhibit a wormlike motion, whereas the lympho

blast protrudes a long tongue of cytoplasm in a

direction opposite to that in which it is moving,

it thus assumes a shape resembling that of a hand

mirror or a frying pan

>jncL&Aii Structure

The nucleus of the myeloblast shows a delicate

reticular structure and no definite nuclear mem
brane, the nucleoli are indefimtely marked off

from the rest of the nuclear material The nucleus

of the ly mphocyte on the contrary is well defined

aa are also the nucleoli, and the reticulum is

coarser

These distinguishing features of the various

cell types are employed in diagnosing the differ

ent forma of leukemia

The Platelets

These are generally stated to arise from giant

cells of the marrow (40 ft or more in diameter)
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know’ll as mcgnkarjocj’tes The latter have an
irregular, rmg-shaped nucleus, and are capable of

ameboid movements It was first suggested bj

right that fragments of their protoplasm be-

came detached to form the blood platelets Nor-
mally, the marrow contains only a few of these

cells, but it has been stated that an increase or

decrease m their number is followed by corre-

sponding changes m the number of circutatmg

platelets *

The Origin of Monocijtca {tee p JOS)

< Wright’s view of the origin of the platelets
from megakaryocjtcs, though verj widely held,
has not gone unquestioned Various alternate
theories have been advanced with respect to the
origin of the platelets Some believe that they arc
formed from the citoplasra of leufcocjtes, and
others that they are simply precipitates from the
plasma Howell and Donahue concluded from their
experiments that the platelets are derived from
megakaryocytes m the lungs They based Iheir
view on the finding that both in cats and in man
the platelet count was somewhat higher in arterial

than in venous blood The ratio of platelets to
erythrocytes in arterial blood was I 21 4, as com
pared w ith 1 23 S in tho blood of the corresponding
vein, which implies that platelets are destroyed
or removed from circulation in the capillaries and
replenished in the lungs Further evidence was
derived from the observation that a kmear of lung
tissue showed large numbers of giant ceils, whereas
only a few were found in a similar specimen of

bone marrow It is probable, however, that the

lung megakaryocytes do not originate m the lungs

but have their source in tho bone marrow and,

owing to their large size, are merely trapped in

the pulmonary capillaries Several observers have
expressed the belief that they arc fragments of

degenerated red cells In support of this view
Uatson reports the observation that phenylhy
drazine which damages the erythrocytes causes a
sharp nse in the platelet count and a reduction

in the number of red cells Tlus observer also found
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that, when erythrocytes were suspended m a
counting chamber, degeneration of the red cells

occurred whereas bodies indistinguishable from
platelets appeared Furthermore, the platelet

count, as shown by Bedson, is increased by splenec
tomy, or by ‘blocking” the reticuloendothelial
macrophages (which, as we have seen, engulf red
cell fragments) by injections of India ink The
term ‘ blocking'' refers to the overloading of the
reticuloendothelial cells with the ink particles and
the consequent suppression of their phagocytic
properties
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THE COAGULATION (CLOTTING) OF BLOOD

General Description of Clot Formation

If blood 13 collcctwl into a test tube it will be

found at the end of 5 or 6 minutes that it lost

its fluiditj and has set into a jcllj The tube maj
be in%ertcd but the blood which is now «aid to

Hve claikd ot coogafetoi docs wot escape l( it

were possible to magnif3 this clot man\ times and
to look wnthin it, one would see a mesh of ver\

delicate fibrils among which were entangled as

m a net the red and white rcllj> and man> fng
mented platelets The fibrils can bo readilj re-

i ealed when a thin section of the clot is examined
under the high power of the mfcro'-copc They arc

composed otfibnn formed bj the com cruon of the

fibrinogen of the pbsma from a soluble Oi><bo‘«l)

into on insoluble form (hjxlrogc!) Tlie fibrin

forms ultramicroscopic cr>’8tal like needles which
asthej are deposited create tenuous mtcrLicmg
filaments within the structure of the protein Tlio

process b^ which this change of fibrinogen from
a liquid to a more or le«s rigid structure (fibrin)

ifl effected lias been compared bj Mommaerts
to the manner m which a matted felthkc nia<s w
formed from elongated objects—as reeds fioatmg
m water become tangled and coherent It will be
recalled that fibrinogen itself is composed of Jong

fiberlike molecules The immobilization of the

molecules in this manner is called coacenafion*

by de Jong

If the clot IS permitted to stand for an hour or
so it Will be found to haie shrunk andinslirmk
iDg to have expressed from its interstices a clear

family straw-colored fluid Tins is the terum The
latter remains perfectly fluid and is quite mcap-
able of clotting The shrinking and condensation

of the clot IS due to the gradual shortemng of the

fibrin threads which enmesh the corpuscles Id
this retraction of the clot or synerests as it is

* De Jong defines this as the process occurring
in a condensed colloidal bj stem in w hich particles
With positive and negative electric charges are
mutually attracted According to the view of
Slommaerlz a profibnn is first produced and
then through electrostatic attraction of its par
tides a meshlike interlacement occurs to produce
fibrin

termed the platelets pla> an c«cntial role

Tliough numbers of plitekts undergo distintcgra

tion wlun the 1 loocl is shed («ec below) others

become att itl ed 1 ere and there m groups of

knotlikc clumps to tJic fibrin threads and in some

unctpluncil waj cause benimg and «ihortemng

of the latter Clots formed in blood deficient m
pbtolcts are soft and friable and do not retract

in the normal waj It used to be thought that the

intact plateletsw hich w ere ‘wn m «ecttonsof blood

clots «cr\c<l as nuclei from which the fibrinogen

to fibrin eoni ersion st irted but it lias been dem

onstratod b\ Tocantins tliat the platelets take up

their positions nfltr the fibrin has formed The
full retraction of the clot and the separation of

the scrum onhnarilj takes a considerable time

but seiaralion can lx* brought about within a

few mmutCb b> rapid centn/ugmg *

If the blood is centrifuged as soon as it is shed

and the cells m tlus wa^ are separated from the

plasma a clot forms m the latter due as before

to the formation of fibrin threads After a time

the colorless clot shrinks and as m the case of

whole blood expre'yses the transparent serum

The clotting proce-w is therefore essentially a

phenomenon of the plasma The straw-colored

layer—the «o-callcd buffj coat —which forms

on the surface of Wood which clots slowly and so

allows a certain degree of sedunentation of the

cellular elements to occur is clotted plasma

The Clotling Meclianism

The clotting mechanism in the simplest possible

terms is shown in the foUowiDg scheme

•There is a direct relationship between the
platelet count and the rapiditj ana degree of clot

retraction and the resulting finnne«s of the clot

The effect of the platelets upon efot retraction is

exerted only when thej disintegrate The concen
tration of thrombin which induces of these

elements therefore influences the retraction of

the cfot The concentration m the Wood of the

other formed elements affects clot retraction in

the oppo lie waj In anemia for example clot

retraction is more pronounced than normallv
whereas in polycj themia the clot is soft and fn
able Increase jn the fibrinogen concentration acts

la a maaoer similar to that caused by a high plate

let count bastemng the retraction of the clot
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Prothrombin + thromboplastin + calcium —

»

thrombin

thrombin + fibrinogen -» fibrin (clot)

The four primary factors, prothrombin, ikromha-

plasltn, calciiim and fibrinogen, have long been

recognized as being fundamentally involved in

the coagulation of the blood

Plasma abo contains considerable amounts of

antithromboplastin which 13 capable of prevent-

mg the formation of thromboplastin or inactivat*

ing it after it has been formed

Normally, the blood remains fluid m the ves-

seb, not only because it is m motion, but also

because thromboplastin is present in the circula-

tion in only mmute amounts, or in an inactive

form, and because the platelets remain intact

Therefore, thrombin, the coagulating enzyme, is

not formed Moreover, an antithrombm is present

m normal blood, which serves to guard agamst

any thrombin which might arise in suflicient

amount to cause intravascular clotting

No field m phj-BioIogy is more complex or has

been so confused by contradictory results, differ-

ences of interpretation and diversit> of opinion

as that of blood coagulation Each fact discov-

ered, instead of simplifying the subject, usually

brings now problems m its tram The relatively

simple mechanism expressed above must now be

elaborated in the hght of modem findings This

can best be done by considering that the reactions

resulting in coagulation take place m three stages

(a) the formation of thromboplastin, (b) the con-

version of prothrombm to thrombm and (c) the

conversion of fibrmogen to fibrin (see fig 12 I)

It IS now known that platelets contain little or

no thromboplastin, jet the platelets are necessary

for the deielopment of the thromboplastic ac-

tivity of plasma The formation of plasma throm

boplastm can be considered as the first stage in

blood coagulation Although there is no unanim-

ity of opimon regarding the order in which \anou3

plasma factors react to form thromboplastin,

there is general agreement as to the importance

of these factors At least three hemorrhagic con

ditioDS have been observed m which the common
defect 13 m the formation of plasma thromboplas-

tm Each appears to be due to the lack of (or in-

activation oQ specific proteins present only m
minute amounts Since anj hypothesis of blood

coagulation must take these facts into account, a

suggested scheme for the events in the first stage

of coagulation is shown in figure 12 1 Antihemo-

philic factor (AHF), plasma thromboplastin conn

ponent (PTC) and possibly other proteins (Stuaii

factor, Hageman factor) react with a lipid ma-
terial (phosphatidyl ethanolamme or cephalm)
from platelets to establish thromboplastic activ-

itj The reaction is apparently initiated by con-

tact with a 'wettable surface’ or injured area

This suggests that Ij-sw of platelets may be the

initiating factor (MacFarlane beheves that PTC
and AHF join with calcium ions to form an mter-

mediate product which then combmes with plate-

lets)

AHF IS present in normal fresh plasma but is

lacking, or inactive, in serum or aged pla«ma It

is not readily adsorbed on the usual prothrombm
adsorbmg reagents Lack of this factor results in

a condition now known as Hemophilia •! PTC
or Christmas factor is present in both nor

mal plasma and serum and is readilj adsorbed on

prothrombm adsorbmg reagents Lack of this

factor results in a condition known as Hemophilia

B Rosenthal and his colleagues have described a

third type of hemophilia attributed to lack of a

plasma factor which, although not adsorbed bj

the prothrombm adsorbmg reagents, is found in

normal serum They have called this factor PTA
Accordmg to the work of Tocantins a thrombo-

plastin inhibitor exists m plasms He has isolated

this material from both normal and hemophilic

plasma It probablj inhibits the development of

thromboplastm as well as mactivating thrombo-

plastm after the latter has been formed The
thromboplastin which can be obtained from ti»-

cues appears to be mcomplete and needs a factor

from plasma to make it fully activ e

The conversion of prothrombm to thrombm
nonnalij depends on the presence of thrombo-

plastin and thus can be considered the second

stage m blood clottmg (fig 12 1) The work of

sev eral laboratories has mdicated the existence of

certain plasma and serum factors which accelerate

the conversion of prothrombm to thrombm The

plasma factor was discovered mdependently in

widely separated laboratories and has been re-

ferred to bj a varietj of names (see table 12 1)

It appears to be associated with the globulm frac-

tion of pla’^ma and is normallj present only m
trace amounts It la labile and is not easily ad-

sorbed on Al(OH)i , Cai(POi)j or other prothrom-

bm-adsorbmg agents One of the first patients

found to be deficient m this factor w as studied by

Owren He called the condition parahemophilia

Seegers and his colleagues found that the activ ity

of plasma AC-globu!m was greatlj mcreased dur-

ing roagulation, and that plasma AC-globuIin

fraction was made more potent by small amounts
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fofmatlon of Hvombln

thrombin

^fojo^tM t Owng# fIWnojon to f*biln

>h rambtn

Fig 13 1 DIood coagulation

of thrombin Tliissuggesterlanautocatal^tJctjTw \'II dpficienc> hate been reported bt Alexander

of reaction and led to a great deal of investi^tion andOwTen Scegtrsand his colleague* hate shotvn

regarding clotting accelerator^ m serum It is now that a dematitT? of purified protfirombm acts as

gencralh accepted that serum contains an acti- an accelerator and hax c suggested that the *erum

\ating material that is not alnaj-s present in factor is den\ ed from prothrombin during the co-

plasma The acti% e material is rcadil> adsorbed aguUtion process In support of this h>i)othe«is it

on prothrombin adsorbing reagents and is more omj be pointed out that during Dicumarol or

stable than the plasma fraction The term “iac- TVomexan administration both prothrombin and
tor ATI” IS most coramonlj used to designate the factor ATI IctcIs in the blood are decreased, n ith

serum actn e factor but manj other terms are factor ATI being tfic first to be affected

(sec table 13 1) Chmeal ca«es with factor Once thrombin is formed it acts enigmatically
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TABLE 12 I

Synonymous terms for dolling factors

Name Used Here SynoDymoos Terms

SUye o(

PTC (plasma

thromboplas

tin component)

CF (Christmas fac

tor), platelet co

factor 2, autopro

thrombin 2

First

AHF (antihemo

philic factor)

AHti (antihemophilic

globulin), throm

;

boplastinogen

;
First

1

1

Ac globulin Labile factor, factor

V, proaecclerin

First

and
sec

ood
Factor VII Stable factor, auto

prothrombin 1 ,
pro

convertin, SPCA,
cothromboplastin

Second

Flssminogen Profibrinolyam Third

Plasmm Ftbnnolyaiti Third

to convert the soluble flbrmogen into insoluble

fibrin nhich forms the framework of the clot

This reaction can be considered the third stage in

coagulation and is illustrated m figure 12

1

Plasma, and to a lesser e\tent serum, contain a

substance known as antithrombin, the piiysiologi

cal importance of which has not yet been deter

mined Its function may be to prevent the accu

mulation of thrombin to levels which would cause

mtra\ oscular clotting Attempts to correlate de

create in antithrombin with a tendency towards

thrombosis have been unsuccessful Antithrombin

was originally belies ed to be an albumin but re

cent work indicates that it is associated with the

ot-globulm fraction

Defibrisated Blood FinnivoLYSis

Blood which has been extravasated into the

pleural, peritoneal or other body cavity » usuallj

found to be fluid, if anj considerable time has

elapsed since the hemorrhage occurred Such

blood IS found to be incoagulable, for it has al-

ready clotted and then unde^one a natural proc-

ess of defibrination, the clots liaving been dis-

) soHed as a result of the digestion of the fibrin

(fibnnoljsis) bj protcolj'tic enzj-mes The fluidity

of menstnial blood is caused m the same way A
fibrmolysin, although not present in normal Uood

under ordinary circumstances, appears m plasma

after sliaking with chloroform

A great deal of work has been carried out in

recent years on the fibrinolytic activity of the

blood, and much has been learned of the mech-
anisms involved Fibrinolysis occurs in a number
of pathological conditions It has been found, for

example, that blood clots removed from a body
immediately after sudden death undergo rapid

dissolution due to the development of fibrinolytic

activity Also, blood taken from patients imme-
diately after surgical operations, or from those

who have suffered severe burns or hemorrhage,

contains fibnnolysm, sometimes in high concen-

tration Through the action of fibnnolysms the

fibrinous exudate filling the aheoli of the con-

solidated lung in lobar pneumona is dissolved

preparatory to its absorption The blood normally

contains a preferment, which has been called

profibnnolysin or plasminogen (i e ,
fibnnolysm

in an inactive form), which under certain circum-

stances may be conv erted to the active enzyme
a second principle derived from the tissues

ITiis IS known as fibrmokmase Activation can

also be brought about artificially, as mentioned

above, by chloroform and also by certain strains

of streptococci, which possess an activatmg

enzyme, known as streptokinase The latter

substance together with streptodornase (de«oxy-

ribonucleasc), an enzyme also produced by strep-

tococci, and which hydrolyzes desotyribonucleo-

protein of cell nuclei, has been employed in

surgery to liquefy thick pus, and thus to render

It more amenable to drainage

flepann The action of certain impure extracts

of liv er m inhibiting the coagulation of blood was

discovered by McLean, a pupil of Howell, m 1916

Later, a senes of studies was carried out bv

Howell and Holt upon extracts of liver from

which they obtained a powerful anticoagulant

They gave it the appropriate name of hepann

Howell and Holt obtained their material from

dog’s liver, but it was later (in 1933 at the Uni

versity of Toronto) prepared m larger quantities

by Charles and Scott from beef liver Lung,

muscle and intestmal wall also contain hepann

in relatively large amounts Smaller quanti

tics are contained in spleen, heart and thy-

mus It is present in negbgible quantities, if

at all, in normal blood Hepann is active both

in iw and tn nlro, when it is injected into the

living animal the blood remains incoagulable for

several hours A unit of hepann is defined as the

quantity of material which will prevent for 24

hours tiM clotting of 1 cc of cats’ blood when

kept in the cold A very potent crystalline prep-

aration has been obtamed from beef liver by
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Charles and Scott This contains nearly 100 units

per milligram

The anticoagulant action of heparin is complex

and depends upon at least lliroc effects wluch it

exerts upon the clotting mechanism (a) In asso-

ciation with a plasma fraction, heparin cofactor,

it inhibits the action of thrombin in converting

fibrinogen to fibrin (b) Heparin is also an anti-

prothrombm, i c , it pre\ ents the actu ation of

prothrombin to thrombin Tins propertj has been

questioned until rcecntli, but the experiments of

Ferguson and of Quick have firmly established

this action of heparm (c) Through its effects (a)

and (b) m inhibiting the formation and action of

thrombin, heparm reduces or prevents the agglu-

tination and Ij-sts of platelets

Jorpes found that, like certain other anticoagu

lanta, such as azo djes and germanm, the hepano
molecule contains sulfuric acid groups, in virtue

of which it acta as a relatively strong acid It be
longs to the same chemical group as that to which

rnucoitin and cbondroitin suUurie acids belong It

IS a complex carbohydrate cootaiaing eaters of

mueoitm suUuric acid and yields glucuronic acid,

glucosamine and suUune acid groups upon hy
drolysi* Anticoagulants have been prepared by
Cbargaff and Olson by the lotroduction of aulfune

acid groups mto such polysaccharides as cellulose,

glycogen and starch and into the ccrebrosides,

eerebron and kerasm

Since heparin is absent from the circulation, or

present only m nunufe amounts, it cannot be

responsible for maintaining the fluidity of the

blood in the hving body The most probable rea-

sons that the blood does not clot intrav ascularlj

have been stated on page 110

Prom the evidence procured by Wilandcr,

heparin appears to be a product of the “mast
cells” of Ehrlich (i e

,
mobile cells in the tissues

containmg fine basophil granules) which may be
seen in clusters around the minute vessels of

those tissues which give a high yield of haparm
Melianbj suggests that the significance of hepann
in tissues is that it serves as a local anticoagulant,

preventing the clotting of blood circulating in the

email vessels The fine granules to be seen in these

cells show the metachromatic staining reaction,

turning violet when treated with tolmdme blue or

azureA Heparin itself gives this reaction and the

granules are therefore bebeved to be the antico-

agulant m the form of minute droplets

Cbargaff and Olson found that protamine
(salinme) annuls the action of hepann both in
ntro and tn «io Protamine, a simple protein wiUi

basic properties (see also p 771) combines with

heparin, the resulting compound being quite free

from anticoagulant action Thus it is possible to

determine the quantity of heparm m a sample of

blood b}' asccrtomiBg the quantity of protamine

required to give the shortest coagulation time

By this means the great lengthening of the coagu

lation tune m anaphjlavis (up to 2 day-s or more)

and peptone shock lias been showm by Waters,

Markowitz and Jaques to be due to the high con-

centration of heparin m the circulation (.kepan-

nemto, p 112 and p IIS) Hepann is most effec-

tive when administered intravenously, much
larger doses being required when it is gnen by
subcutaneous injections Besides its action in

prolonging the coagulation time, heparin, as

shown by Murray
,
Jaques and Best, Junders the

agglutmation and deposition of platelets and thus

di‘»couragc3 thrombus formation Heparm has

been recognized for a number of j ears as a valu-

able anticoagulant for use m physiological experi-

ments, but It 13 only comparatively recently that

purified preparations suitable for elmica) u«e have

become available Its most important field of use-

fulness IS (n blood transfusions, in operations

upon the blood vesq?ls and to check the extension

of coronary
,
and certain otlier tyircs of throm-

bosis Its employment os a preventive against

postoperative and other thrombotic states which

carry the threat of fatal pulmonary embolism

(p 120) has been advocated by several investi-

gators (Howell, Mason, Hedenius, and Murray

and associates) Widstrom and Wilander have

suggested its use to prevent the formation of

fihrnaTus adPnsnons m pieansy, ca teparxofzeof

rabbits the inflammatory exudate caused by the

injection of iodine into the pleural cavity is m-
coagulable The systematic use of heparm and.

later, of other anticoagulants for the prevention

of the spread of coronary thrombi was initiated

by Irvmg Wright and his colleagues

Tne Pbopehties of PnoriraoiiBiN and
TnaosiBiv AND OF Thromboplastin

Prothrombm and thrombm, according to See-

gers, are carbohydrate-contaming proteins This

mvest^ator has prepared from beef plasma highly

potent preparations of these agents At a pH of

7 0 prothrombin and thrombin are highly soluble

m water or physiological saline, it being possible

to prepare a GO per cent solution of either mate-

rial Prothrombin is insoluble at a pH of 4 9 and

thrombm at about 4 3 Both substances are com-

pletely and permanently inactivated fay acid
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(pH 3 5) and by alkali (pH 11 0) They are de-

stroj ed hy heating to CO^C for 30 minutes The
estimated concentration of prothrombin in blood

IS around 25 mg per 100 cc Prothrombin is

formed m the liver and its production depends on
an adequate amount of \ itamin K
A bnear relationship (ms erse law) can be shown

to exist between the rchitne concentration of

thrombm in the plasma and the reciprocal of the

coagulation time, i e , the higher the thrombin

concentration, the shorter the time required for

a clot to appear

Thromboplastin is present in all tissues—lung,

placenta, and brain being especiallj rich sources

Although it IS the general custom to speak of

thromboplastin as a single principle, the term re-

fers to an "actu ity” rather than a precise factor

Thromboplastin concerned with normal coagula-

tion 13 formed bj an interaction between the

products of Ij-sis of platelets and plasma proteins

as has alreadj been described

Evidence now a\ailablc indicates tliat tissue

thromboplastin is not ‘'complete,” since incuba-

tion with plasma or ^crum will augment its

acti\ ity

The Mews Used to Prevent or Retard
Coagulation—

A

vneovGOLANTs

Cold Since the clotting mechanism consists of

a senes of chemical and enaymalic reactions, il is

to be expected that coagulation will be retarded

by lowenng the temperature Keeping blood at a

temperature of from 6 to lO'C postpones coagula

tion but does not absolutely prevent its occur

rence Cold, e g ice, etc
,
applied to the surface

of the bod} as a means of arresting hemorrhage

has, however, no effect in retarding the coagula

tion process Actually a hemostatic action is ex

erted in such instances as a result of the vasocon

striction reflexly induced

Ad\OID\NC£ or CONTACT OF TUB BLOOD WITH

FOREIGN MATERIALS OR INJURED TISSUES Drawing

the blood direcll} from an artery or vein (in order

to prevent contact with the tissues—a source of

thromboplastin), and collecting it into a re

ceptical whose walls have been made smooth and

unvetialle by a coating of paraffin, or preferably

of siltcone, will slow greatly the coagulation pro

ce«s Silicone is the most effective substance

known for this purpose, it acts like the vascular

endothelium m inhibiting the break down of plate

lets (Jaques and associates) and the formation of

thromboplastin actmt} Plasma, after coHec

tion in silicone lined apparatus and centrifuged

at high speed in order to remove the platelets

as completely as possible, will remain fluid for

3 or 4 days even at room temperature Avian

blood collected m this way will remain un
clotted almost indefinitely The importance of a
smooth surface in maintaining the fluidity of blood

Id also show n clearly in the classical experiment of

the "living test tube ’’ If a section of the jugular
vein of an animal, e g , the horse, be isolated be
tween ligatures and carefully removed with its

contained blood, this will not clot for a long

period, not until changes occur m the lining of the

vessel wall and the necessary thromboplastin is

thereby provided

On the other band, if the blood flows over a

rough surface, coagulation is hastened The blood
conung from a ragged wound which involves a

greater destruction of tissue, is also likely to clot

more quickly than if it issues from a blood vessel

that has been cleanly incised as by a scalpel or a

razor The contact of a sponge or a powdered sub
atMWft Vo Vh* N.o\iTi4 XTififcaaMig Vbt tdteril td

surface exposed also hastens the formation of the

clot

Dbcalicificatiov The addition of oxalate (so

dium, potassium or ammonium) or a fluoride to

blood to the extent of 0 1 per cent or more, com
pletely destroys its power to clot spontaneously

In the former instance the calcium is precipitated

as calcium oxalate Oxalated blood recovers its

ability to clot if shaken with chloroform but the

fihnn which forms redissolves after the blood has

stood for a time Fluoride does not precipitate the

calcium but forms a weakly dissociated calcium

compound Sodium citrate also prevents coagula

tion In this instance a double salt—calcium so

dium citrate—is formed which again is only

slightly dissociated If calcium in the ionic form

eg, the chlonde, be added to the oxalated,

fluoride or citrated plasma (recalcification), the

power of the blood to clot is regained Also the

addition of thrombin or of thromboplastin to the

decalcified blood causes it to clot

Neutral salts Magnesium sulfate solution in

a strength of 27 per cent mixed in the proportion

of 1 to 4 of blood postpones coagulation for some

time but does not prevent it indefinitely Sodium

sulphate in half saturated solution added to an

equal quantity of blood has a similar effect, as has

also a 10 per cent solution of sodium chloride in

the same proportion The manner in which these

substances act is not clear They do not decalcify

the blood That the activity of some or other ele

mcnts necessary for the clotting process is merely

suspended and that none is destroyed is shown by

the fact that mere dilution of the “salted blood

IS followed by clotting Some think that these

substances may act by preserving the platelets

and corpuscles from disintegration and so hin

dering the liberation of thromboplastin Zinc

supthate in 0 5 per cent solution prevents cosgula

turn by precipitation of the fibrinogen Sodium

thiosidinte and germanin are anticoagulant, this
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action depending apparently upon their sulfur

content

Aro DTES, such as Chicago blue 6 B, Trypan
red. Try pan blue, Chloratol fast pink, B K S etc ,

are powerfully anticoagulant Chicago blue, the

anticoagulant property of which was discovered

b) Bous and his associates in 1030, is more potent

either in tiro or in ntro than the earlier prepara

tions of heparin One milligram of purified Chicago
blue will prevent for 60 hours the coagulation

of 1 cc of rabbit's blood kept on ice

Cebtain substances of a biological NATtme
(a) Ilirudin, a substance secreted by the buccal

glands of the leech and extracted eoramereially,

has a very powerful anticoagulant effect It is a
typical aatithrombm.i c , it inactivates thrombin

Hirudin has been used extensively in the past to

prevent coagulation during physiological expen
ments (b) ^nake fenoms The poisons of tome
snakes, particularly of the cobra, arc powerfully

anticoagulant One hundredth part of a mtibgrnjn

per kilogram of body weight will, according to

Howell, entirely prevent coagulation Its antico

agulant effect is thought to be due to some cbemt
cal change which is produced m the tlirombo

plastm The anticoagulant elTcct of cobra venom
IS probably intimately associated with its hemo
lytic action (p C3) Some other snake venoms how
ever, have just the reverse eflect and cause

intravascular clotting (c) Hepartn (d) Peptone

sofu/ton when injected prevents coagulation

According to Howell it acts by stimulating the

liberation of heparin from the liver Confirina

tory evidence for this explanation has been
furnished by others (Quick, and Waters and as

Bociates) Peptones also have an anticoagulant
action when added to shed blood The anlicoagu

lant effect under these circumstances is asenbed
by Mills and by Picketing to the increased resist

ance of the platelets to disintegration induced
by the peptone solution (e) In anaphplacOe
tkock the blood remains incoagulable indef

initely (up to 2 days at least) Waters, Mark
owitz and Jaques have shoim that this is due
to the liberation of heparin from the liver Anapby
laxis produced in hepatectomized dogs is not

accompanied by a prolonged cosgulstioa tune,

(f) Cysteine (g) Dicumarol 3,3' methylene bis

(4 hydroxycoumann), present in spoiled sweet

clover hay, see p 117 Schofield in Canada and
Roderick m N Dakota showed that hemor
rhagic disease of farm animals could be cured by
replacing spoiled sweet clover in the diet

with fresh fodder The latter observer also showed
that the reduced coagulability of the blood was
due to diminution in prothrombin Link demon
strated that the toxic principle was the substance
How generally known as Dicumarol, a derivative

of coumann, (C»H,Os) the odorous principle m
new mown clover hay Dicumarol does not act

tn wiro as an anticoagulant nor in the body except

after it has been partially metabolized When
Dicumarol is administered intravenously, only

traces can be detected in the circulation after from
20 to 24 hours, yet it is not excreted in the urine or

feces Most of the drug has disappeared before any
appreciable reduction in the concentration of pro

thrombin in the blood has occurred

It has long been known that the administration

of salicylates, c g ,
acctylsalicylic acid (aspirin)

and sodium salicylate, is often followed by spon
tancous bleeding, which has been shown to be as

sociatcd with hypcrprothrombmemia Salicylates

also cause a diminution m the number of platelets

The anticoagulant action of salicylates is antag

onized by vitamin K

SoBSTANCES Wnicn Hasten the Clottino

Proce'is (Hemostatics)

It haa been widely accepted that adrenaline

hastens coagulation but such an effect has not

been proved The effects of thrombin and thrombo

plastm have been discussed Tissue extracts es

pecially those of lung and thymus which are nch
m thromboplastin are powerfully coagulant, as

are also the venoms of some species of soakes The
coagulant property of such venoms depends upon
their eonlBining a proteoly tie enzyme which eon

verts prothrombin to thrombin, (he cooversioo

occura in the ab*cnc6 of ionised calcium

Thrombin sprayed upon the bleeding surface in

conjunction w ith fibnnogen to form a covenng film

or foam of fibrin, is an effective means of arresting

bleeding, especially from numerous small vessels

Among other hemostatic agents used to hasten the

clotting PTOCC93 are sodium alginate derived from

seaweed, and a gauze made of oxidized cellulose,

which swells when soaked with blood When so

dium alginate comes into contact with the blood

and serum of the wound it is converted to calcium

alginate, which clots to form a tenacious layer

T»ls Employed in tbe Investigation of

Defects m the Qotting hlechamsm

Coaffulalion time Tins is the time which the

blood takes to clot after it has been shed Ob-

Mously, any condition which decreases the co-

agulability of the blood lengthens the coagulation

tune and vice terso

A number of methods ha\ e been devised to de-

termine the precise moment when clotting occurs

The clotting time as determined by difTerent

methods vanes considerably since the mdex or

critenon of coagulation is not the same m all, and

the conditions to which tbe blood is subjected are

also different On this account the values are not

absolute and the results obtained by different
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methods cannot be compared strictlj with one
another

A simple but rough method w hen a considerable

quantity can be secured is to collect the blood into

a small test tube and take as the coagulation time,

the period elapsing from the moment the blood
was shed towhen it congeals, os indicated by tilt

ing the tube from time to time This procedure
H emplo3 ed in the Howell and the Lee White
methods In the latter, 1 cc of blood is collected

iQ a thoroughly cleaned Masserman tube about 8
mm in diameter The coagulation time of normal

human blood as determined by this method is

from 6 to 15 minutes

An alternative method and one which requires

onlj a drop of blood is the following The blood is

drawn into a capillary glass tube about 4 or

5 inches long A section of the tube is broken off

from time to time The time elapsing from the

moment when the wound was made to that when
hne threads of fibrin appear between the ends of

the broken sections of the tube is taken as the

coagulation time The normal coagulation time by
this method is about 5 minutes There are many
other methods for determining the coagulation

time, e g ,
Drodie s Gibbs', Cannon and Menden

hall's etc but all have their defects and the

foregoing is probably gust os accurate as more
elaborate procedures

Ptothrombin time, determination of the prothrotn

6in concentration Quick's method is as follows

Nine volumes (about 2 ce ) of blood obtained from

a vein m a silicone coated syringe arc decalci6cd

by the addition of 1 volume of 0 1 mol solution

of sodium oxalate After centrifuging 0 I cc of

the oxalated plasma is mixed with 0 I cc of

Ihromboplastic material (prepared from fresh rab-

bit’s brain) and recalcihed with 0 1 cc of 0 025

mol solution of calcium chloride The time from

the addition of the calcium until the first fine

mesh of fibrin filaments appears is recorded by a

stop watch The test is earned out in a water

bath at 37.5*0 The prothrombin concentration in

per cent of the normal is calculated as follows

Prothrombin concentration = —"

—

c t - a

(per cent of normal)

c t = clotting time, K, a constant — 303, a, a

second constant “87 Thus if the clotting time

IS 21 seconds the prothrotbrombin concentration

IS 303/(21 — 8 7) = 25 per cent of normal (approx)

Clot retraction time This is measured by collect

mg a few cubic centimeters of blood in a test tube

After clotting has occurred the clot is separated

from the walla of the tube by means of a fine wire

and the tube placed in an incubator set at a tern

perature of 37°C The clot of blood, normally.

retracts to a firm mass, the serum separating out
without a couple of hours In certain types of

purpura (thrombocytopenic) the clot remains
bulk>, soft and friable In hemophilia on the con
tiwry, when clotting does occur, the clot usually

retracts normally

The bleeding lime The determination of the

Weeding Urae simply consists in pricking the skin

and noting the time the drop of blood takes to clot

sufficiently in order to clo«e the puncture m the

skin and stop the bleeding The precise moment
when bleeding ceases is determined by touching

the blo<^ from the tiny wound e\ery few seconds

with a piece of filter paper The moment when the

latter cea«os to be stained is taken as the end

point The normal bleeding time is about

minutes * One might suppose that the bleeding

time would be a better gauge of the body’s ability

to protect itself against hemorrhage than the

coagulation time, but the fact that it is normal,

as a rule, in hemophilia (see below) shows that

this IS not so The ability to seal a wound m a

minute ies«el is dependent more upon vascular

factors, contraction of the vessel wall and "glue*

mg” together of endothelial surfaces, than upon

the clotting of the blood Actually, there is little

relationship between the bleeding tune and the

coagulation time The former is prolonged m con-

ditions associated with low platelet counts It is

shortened by the local application or intravenous

injection of pbtelet extracts, by the application of

solutions w ith a low pH (around 5), or by the in-

jection of posterior pituitary extracts

THROilBOPLASTIV GEVERATIOV TEST

Immediately before the test is started 0 1 ml

of platelet-poor, citrated plasma is pipetted into

each of several email tubes of uniform diameter

which are placed m a water bath at 37®C In a

further tube m the water bath at 37®C is placed

0 3 ml of alumina plasma diluted 1 to 5, 0 3 ml

of platelet susjiension, or phosphatidyl ethanol-

amme, and 03 ml of serum diluted 1 to 10 To

this IS added 0 3 ml of M-40 CaCl* At intervals

of 1 minute 0 1 ml of the mLxture is withdrawn

into a graduated Pasteur pipette and discharged

BimuftaneousJy with 0 1 ml of il~i0 CsCli into

one of l!ie tubes containing 0 1 ml of substrate

» Ivy and his associates recommend first raising

the venous pressure in the arm by constricting it

above the point where the akin puncture is to be

A constricting pressure of about 40 mm
Hg H applied Tocantins has devised an instru

ment which makes an incision of approximately

uniform length and depth
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The clotting times of the substrate samples are

recorded These clotting times give a measure of

the rate of generation of thrombophstm in the

incubation mixture

Hemorrhagic Diseases

It IS ^icll to emphasize here that a lo'a *!eroni

calcium IS nc\er a cauie of hemorrhagic dLsease

In h} poparath3TOidi«m, in uhich the ®cmra cal

cium may be dcprc««ed to lc«a than half the nor

maUaluc.thc coagulation lime is not Icngthenwl

IlYPOPnOTHnOMBIVEMlA

Depression of the prothrombin level m th^J

blood—At/poprotAroinlnnemw—occurs under sc\»

eraf conditions, sucA as v itamin hT rfeticienc} ancf

sev ere liv cr damage A bleeding tendencj is not

shown, however, according to Quick until the

prothrombin concentration fails to about 20 per

cent of the normal Other observers, however

place the critical level «omewhat higher

/femorrha^c disease of (Ae nacbom fias been

shown quite definitely to be the result of a low

prothrombin concentration At birth and up to (j

hours thereafter, the prothrombin lev el is not far

below normal, but apparently the baby romra
into the world with a «maU rc-erve This tcn<l» to

become quickly cxliausted, so that the prothroro

bin concentration may reach a low level at the

end of 24 hours This physiological hjpopro-

thrombincmia is due, mainly . to lack of v itamin

K IVhen the infant commences to take food,

bacteria are introduced mto the intestuial tract

which actmg upon the contents of the mtcsline

symthesize the antihemorrhagic v itamm (ch 43)

and the hypoprothrombmcmia is corrected auto,

matically Should the hemorrhagic state actually

dev elop it is quickly arrested by the administra.

tion of vitamin K Large do'ies may be given to

the mother in the later months of pregnancy as n
preventive Hypoprothrombinemia and o hemor-
rhagic tendency also occur m certain diseases,

e g , acute yellow atrophy
,
associated with severe

liver damage, m certain intestinal diseases eg
’'prue and ulcerative coUtis, and m the hemor-
rhagic disease of farm animals caused eating

spoiled sweet clover In the anunsl disease the

low prothrombin level is due to a toxic substance

{dicoumarol p 115) The mode of action of this

coropouad w not explained by any damaging
effect which it might have upon the liver for m
therapeutic doses it appears to have no such

action although in large doses it may have In
the latter mstance its anticoagulant action is

then enhanced as a rc'^ult of the interference with

prothrombin manufacture by the Iiv er It appears

to antagonize the action of vitamin K, being more

effective when the concentration of this vitamin is

low It may, therefore, be classed with the anti

vitamins

Tlie bleeding tendency w hich for y ears has been

recognized to Iw a feature of obstructiv e jaundice,

or when bile is lost to the exterior through a bill

ary fistula has been «hown to be the result of

vitamin K lack The deficiency is not due how
ev cr, to any dearth of the v itamm in the intestinal

tract but simply to the ab'cnce of bile salts

without winch the vitamin cannot be absorbed

mto the blood stream (p 914)

//j paprotltfoinbiitcma may ho csn'^ed hj hse

tcno^tatic agents eg sulfonamides active

against the mtestmal flora re«ponsible for the

synthesis of vitamin Iv

HrMoriiiLiA

The coagulation time but not the bleeding tunc

as defined aboio is greatly prolonged in this con-

dition * In «omc ca«es tlie blood after remov al

from the body may show no signs of clotting

after an hour or so On this account a fatal hem
orrhage may follow a wound tlut would be trivial

in n normal person The extraction of a tooth a

slight accident or a minor operation have resulted

m death on many occa«ions Tlie subjects are

known popularly as bleeders ’ Hemophilia is

tranOTiittcd as a <c\ linked reccs'ive character

The males ore affected but do not transmit the

disease the females though they transmit the

disease do not suffer themselves (law of Aas®e

(1820)) A father, then, who is a bleeder does

not transmit the di'sease to his children m a mam
fest form ILs sons are entirely free from any

taint but his daughters inherit the disease in a

masked or latent form and transmit it to their

offspring Of these the males show the disease

and the daughters agiin are not bleeders ’ but

are earners for the next generation In other

words the manifest disease skips a generation

Some of these bleeder families have been traced

back for a hundred y ears or so and cover in gome

cases five generations and hundreds of individ

uals The incidence of the disease in these in

Not every person vvjth a tendency to bleed

can be classed as a hemophiliac True hemophilia
answers to the following criteria (a) history show
ing characteristic typo of inheritance (b) coagu
lation time of drawn blood but not the bleeding
time 18 grently delayed (c) no reduction in

platelets
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stances followed m general the phn outlined

above It is theoretically possible, should a
"bleeder” and a "transmitter” mair>, for the fe-

male as well as the male children to be ‘ bleeders ”

Such a coincidence is so very rare, and the cases

of true hemophilia m the female, therefore, so

few, that it IS usually stated that hemophilia is

confined to the male sex

The defect tn the clotting mechanism of hemo-
philiacs IS not definitely knoira, but a factor seems

to be a lack of a sufficient amount of active plasma
thromboplastm The plasma thromboplastin may
be actuallj deficient in amount, fad to undergo

conversion from an inactive to an active (Quick)

form, or is inactivated or antagonised m some
way by inhibitory substances (Tocantins) Tissue

thromboplastin or normal platelet-free plasma

added to hemophiliac blood restores the normal

clotting time Thus, there is no lack of prothrom-

bin, nor is heparm responsible for the prolonga-

tion of the clotting time The platelets m hemo-

philia are not reduced m number, but thayarc less

fragile than normal Yet, platelet stability is not

the cause of the bleeding m hemophilia The
platelets, contrary to a previous belief, do not

contain significant amounts of thromboplastm so

that they do not, through their failure to dis-

integrate readily, withhold this prmciple from the

plasma Aloreover, complete dismtegration of the

plateletsm hemophiliac blood by saponin (Picker-

ing) does not correct the defect m the ciottmg

mechanism, and Quick found that platelets from

the blood of a hemophiliac restored to normal the

clotting time of blood which, due to a deficiency

of platelets, clotted slowly

It may seem surprismg that the bleeding time

IS not prolonged in hemophilia, but it must be

remem^red that the wound which is made m
determining the bleedmg time is very small, and

even though the clotting mechanism itself is de

fective, it IS capable of bemg sealed by the con-

traction of the walls of the mmute vessels, and

the sticking together of the apposed endothelial

surfaces It is when larger s esseb are opened that

persistent hemorrhage occurs m hemophilia

Logically, the measure to be used to arrest

bleeding in heraophiLa, and the one that baa

proved most effective, is to furnish the missing

thromboplaetic material either by transfusion of

^
fresh blood, or plasma that has been stored at

—20°C Some success has been achieved recently

by the use of fraction I prepared from fresh hu-

man plasma

Two other rare hemorrhagic conditions are

hapannemta and afibnnogemia Hepannemia, as

its name indicates, is the presence of heparm m
the blood The blood may be rendered quite mco-
agulable The bleedmg is unaffected by vilamm
K administration, but may be checked bj pro-

tamme or toluidine blue given intravenously As
already mentioned (p 116), the experimental

production of peptone or anaphylactic shock is

associated with the discharge of heparm into the

orculation Oddly enough, tumors o! mast cells

which contain relatively enormous quantities of

heparin do not affect the coagulability of the

blood A congenital absence or very low concen-

tration of fibrinogen

—

afibnncgemia~i3 a very

rare anomaly of the blood-clottmg mechanism
Picrpura This term is applied to a variety of

hemorrhagic statesm which spontaneous bleedmg

occurs beneath the skin, from the mucous mem-
branes or into jomts The subcutaneous hemor-

rhages appear as small or large purplish spots

(Pelechtae and ecehymoies respectively) which

graduaUy pass through the color changes char-

acteristic of a bruise Since purpura is so varied m
its characters and occurs in diseased states that

are so widely different, it should be considered as

a symptom of a disorder of the blood vascular

system rather than as a disease m itself It occurs

ID the malignant forms of many acute disease»-~

smallpox, scarlet fever, diphtheria, streptococcal

infections, etc Subcutaneous and submucous

hemorrhages are also features of scurvy, leukemia,

certain anemias and of the action of various toxic

agents, c g ,
snake venoms, drugs and chemicals

In some types of purpura (eg, infectious and

toxic forms) detmorolton 0/ the capillary trail

probably plays the chief role—the rod cells escap-

ing mto the subcutaneous tissues or from the

mucous membranes through capillary defects

On the other hand n great nduclum in plakleis

(thrombocytopenia) appears to be an important

if not tl« essential defect in other types and a

condition resembling purpura hemorrhagica (see

below) has been induced m animals by the injec-

tion of an antibody developed for the destruction

of platelets Nevertheless, the experiments of

Bedson suggest that reduction of platelets or even

Ihcir entire absence is not capable alone of in

ducu^ purpura Some injury to the capillary wall

must exist ns well This obirver also found that

splenectomixed gumea pigs were highly resistant

to the action of the antiplatelet scnim A theory

has been advanced which causally rebtes the

capillary defects to the thrombocytopenia It is

probable that the platelets serve, normally, to

protect the capillary wall and, by their deposition

upon the endothelium, act as a seal against the
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e><apc of ml colh through weahcnctl points which

are constantlj occumng from general wear and

tear The rcduclion in pLitelcts maj result from

SCI eral causes Tliere maj lx: mcrri'cd destruc-

tion of the«e elements or the normal mechanism

of their prtKluction ma^ be interfered with, as in

aphstic anemia and leukemia

The coagulation time m purpura is u<uall}

within normal limits but the bleeding time is as a

rule prolongial Tlie clot which forms in the blood

after it has Ixx'n shed is said to be softer tlian the

normal and does not contract and express the

scrum JD the u«ual wav

The CsriLi^sTiT nrstsTASci Tfst

WTicn cutaneous purpuric spots do not occur

spontaneously they may be induced in susicptiblc

persons (latent purpura) by means of a toumi
quet or blood pri-vsurc cuff applied to the upper

arm 60 as to obstruct the venous return but not

the blood flow m the arterv The obstruction is

maintained for 6 minute« In «cur%\ and other

conditions associated with weakness of the capil

larj membrane the increased intracapilUrj pres-

sure so induced results m tlie formation of smdl
hemorrhagic pomts (pctechiac) beneath the «km
of the forearm A more precise method consists of

the application to the skin (usualU of the fore

arm ju«t below the antccubital fossa) of a small

suction cup and determining the minimum nega-

tive pressure which, when applied for one minute

18 requireel to produce pctechiac In health this

lies between —200 and —300 mm Hg A mmi-
raum effective pressure le«s than —200 mm Hg
IS abnormal

Pvrpura /icmorrhainca or \\ erlhof s disease

(thrombocytopenic purpura) is associated with a
great reduction m the platelet count They may-
be almost absent from the circulation Splenectomy
IS followed by an increase in platelets and fre

oucntly efTects a cure Recently snake venom has
been successfully employed in the treatment of
this disease The observations of Troland and Lee
point to the spleen in this disease as the source of
a toxic material having a destructive action upon
platelets An acetone extract of the spleens of

patients suffering from thrombocytopenic purpura
when injected into rabbits caused a pri^tessivc

fall (from &10 000 to 20 000 in 24 hours) tn the

platelet count They have given the name throm

hoc}/topen to the uoidentifled active principle in

the extracts Extracts prepared in the same way
from normal spleens were without effect upon the

platelet count An abnormal number of megakaro
cytes in the bone marrow especially of younger

forms has been reported in purpura hemorrhagica

and it 13 suggested that the failure of these to pro

ducc platelets IS the fundamental fault

In one form of purpura

—

purpura /ulnunant—
the hemorrhages are exceptionally severe and the

subcutaneous extravasations often extensive

Death may occur within a few days from lo«3 of

blood In this state there is undoubtedlv an af

fcction of the capillary endothelium as well as

reduction in the number of thrombocytes Pur
puric manifestations may occur with more or Ie«s

severe symptoms of gastrointestinal irritation—

Henoch s purpura—or in others bleeding into the

joints (Schonlems dtiease) is a prominent fea

turc In cither of these forms the purpunc spots

may occur in association with urticarial wheals or

more generalized edematous swellings of the sub

cutaneous li«sues Capillarv damage is probably

either the C'«enlial or a contributory factor m
the«c states

Calcium IS conimonly employed in the treat

ment of the vanou< tvpcs of purpura and appears

to reduce the hemorrhagic tendency but the man
ncrm which the effect is brought about is obscure

»t 15 not through increasing the coagulability of

the blood

Is-riu\A«cuL.vn Clotting—Thrombosis

Coagubtion witlun the vessels may be brought

about experimentally (a) By the injection of

thrombin into the blood stream Repeated

injections of small amounts of thrombin cause

the blood, after the first immediate increase

of coagulability , to become for a few hours less

coagubble than normal (negativ e phase) This is

due apparently to some decrease m the fibrmogen

level of the blood No permanent reduction in

coaguhMiij can honeter be produced b} «?-

peated mjectioQs of thrombin over a period of

several weeks (b) By the rapid injection of a

tissue extract (thromboplastin) particubrly of the

lung, thymius or ly mph gbnds The repeated m-
jection of small amounts of tissue extract may
have the reverse effect—decreased coagubbihty

This was ehown by "MelJanby and later by Mills

and his associates to be the result of the gradual

deposition of fibrm upon the vascub^alls The

bIoo<l failed to clot simply because iThad been

depleted of fibrinogen (c) By mjury-t^the v essel

wall either by chemical, mechanical or mfective

agencies, a roughened surface being thereby ex-

posed to the blood stream Thrombopb'tm is also

hberated from the injured va«cubr wall

The formation of a compact am! solid mass of

pbtelets, red cells, or blood clot or mLxture of

these materials in a v esjel em or artery ) which

partiallv or completely occludes its lumen is

spoken of as l/iivmbosis The plug it«el/ is termed
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a thrombus A thrombus may be formed eunply by
the clottmg of the blood m the usual way, as

occurs m a grossly damaged vessel On the other

hand the cellular elements of the blood may form
a Eobd mass within a vessel and block its lumen
independently of the clotting process This occurs

sometimes m the smaller vessels when the red

cells become agglutinated into laige clumps (ag-

glutinative thrombus) as after the transfusion of

incompatible blood, or when the blood forms a
sludge (p 11) Once the vessel has become
plugged m this way a true clot forms eventually

in the stagnant column of blood behind the block

When a thrombus, or a portion of it, becomes

detached and carried away in the blood stream

to become impacted in a vessel at some remote

point in the circulation, it is spoken of as an
embolus WTien arising from a venous thrombus

the embolus is likely to lodge m a vessel of the

lung If formed m the left heart it may plug a
cerebral artery The mam vessel leading to a cir-

cumscribed area may become obstructed and the

anastomosing channels may be insufficient to

maintain the nourishment of the tissue The isola-

tion of an area in this way by the obliteration of

its artery is spoken of as infarction, and the ne-

crotic area os an infarct

Causes oe Thbokbosis ik ^tAN

The causes of thrombosis m the human subject

may be grouped under the following heads

Injubt to the vessel Complete mechanical

obstruction of the circulation os by & ligature or

pressure upon a vessel from without does not alone

cause thrombosis The latter is usually associated

with some injury to the inner coat of the wessel,

unless this occurs the blood may remain fluid for

a considerable time A thrombus, often very small

in sue, may form later merely as the result of the

slowing of the stream, the formation of eddies in

the blind pocket and the deposition and lysis of

platelets Septic infection is one of the commonest

causes of endothelial damage leading to tbrom

bosis Some degree of thrombosis is alwaja asso

ciated with acute inflammatory processes of septic

origin The thrombosis may be strictly localized

to the smaller vessels at the site of the infection,

or may extend into larger venous trunks, and is

then due to the spread of the infection along the

vein walls (phlebitis) The thrombosis of the fem

oral vein during the puerpenum or of a cerebral

sinus following mastoid disease are typical exam

pies of infective thrombosis

Aoolutisation op corpuscles (agglutinative

thrombus)

Toxic thrombosis Certain chemical poisons.

e g

,

arsenical compounds, mercury, potassium
chlorate, etc , may cause intravascular clotting

Poisonous mushrooms, certain snake venoms, as

well as toxins formed within the body, as in

eelampsia, or extensive burns may induce throm
hosts The manner in which these various agencies

act, whether by injury to the vessel wall, disinte

gratiOD of blood elements or through their efi'ects

upon some phase of the clotting process is obscure

SpOVTANEOLS or PDaTOPERATIVE THROMBOSIS,
PUiAfONART EMBOLISM Spontaneous thrombosis

may occur under a variety of conditions and in

practically any vein in the body Thrombosis par

ticularly of the veins of the lower limbs not in

frequently follows operations upon the abdominal
or pelvic organs When it occurs under these cir

cumstances it is always a cause of anxiety to the

surgeon because of the danger of the clot becom
log detached and earned to the lung irhere it may
block a branch of the pulmonary arterj (pulmo

nary embolus) Infection is frequentlj blamed for

the thrombosis, but in most cases no evidence

for this can be found Also the point where the

thrombus fonns—usually in the deep veins of the

lower limb such as the plantar or calf veins or

the femoral vein—lies at a distance from the field

of operation and is separated from it by a consid

erable extentof healthy tissue This precludes

direct spread either of infection or of thrombus
formation from the site of the wounded tissues

The principal factors concerned m spontaneous

thrombosis especially following operation, will

DOW be discussed

/ Endothelial damage Some injury or a slight

alteration in the vascular lining which makes it

* wettable ’ probably initiates the process

t Sioirtng of the blood stream os a result of en

feebled heart action prolonged confinement to

bed debilitating diseases associated with a low

metabolic rate and hypotension, or immobility of

the Jimbs, seems to be an important factor in

causation It encourages the deposition of

platelets on the vascular wall and may be ac

compamed by ' sludging of the blood (p 11 )

S Deposition of platelets Aschoff some years

ago made an expenmental study of posteropera

tive thrombosis and gave an interesting and logical

explanation of the processes involved He states

that when the vein is completely obstructed as is

usual, the thrombus has a white portion or head

which 18 directed proxiraally (toward the heart)

and B dark red portion or tail If the flow of blood

IS not completely blocked the throrabas consists

of the white portion alone A minute examination

reveals a framework of ribs or beams extending

from the wall of the vein and traversing the entire

substance of the white thrombus The nbs are

made up chiefly of massed platelets covered with

a layer of leukocj tea There is little or no sign of

fhnn or of red cells, this white plug is not a clot



Chapter i! COAGULATION OF BLOOD 121

in the ordinary sense The longer red portion or

tail of the thrombus extends distally for a vanabtc

distanpc along the vessel and is made np of all the

elements of the blood m their normal proportions

Fibnn threads are plentiful This portion is cvi

dently formed b} the coagulation of the blood en

mosse The mode of deposition of the platelets la

compared to the manner in which sand, although

kept m suspension m a rapid stream, la deposited

in a ribbed pattern upon the sea shore or at a
river’s mouth where the current is slowed Al

though the flow of blood m the veins is continuous

it 13 not absolute]^ even, eddies occur wi the

venous current and even slight muscular move
menl causes a certain irregular wavclike motion

of the blood column which accounts for the deposi

tion of the platelets, not in a continuous even

layer but in npples Also, owing to their apecific

gravit> the platelets leave the axis or core of the

stream and, separating from the other blood ele

menta, come to occupj the more slowly moving
zone next to the vessel wall rinaltj

, it is the re

duetion of the velocity in this outer zone of the

current to a certain critical level that causes the

platelets to settle upon the vascular walls The
nbs or ndges increase in height bj the aggregation

of fresh platelet masses, and secondary ridges are

later formed upon the pnmary ones until at last

the fabric extends like a coral growth into the

axis of the stream

In view of later investigators some change m
the endothelial lining must occur to render it

“wettable," 0) above, before platelets w ill adhere
and undergo lyais

In the auricles dunag auricular fibntlation, in

the slowing of the stream caused by a local dila

tion of the blood channels e g ,
in an aneurysm

«w vanvusv vein, and wAenJver eddre-r are pro

duced, a white thrombus cither with or without
a covenng of clotted blood is likely to form as a
result of platelet deposition

The observations of Sandison arc pertinenl to

the question of thrombus formation Examining
the blood flow through the capillaries of the rab

bit s ear by the transparent chamber method, he
observed thrombi m the process of formation

When the blood flow was retarded platelets were
seen to cling to the wall of the capillary or venule
By the deposition of successive layers, a white

thrombus was formed which as it grew extended a
considerable way along the blooil channels A small

proportion of leukocytes were included jn the

mass, but no erythrocytes

4 £iaod changes The platelets are increased

after operations, and these elements show a greater

tendency than is normxl to clump together The
greater stickiness is due, according to Wright, to

uewlj formed cells discharged from the bone mar
row The fibrinogen also is increased and, aa a

result of this, the rate of sedimentation of the

corpuscles is hastened (ch 7), clot retraction is

usually more pronounced than normally

The eoagulalton time is shoftened for the first

few days after operation but it is doubtful whether
an altered relationship between the different fac

tors concerned in the clotting mechanism itself is

of prime importance in the production of post

operative thrombosis At first sight the liberation

of thromboplastin from the damaged tissues would

seem to be a probable cause of the thrombosis

Yet if this w ere responsible one would expect that

the thromboses would occur immediately follow

ing operation and not as IS actually the case a week
or ten days later Moreover, thrombi composed of

masses of platelets have been induced m animals

whose blood had been rendered incoagulable, and

postoperative thrombosis may occur m subjects

whose blood shows a clotting tune within the nor

mal range

Although some alteration m the vascular en

dothelium and slowing of the venous blood flow

are probably the most important factors in the

production of postoperative thrombosis, altera

tions in the blood itself which follow tissue injury

,

namely the increase in the number of platelets

and the nsc in fibrinogen concentration no doubt

encourage the formation of the white thrombus

Anhydretsia by increasing the viscosity of the

blood may also favor its occurrence

TffB Relatios of Blood Fat to CLornva
AKD TTS PoSSIDLE KOLE IN ATaEROSCLBItOSlB

Ouruig the past few years much evidence has

been obtained which euggests that consumption of

excessive amounts of fat may be an etiological

factor in atheroeclerosn and Chrombons Results of

cf the •effisct of f&t tnesls <is chttisg tunes

ID man have been contradictory This is probably

due to the variety of tests used by different in-

vestigators In general there does appear to be a

tendency towards a shortenmg of clotting tune

after the mgestion of fat The change however is

not a large one and is by no means universally

accepted In any event the part played by fats in

blood coagulation may not be related to their

rfile in the development of thrombosis or athero

sclerosis

Summary

The most probable sequence of events m the

formation of a thrombus postoperatively is as

follows first, some abnormality occurs m the

endothelial hnmg of a vessel and its unwettable

property is lost Platelets adhere and agglu

tinafe at this pomt and a white thrombus forms

Platelet accumulation and the growth of such a

white thrombus are favored by a sluggish blood
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flow As the platelets disintegrate, the series of

reactions leading to thrombin production and the

formation of a flbnn net (with or without en-

trapped red cells) is initiated The platelet throm-
bus with the clot subsequently formed may ad-

here firmly to the vascular lining, in which event

the thrombus remains fixed and, though it may
occlude the vessel, there will be relativeh little

danger of its being swept away m the blood

stream to block a distant vessel Quick attaches

much importance to clot retraction as a factor

to the further growth of the clot and the produc-

tion of an embolus If clot retraction is pro-

nounced, as m anemia or when the platelet count

IS high, thrombin is expressed from the interstices

of the fibrin net and causes extension of the clot

The latter, attached by its base to the endo-

thelium, hut with its other end floating in the

circulation and pointing in the direction of the

blood flow, IS continually adding to its length bv

fre<h accretions of clotted blood This elongated

mass has a rather precarious hold and after a

time, looseaed b> the force of the bJoexJ stream

or perliaps bj some sudden movement of the

patient, is detached and carried awaj According

to this conception, clot retraction which draws

the thrombus from the va«cuhr wall (except at

Its ba«c to which for a time it is moored) favors

its enlargement in the blood stream, and is an

essential factor m its ultimate detachment as an

embolus The aboormalitj in the va«oular lining

which starts the tram of events leading to Ihrom-

bo«is cannot alw ays, nor perhaps often, be demon-

strated, even histologically, but from indirect

evidence some such alteration is believed to be

present almost invariably

The follow ing are the chief measures which have

been emplojed in attempts to prevent postopera

tive thrombosis

1 Early movement of the limbs, to favor the

venous flow

2 Avoidance of any restriction to respiration

—

which IS an important factor in aiding the venous

return from the limbs

3 Thvroid extract administration, to raise the

metabolism and increase the circulation rate

4 Plenty of fluids, to prevent dehv drat ion, and

a diet compo«cd largelj of carbohjdrate since the

platelet count and the fibrinogen are raised bv a

high protein diet

5 The treatment of any anemia which may
exist

C The ii«c of anticoagulants such as hepann

b\ continuous intravenous administration or

of Dicumarol bj mouth, which tend to prevent

platelet agglutination
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THE MECHANISMS REGULATING THE REACTION
OF THE BODY FLUIDS

Plijsicocliemical Principles

The Electrolytic Di'^sociatiov Theory

When certain chemical substances, such as acetic

acid, hydrochloric acid and many others, are dis

solved in water a proportion of their molecules

—

the proportion vanes with the particular sub
etance—undergo dissociation into their constitu

ent ion# The latter move through the solution m
all directions, some collide with one another and
recombine, whereas a corresponding number are

produced b> the dissociation of other molecules

B> the junction of some ions and the separation of

others, the balance between undissociated (un

ionized) and dissociated (ionized) molecules is

kept constant That is, equilibnum is established

Substsnees whose molecules are dissociated in

this way are known as tUctrolyUt An ion is sn dec
tncally charged atom or group of atoms aod is

referred to as a cation or an amen respectively sc

cording to the nature of the charge—positive or

negative—which it holds Cations are denoted b>

a plus sign or simply by a dot placed above tbe

atomic 8>mbol The negative ion (anion) is indi

cated by a minus sign or an oblique dash Thus
HCl dissociates into the ions and Cl", lIiO

itself into n* and OH" and HiCOj into H* and

HCOr \\hen an electnc current is passed through

the solution each ion carries a charge of electricity

to one electrode or another, the anions (negative

ions) migrating to the positive electnde or anode

and the cations (positive ions) to the cathode

The conduction of an electric current through the

solution will therefore be influenced by the con

centrations of ions in the solution (i e , upon the

degree of dissociation of the particular electro

l}te) Solutions of such substances as sodium

chloride are good conductors, whereas solutions of

other substances such as cane sugar which undergo
little or no dissociation are not much better con

f ductOTs than pure water

\\ hen (a) the degree of dissociation of an acid or

other elcctrol>te and (b) the total concentration

of the acid m the solution are known, then the con

centrations of di-aociated and undissociated mole

cules can be calculated It is found that after

equitibnum has been established the product of

the concentrations of ions divided by the concen-

tration of the undissociated molecules gives, at a

given temperature and for a given electroljte, a

constant value which is known as the ionization

or dtasoctatton eomtant This represents the opera

tion of the mass law* as applied to the dissociation

of electrolytes So if HA represents an acid which
IS dissociated into cations H^ and anions A then

K* represents the dissociation constant of the

acid ilie brackets enclosing the letters represent

molar concentrations Thus

Dissociated

IH*) X U 1 „ ,

^777;— " Ki (ionization constant)
IHAJ

Undissociated

After equilibrium has been reached the velocity

at which the molecules HA dissociate into H'*’ and
A~ IS equal to that at which the latter combine to

form HA In this wa> an equilibrium between
dissociated and undissociated molecules is mam
lamed, thus, HA »:* H* + A" For weak elec

trolyles the degree of dissociation increases with

dilution, so that at infinite dilution the dissocia

tion is complete The greater the degree of disso

ciation Ute higher will be the numerator of the

equation, and the higher consequently will be the

value of the dissociation constant

HYDROOEN IoV and HYDROXtL lov
Concentrations

The Ionization of Acids

If a measured amount of a normal solution of

acetic acid be titrated again't a normal solution of

sodium htdroxide a definite amount of the base

will be required for neutrahzation If the same

quantity of a nonnal solution of HCl be taken and

^The mass law states that the velocity of a

chenucai reaction is proportional to the concen

trations of the reacting substances Although this

law holds for dilute solutions of such weak elec-

trolytea as are present m blood it is inaccurate in

the case of strong electrolytes in concentrated

solutions

m
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titrated as before, it mil be found that precisely

the same amount of base will be required for com-
plete neutralization From this it might be as-

sumed that the two acids are equally strong But
it 13 known that at similar concentrations the

acid properties of hjilrochloric arc incomparably

greater than those of acetic acid The former

in\ erts cane sugar more pon crfull^ , it tastes mnnj

acid, it has a greater destructnc effect upon
animal tissues, and it will displace acetic acid

from its salts

Hjdrochlonc acid is dissociatcil into hjdrogcn

ions and chlorine ions To the II ion it owes its

acid properties
,
it is the hj drogen urn concentra-

tion and not the total number of hj drogen atoms

m its molecule that is rcspon«ible for the acid

characters of nnj acid Tlie greater the degree of

dissociation of the acid, the greater is the number
of H ions which it will >acld m «^jlution, i o

,
the

greater will be the H ion concentration and the

greater consequontlj will be its acid nature

Tliua HCl, although it contains onh one atom of

hj drogen in its molecule, undergoes almost com-
plete dissociation and con-cqucntlj ts a much
stronger acid than carbonic (IltCOj), who«c

molecule contains two hjdrogcn atoms but dis-

sociates to a acrj small extent into H* and

HCOr, carbonic acid di««ociat« in two stages

Phosphoric 13 another weal acid which contams

three atoms of hjdrogcn It dissociates, however,

to a greater extent than carbonic acid and in

three stages

H,PO, + HtVOr *3 2S» + BPO.- sa

SB*- -i- FOr
The greater the degree of dissociation of an acid

the higher will be the \alue of its dissociation con

stant The latter therefore is a true measure of

acid properties ” The dissociation constant of a
' cry weak acid such as carbonic is only 0 0000003

(first "tage), the firet dissociation constant of

phosphoric acid is 0 01

1

The lomzation of Bases

The OH ion on the other hand gives to bases

in aqueous solution their characteristic properties,

and when a base and acid neutralize one another

it IS the union of the hydrogen ion of the acid

with the h> droxj 1 ion of the base with the forma-

tion of a molecule of water that brings about

neutrahzations, thus

H* + Cl + Na^ 4- OH- wi Na+ + Cl + HiO

The ionization of a base may therefore be repre-

sented bj an equation analogous to that given

for an acid Tluis

Dissociated

[B*l X [OH 1

iBom
” '

Undissociatcd

If the hj drogen ions arc m excess the solution is

acid, if the hjdroxjl lona arem greater concentra

tioR the solution ts alkalme

The lonuahonof II aler—the Reaction ofa Solution

Expressed in Terms of Hydrogen Ion

Concentration

Tlie dissociation of water maj be represented

bj the equation

(n^! X lOH I „
!H,0]

Pure water has a definite although %erj slight

conduclivitj xalue The concentration of the

molecules that are dis«ociated into H* and OH
as compared with tliosc u^dl^eoclate(I is almost

infimtosunal, the concentration of the and

OH" IS so small that their presence produces no

measurable decrease m the concentration of the

total water molecules The equation then maj be

wTittcn simply

—

[HM X lOH )
» K,

Kw, the dissocLation constant for water there-

fore represents the product of these ionic

concentrations and amounts to no more than

OOOOOOOOOOOOOOI

Expressed more bneflj, though perhaps more

crj'pticaUy, the ^alue is 1 X 10“” The snnbol

— 14 to the right of the figure 10 is termed the

negatue exponent or index, and means that m
order to express the value m the form of a decimal

fraction, as in the preceding paragraph, the figure

1 must be placed 14 places to the right of the

decimal point Expressed as a vulgar fraction

10“** would be TOmririnsl tnro trsinr

Other examples of this system of notation are

10-1 means 0 I or

I0~* means 0 01 or

10** means 0 001 or roSnr so on

We already know that the and OH“ mu«t

be present m equal concentration and that the

dissociation constant 1 X 10 >* is the product of

the«e concentrations, i e
,
the square of either

Therefore the square root of 10 X 1"‘*, i e , 1 X
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10"^ indicates the concentration either of the H'*'

or of the OH“
The actual weight of ionized water m 1000 cc

(1 hter) of water is therefore

1 X 10“’ grams H ions (atomie weight of

hjdrogen = 1)

17 X 10”’ grams OH ions (atomic weight of

oxj-gcn = 16)

Total 18 X lO"’ grams ionized IIiO

A solution containing 1 gram of hjdrogen jon

per liter is known as one having a normal concen-

tration of hj drogen ions Se\ cntecn grams of OH
ions m the same quantity of fluid is known as a
normal solution of hjdroxyl ions Water is there-

fore 10”’ normal m both H* and OH” ions

Since both are m equal numbers per unit of fluid,

water is neutral in reaction

If hjdrochloric acid is added to water it is dis-

sociated to the extent of over 90 per cent mto H*
and Cl” The concentration of H* in the water

will therefore be greatly increased bj the addition

of acid But it has already been seen that the

product of the concentration of H* and OH” m
water is constant (I^w) This statement apphes

not only to pure water but to all aqueous solu

tions Thxi w a fundamental fact and upon it the

determinations of the hydrogen ion concentration

and the notations used for its expression are

based ^Vhen therefore the are increased the

OH must undergo a reciprocal reduction H, for

instance, the concentration is increased above

Its \alue m pure water, that is from 1 X 10”’ to

saj 1 X 10 • (0 0000001 N to 0 OOOOOOOl N), then

the concentration of OH” must undergo a reduc

tion to 1 X 10 * in order that the product of

the^e two shall remain the same (1 X 10 * X
1 X 10 •= 2 X I0”“) On the other hand if a

base be added to water and the OH” concentra-

tion increased from its value in pure water, i e

,

from 1 X 10”’ to, let us saj, 1 X 10”*, the H*
concentration must undeigo a corresponding

diminution from 1 X 10”’ to 1 X 10 * (0 0000001

N to 0 00000001 N) Therefore all that is required

in order to indicate the concentrations of both

H* and OH” ions is an expression which denotes

the concentration of either one The concentra-

tion of the has therefore been chosen to ex-

press the reaction of a solution The term ‘ hy-

drogen ion concentration” is abbrcxiatcd to the

symbol cH If the hjdrogen ion concentration

(cH) 13 greater than that of pure water the reac-

tion IS acid, if less than this x alue, the reaction »s

alkalme, and if precisely the same, the reaction is

neutml Thus

If cH equals that of pure water, i e , 1 X 10”’

the reaction is neutral

IfcH exceeds that of pure water, e g ,
from 1 X

10”’ to I X 10 ‘ the reaction is acid

If cH IS less than that of pure water, e g , from

1 X 10 ’ to 1 X 10 the reaction is alkalme

The values represent the H'*’ concentrations in

terms of a normal solution (i e
,
one contaimng 1

gram of ionized hydrogen per liter) No matter

how concentrated in a solution the H+ may be,

some OH* are alwaj s present, and vice versa, w ith

maximum alkalmity a small number of H* are

always present

The Symbol pH

The value of the hydrogen ion concentration

as mdicated above was found inconvenient IVhcn

the cH was I X 20”*, I X I0”‘etc
,
the fir«t factor

could, for the sake of simplicitj ,
be omitted The

expression then became cH 10 •, etc But when
the first factor was other than unity, e g , as m
5 X lO-^or 1 3 X 10 ’or 4 X 10”*, this obviously

could not be done The wTitmg of such expressions

became cumbersome and the hj drogen ion con-

centrations which they represented were difficult

to keep in mind
Sorensen in 1909 introduced a system of nota-

tion by which the negative exponent of the com-

mon logarithm fi e
,
to the base 10) of the decimal

fraction expressing the H ion concentration is

emptojed as a positive number For example the

H ion concentration of scrum is 0 00000004 nor

mal The cH might be expressed either as 4 X
10 • N, or ns 1 X 10 ’ * N The htter expression

IS simplified by omitting the 10 and replacing the

minus sign of the negative exponent bj the sj-m-

bol pH (hjdrogen ion exponent) The value 7 40

IS derived as follows The log of the figure in the

cH expression above, le, 4 is 0C021 (cf log

tables) This log subtracted from the negative

exponent, le, 8, gives the required figure 7 40

Simibrly a solution 0 OOOOOo normal in H ions

may be expressed cither as cll 5 X 10”* or as cH
1 X 10 * * The log of 5 13 0 G990, the pH is,

therefore, 6 — 0 6990 = 53
It must be remembered that a nse or fall in the

pH mdicatcs a change m hj drogen ion concentra-

tion (cH or [H*]) m the opposite direction Thus

a pH of S 00 indicates a higher aciditj than a pH

of 6<W, and a pH of 900, a lower hydrogen ion

concentration than a pH of 8 pH 7 00 of course

indicates neutralitj Attention should be drawn

to another pomt that is not quite so obvious,

namely that a solution of a pH 5 00 is more acid

not simply by a SLxth than a solution of pH 6 00,
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TABLE 13 I

na Addfd
HtCO.

TNhcoT lltl 10!I)
1

KcUtive Acidity Relative Alkalinity

0 2 27.11 0 0 000000057 N 0 000000176 N 0 57 1 76

10 2 27.11 5 0 000000050 0 000000170 1 0 50 1 70

50 2 27:10 0
,

0 00000006S 0 000000142
,

0 65 1 47

100 2 27. 8 2 0 OOOOOOOS3 0 000000120 0 83 1 20
150 ' 2 27. 6 3 0 oooooom 0 000000023 ' 1 OS 0 93

200 2 27 : 4 4 0 OOOOOQtSt 0 OOOOOOOG5
1

1 51 0 65

250 2 27: 2 6 0 00000036 0 000000030 26 0 30

300 2 27 0 08 0 0000010 0 OOOOOOOlO 10 0 10

310 2 27: 0 31 0 0000022 0 0000000015 22 0 015

318 •e 0 0002G 0 00000000039 2G0
,

0 0039

320 — 0 00(H5 0 00000000022 450 0 0022

330 ”
1

0 0027 0 000000000037 2700 0 00037

but IS in fact ten times more acid A pH of 3 00

repre<ents an acidity 1000 times greater than a
pH of 6 00 Similarlj a solution of pH 11 00 »s

1000 times more alkaline than one of pH 8 00

RecaUmg tbo decimal fraction that these figures

repre^nt will make this clear Thus pH 5 00 »»

0 OOOOI normal and pH C 00 • 0 OOOOOI normal

BUTFEnS

These are substances a Inch n hen present in a
solution mamtam that solution at a relatiTel>

constant pH when an acid or nlkaU is added to it

That i«, a buffer has the power to ‘'«oak up” or
‘ tampon” the acid or base, it takes up the shock,

so to speak, of the streng acid or ba»c, hence the

term buffer A buffer or buffer sj’Stcm consists of

two parts—a weak acid and one of the salts of

that acid Acetic acid and sodium acetate, car-

bonic acid and sodium bicarbonate, phosphoric

acid and sodium phosphate, are a fen CTampJes of

such buffer pairs Solutions of buffers are used in

phi-siological experiments when for anj rea«oa it

Is desired to maintain the fluid medium at a con
stant hjdrogcn ion concentration, as for example
in the stud> of the action of ferments
The hydrogen ton concentration oj a buffer «rfu-

lum ts proportional to tho ratio of the concentration

of the free acid to the concentration of acid bound to

inee The ratio of the buffer pair maj be expressed

as follows

Concentration of free acid

[HAl

IBAJ

Concentration of bound acid

The hydrogen ion concentration of the solution is

epial to the product of the dissociation constant

of the acid (K) and the ratio of the buffer pair

Thus

0>droEen ion concentration HI] * K

In order to express the H ion concentration in

terms of pH, the laiue for K is comerted by

means of togarithms to the corresponding pK
figure The equation then becomes

pH pK, + log
[BA]

(HAJ

This IS known as the HendersoQ*HaseelbaJch

equation (sec abo pp 135 and 46G)

The effect of a buffer m preventing changes in

reaction of a solution when acid is added may be

illustrated bj an example given bj L J Hender-

son (table 13 1)

One hundred hters of a 1 per cent solution of

sodium bicarbonate is made up and kept in con

tact with an unlimited atmosphere containing 0 1

per cent of carbon dioxide Tune is allow ed for the

solution to absorb CO* and for equilibrium to be

established between the pressure of gas m the at-

mosphere and that in the fluid The temperature

IS kept constant at 17*C The solution to start

with IS slightlj alkaline Hydrochloric acid is

added m successive amounts up to 330 grams

Itmay be «een from the accompanjung table that

the reaction of the solution is little altered after

as much as 150 grams of HCl have been added

Even after the addition of 250 grams the H*ion

concentration is no more than 2 6 times that of a

neutral solution It is not until the bicarbonate

has been completelj used up that the acid exerts

any great effect The ratio
H>CO*

NaHCO,
remains al-
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most unchanged until some 50 grams of HCa
have been added

The reaction may be expressed as follows

HCl + NaHCO, = NaCl + HjCO.

In this reaction three things have occurred

1 The very strong acid, hjdrochlonc, has dis-

appeared, the very weak acid, carbonic, having

taken its place

2 The weak carbonic acid is volatile and is

quickly diffused into the atmosphere This con-

tmues until equilibrium between the pressure of

gas in the atmosphere and thatm the solution has

been re-established

3 The bicarbonate has served as a reserve of

base which has soaked up or buffered the added
acid The bicarbonate has of course been reduced

and (finally) completely used up in the process

The Donnan Theort or MEitBRANE

Equilibrium

The Donnan effect is a state of iodic equilib*

nura set up between two sides of a membrane by

the presence m a solution of electrolytes of an ion

(such as protein) to which the membrane is im-

permeable It IS explained best by an illustrative

example Let two electrolytes, Na*Cl~ and

Na+P", be separated by a membrane which is

permeable to the ions Na* and Cl" but imperme-

able to P~ Thus,

Na+
I

Na+

P“
I
Cl

When equihbnum has become established the

product of the concentrations of the difftmble ions

(Na+ and Cl") on one side of the membrane

equals the product o! the concentratioiv of these

ions on the other side

I

[Na*l X ICI 1 - [Na-] X ICM
IF-1

I

Also on either side of the membrane the total

concentration of anions (whether diffusible or

nondiffu«ib!e) is equal to the concentration of

cations each solution being electrically neutral

[Na+l - [Cl ]

Since the anion P is nondiffusible it follows that

. the diffusible ions and Cl must be unequally

' distributed on the two sides of the membrane

In other words, the nondiffusible ion hinders

(through electrostatic attraction) the free diffu-

sion of tlie oppositely charged ions TTiere-

fore the concentration of the Cl" ion is less and

that of the Na+ ion is greater on the side occupied

by the nondiffusible ion, thus

1

ICH < [CM
1

[Nai > [Na+J

IP-] I

The ratio of the Na* concentrations on the two

sides of the membrane (which may convemently

be styled n^ht and left) is the same as, but re-

ciprocal to, the ratio of the Cl" concentrations

Thus

[Na^ left) [Cl" right]

[Na+ right)
“ [Cl leftl

A difference in electric potential

—

membrane po-

ienttal-~-i3 created between the solutions on the

two sides of the membrane which is proportional

to the logarithm of this ratio When the ratio is

1 10 the potential difference at 19^C amounts to

58 mv The ionic distribution may be represented

thus

[f]

[•?“] 1—

1

[?]
[-]

Numberg vadxcate cvncerdralums %n arbitrary umti

The Donnan equilibrium is responsible for

many phj'sicochenucal effects of the utmost

phj'Siological importance, e g ,
a difference of pH

on two sides of a cell membrane across which II

ions can diffuse, differences of electrical potential

between two sides of a membrane and differences

in osmotic pressure between the mterior of a cell

and the extracellular fluids (sec also ch 3)

Tlie Regulation of the Acid'Basc

Equilibrium of the Blood

Acufa such as phosphoric, sulfune and hjdro-

chlonc, carbonic and lactic as well as certain or-
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game acids are continually being formed m the

processes of metabolism In di«casc, c g ,
diabetes,

acids ®uch S'! d-h>dro\jbutjnc and acctoacctic

acids arc proiluced m excess Yet in health the

reaction of the blood remains remarkably con-

stant at about pll 7 4, and c\cn in di‘»casc may
show little or no aariation from the nonnal, for

the adjusting methani«ms called into play to

neutrabre and rcmo% e e\cc«s acid perform their

duties with extraordinary ofilcicncj

Tlie reaction of the blood is protcctc<i by three

lines of defense (a) the buffer Bystems of the

blood, (b) excretion of carbon dioxide by the lung,

and (c) excretion of fixed acid hj the kidney The
intestinal mucosa also assists to some extent in the

remo\al of acid, particularly of a part of the

phosphoric Tlic role played by the kidneys in the

regulation of the acid-bi«e balance is considered

m chapter 34

Thl BXTFfLn sisTEUa OF THt BLOOD may now
be enumerated

I In the plasma (primary buffers)

1 CarboQic acid (free acid) and acid bound as

sodium bicarbonate Ratio 1 to 20

IhCOi l_

NaHCO, "
20

2 The acid and alkahne phosphates of eodmm.
Ratio 1 to 5

Acid sodium phosphate NalltPQt 1

Alkaline sodium phosphate hsiIlPOt 5

^aHiP04 may be regarded as a weak acid

and as the safe of tbe baSec pair

3 Plasma proteins which at the reaction of

the blood behave as acids and so combine

with base

H protein

Na proteinxte

II In the corpuscles {secondary buffers) It is

to be remembered that whole blood consists of

two liquid phases separated from one another by
the membrane of the corpuscles Different mate-
rials in different concentrations exist within the

red cell and m the plasma The corpuscles as well

as the plasma contain important buffers and an

interchange of water, anions and occurs be-

tween the two across the membrane The corpus-

cular membrane, on the other hand, is imperme-
able to K+ and almost impermeable to Na* as

well as to the colloidal amons, hemoglobin and

plasma protein The buffers of the red cells are

1 Oxyhemoglobin and reduced hemoglobin act

each as a weak acid of a buffer pair of which the

potassium salt of the pigment acts ns the other

half Thus

H oxyhcmoglobinate HHbOt
Potassium oxyhcmoglobinate IvHbOj

and

II hcmoglobmate Hllb

Potassium hemoglobjnate KHb

2 Ihc potassium salts of phosphoric acid

Acid potassium phospliate (KHtPQi?

Alknlmc potassium phosphate (KjHPOi)

The reactions by which acids are buffered m
the blood may now be considered in more detail

Tliey may be grouped under the following heads

/ Fued aetds formed during metabolism, e g

,

lactic, sulfuric, phosphoric, etc , are buffered by

the bicarbonate in a way analogous to that al-

ready described on pages 127--8 Taking lactic acid

(IIL) as a type the reaction may be expressed by

the following equation

IIL + NaHCO, » NsL + HjCOi

Lactic Sodium Sodium Carbonic

ftcid bicarbonate lactate acid

Tlie comparatively strong fixed acid is thus re-

pbeed by a neutral salt Phosphates, sulfates,

lactates, etc
,
are excreted m the urme, lactic acid

13 also rcmo\ ed to a large extent through its con-

version to glycogen in the liver and muscles Car-

fwnic acid is removed tfmragft the dnShsiua of

CO* mto the nlveobr air The great value of bi-

carbonate m maintaining neutrahty of the body

fluids IS not due so much to its true buffermg

action, 1 e
,
to the replacement of a strong by a

weak acid, but to the fact that the latter is vola-

tile and can be eliminated by the lungs

Some of the fixed acid also reacts with the alka-

hne phosphate with the production of a salt of the

acid and a greater proportion of acid phosphate

HL + NajHP04 « NaL d- NaHtPO,

Lactic Alkaline Sodium Acid

acid pboaphate lactate phosphate

The ratio NaH»P04/Na»HP04 is readjusted by

the excretion of the excess acid phosphate m the

unoe ITie pho«phate mechanism for removal of

acid from the body is much less efficient, howev er,

than m the bicarbonate system, for the reasons

that (a) the excretion by the kidney is relatnely
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slow
,
and (b) base is lost from the body m com-

bination w ith the acid Plasma protein also j lelds

base to neutralize fixed acids

HL + Na protein = NaL + H protein

£ Carbonv: acid which as a product of tissue

activitj IS produced m much greater quantities

(800 to 900 grains dailj) than anj other acid, it

is buffered mainly by base released from hemo-
globin When carbon dioxide enters the blood the

sodium bicarbonate of the pLa«ma increases The
increase occurs to a much less extent if plasma

separated from the red cells is exposed m the

same way to a high tension of CO* The nse in

the sodium bicarbonate of whole blood is the

result of interchanges between corpuscles and
plasma

It was thought at one time (Zunz) that the nse

m plasma bicarbonate was due to the passage of

base from the corpuscles into the plasma It was

shown by Gurber and by Hambcrgcr, however,

that the rise of bicarbonate was accompanied by
a reduction m chloride It was concluded that

chloride derived from the NaCl of the pbsma
diffused into the red cell and the base (Na)

thereby released combined with carbonic acid to

form bicarbonate Tins mechanism is referred to

as the ‘'ehlonde shift

"

Tlie interchanges between

the corpuscles and plasma are believed to occur

as follows As the blood passes from the arterial

to the venous side COt is absorbed and diffu«es

into the red cell Herein, through the action of an

enzyme—carbonic anhydrase— (cii 29), it w con-

verted to carbonic acid (HjCOi) The oxyhemo-

globin becomes at the same time reduced Re-

duced hemoglobin is a much weaker acid than

oxyhcmoglobui and «o gives up its alkali to the

carbonic acid Bicarbonate (IvHCOj) and HHb
are formed The base which previously Iiad been

bound to the nondiffusable hemoglobin is now

bound as bicarbonate The concentration of bi-

carbonate ions (HCOr) in the cells is thereby

raised above that in the plasma and, as a result,

this anion diffuses across the corpuscular mem
brane Since the cations cannot diffuse, tlie ionic

equilibrium between the plasma and the interior

of the cell will tend to become disturbed The

equilibrium (p 4G8) is sustained by the diffusion

of Cl ions from the plasma into the corpuscle

I
where they combme with ba«c The HCO* ions

which leave the cells combme with the <H)dium

reloaded from chloride to form plasma bicarbonate

(see fig 29 11)

The exchanges just described increase the con-

centration of osmolically activ e substances within

the cells, water therefore passes from plasma to

corpuscle, which as a result increases m volume
Althougli described in steps, the reactions ac

tually occur simultaneously In the lungs reverse

ionic interchanges occur between the cells and
plasma HjCO* within the corpuscles is acted

upon reversibly by carbonic anhydra'c, CO}
enters the plasma and diffuses into the ah polar

air, oxygen is absorbed and diffuses into the

cell The oxyhemoglobin so formed, being a

stronger acid, recaptures the base which it had
lost Cl ions leave the cells and recombine with

plasma base, whereas HCOj ions enter the cells

and recombine w ith base released from chloride

Thus the plasma bicarbonate is reduced and the

plasma chloride increased Water leaves the cells

for the plasma

Carbonic acid is aho buffered to a minor extent

in the plasma through the protein and phosphate

buffer systems The plasma protein yields ba«e

and more free (acid) protein is produced The
alkaline phosphate is converted to the acid pho«-

phalc with a consequent fall m the XajHPOi/
>iaHtPO< ratio

It 13 evident from the foregoing description of

the interchanges between the corpuscles and the

plasma that w hole blood as compared with plsaroa

possesses a much greater power to buffer COi
For this rca«on plasma separated from the red

cells without precautions to prevent the escape of

CO« IS called ‘ separated plasma ' to distinguish

It from pbsma of whole blood, le, plasma m
contact with the red cells Only when precautions

have been taken to prevent the escape of CO*
during the separation of plasma from the cells

will the separated pbsma have the same reaction

and amount of bicarbonate as existed when it

was in the body Only then will the equilibrium

between cclis and pbsma be maintained un-

changed Such pbsma is therefore referred to as

“true plasma” (see also ch 29)

Alkali Reserve—Acidosis and Alkalosis

The Alkali Reservte

This term was brought into use by Van Slyke

and Cullen to denote the amount of base in the

blood which Ls available for the neutralization of

fixed acids, e g ,
lactic, hydrochloric, etc Wlien

CO* enters the blood, ba«e is liberated in the man

net already described and bicarbonate, NallCOj

,

is formed in the plasma The pbsma bicarbonate

then 13 a measure of the base left over after all

acids stronger than HjCO* hav c been neutralized

and indicates the rc'crve of alkali readily avail-

able for the neutralization of such acids Tlic
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quantity of pUsma bicarbonate therefore gucs

indircctlj a measure of the extent of the piwluc-

tion of fixed nods in the body If and production

IS increased the bicarbonate Iwcomos reduced, its

base being given up for Uic neutralization of the

stronger acids Tlie term alkali ro«one, it should

l« emphasized, refers onlj to Ikisc bound as bi

carbonate and not to the total b isc of the Wood
A large quantity of ba'O, No, K, Mg ami Ca »3

already bound as salts of fixed acids, chiefly so-

dium chloride, which the weah acid IIjCOi b
unable to displace (fig 13 1) Tliough changes m
the alkali rc«or\e may result from alterations m
tlie body’s store of total base, they aJ-o occur

quite independently of any such cliangc, i c

,

simply from a ariations in the distribution of ba«e

between carbonic acid and fixed acids

It IS also important to remember that the term

alkali re^r\c refers to the aSaofu/c quantity of

bound COtm the plasma and has no reference to

the ratio between, this \aluc and the quantity of

the free CO* Upon this ratio^HiCOj/NallCO*

—the pH of the plasma depends The plasma bi-

carbonate may therefore be greatly depleted, yet

il the free carbaoK acid w reduced to a cor-

responding extent and the normal ratio of 1 20
thereby maintained, the hy drogen ion concentra-

tion -wiU ahow no appreciable cliange targe

quantities of acid may be formed m the body yet

such IS the store of bicarbonate that thc«c, as m
the case of the example gj\ en on page 128, are

taken care of and not until extreme depletion of

the bicarbonate buffer occurs docs any great

change m blood reaction result

Rapid adjustments of the ratio HjCOj/
NaHCOiare brought about through the cxquBite

sensitivity of the respiratory mechamsm to

changes in pH, and to the cliloride shift between

plasma and red cells The shghtest reduction in

plasma bicarbonate through its decomposition

by acid is met by increased pulmonary ventilation

and an equivalent reduction m the numerator of

the above expression, i e
,
by the eUmination of

COj by the lungs Low arterial and alveolar CO*
tensions are therefore associated with a low aikah

reserve

On the other hand, when excess CO* is con-

tained m the blood a compensatory increa«!e m
bicarbonate results (chloride shift) So hi^ ar

tenal and alveolar CO* tensions are associated

with a high alkah reserve

IVhen exce'^ive amounts of CO* are removed

from the body (e g , by forced breathing) a mo\0'

meat of chloride and bicarbonate ions occurs m

CC OIN
per too CC of plasma

TiedaU)

the reverse duection, the plasma bicarbonate is

reduced

Tns Noiuul Acid-Base Balance and
ITS Vabutiols

Tile pU of the arterial blood in health vanes

between 7 39 and 7 44 The normal value for the

plasms bicarbonate of venous blood ranges be-

tween 53 and 75 volumes CO* per cent The free

CO* , being one-twentieth of this, amounts there-

fore to from about 2 5 to 3 5 volumes per cent

In disease the pH of the blood, unless m the

termioal stage, e g ,
diabetic coma, never becomes

actually acid, i e , reaches a pH below 7 0, and as

lUst stated, a reduction m the alkah reserve may
occur with httle or no change m blood reaction

The linuts ofpH compatible with life are probably

not higher or lower re'pectiv ely than 7 S and 6^
A pH of the latter value has been observed in a

patient who was in a diabetic coma but who
ultimately recovered under insulin treatment

The pH of venous blood durmg rest is lower by

002 than that of arterial blood The red celb

are more acid than the plasma by 0 08 to 0 14

pH

Acidosis and Alkalosis—Definitiovs

Few termsm physiology hav e caused more con-

fusion than these “Acidosis” has been used with
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at least two different meanings The term was
or gmally introduced by NaunjTi to denote the

production m the body of the abnormal aeid

metabolites ^ hjdroxj butyric and acctoacetic

acids

The term was used later by Van Slyke and

Cullen to mean simply a decrease in the alkali

reserve (plasma bicarbonate) belon the normal

level This IS the sense m which the term has been

usually cmplojed Since the bicarbonate repre-

sents the ba^e in the blood wh ch is left over after

the nonvolatile acids have been neutralized a

reduction in alkali reserv e indicates frequently

—

although not necessarilj—that an excess of fixed

acids are being produced or retained m the body
T\ e have seen how very efT cient the compensatory

mechanisms are in keeping tl e pH constant and

that an acidosis either m the sense of a rcduct on

m alkali resen e or of an increased acid production

may or may not be associated with a depress on

of the pH (reduced alkahnitj) V e also know that

the term acidosis cannot mean any real acidity of

the blood—a pll below 7 00—for Ibis is incora

patible with life and only occurs when the alkali

reserve « very greatly reduced and the bicar

bonate buffer rat o cannot be maintained any

where near the normal value Alkolosit carries

the corresponding mean ng of an mcrcascd alkab

reserve This may or may not be associated w ith a
risem blood pH (i e increased alkalinity)

Van Slyke m a later paper recognizes nine pos

able acid base states one normal and eight ab-

normal (fig 13 2) Ho avoids the terms acidos s

and alkalosis using tl e more precise designations

alkali deficit or CO* excess and alkab excess or

CO* dcffcit respcctiv elj In anj one of these the

ratio H*COiAaHCOi maj be either increased

or dunintshcd with a consequent elevation or

depression of pH the acid base condition is then

said to be uncompensated On the other hand
when adjustments occur to mamtam the ratio at

the normal value the condition is said to be co n

pensated

The nine acid base states are described as

follows

J Uncompensated alkah ezeess In this cond
tion the |\flT!COjJ is increased without a proper

t onale rise m [H>COi] The pH is ra sed (i e the

alkalioily of the blood is increased) This may
result from the ingestion of large quantit es of

alkali (sod um bicarbonate) or from the loss of

HCl by vomiting as in pyloric obstruction (area 1

in figure J3 2)

t Uncompensated COt deficit In th s the

(HjCOil IS reduced below normal the (NallCOi)

IS also lowered but not sulhc entiv to ma ntain

HtCOt/NaHCOt ratio at its normal value The pH

Fio 13 2 Normal and abnormal var ation of the fBHCOtl (HjCOj) CO* tens ons and pH n oxj

L,enatod human whole blood drawn from resting aubjeeta at sea level

The curved lines are the CO* dissociation curves (ch 29) of reduc^^(upper curve) and oxygenated

blood (lower curve) Thestra ght slanting lines ind catc different NaHCOi/UjCOj ratios the pH at each

rat o having been calculated from the Henderson Hasselbalch ^uat on The CO, pre«ent as

bicarbonate at any point is obtained b> subtracting from the total TO, the relat vel>

present as HiCO, ind cated by the line near the 1 ottomof the chart The ratio and so ll e pll is tne

same at all points along a given 1 ne Thus the intereection of the CO, dio-ociat on curves by ‘he^eso

called isohjdnomo lines marks off n ne areas correspond ng to the acid base states descr bed above

(after Van Sljke

)
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therefore is rai&cil A disiurhancc of this nature

may result from forced breathing, or the hyper

ventilation induced bj hot baths, high altitudes

or shallow breathing (p 522) It is sometimes aI'«o

referred to ns ‘‘ga«eous alkalosis ’ Partial com
pcnsation occurs as evidenced b> the reduced ex

cretion of acid and ammonia in the urine and the

increase in the urinary bicarbonate (areas 2 and 3)

S Compensated aJlah eteess The {NallCO*) js

rasied but a parallel n«e occurs in [IIiCO«) Tlie pll

13 therefore normal A disturbance of this nature

will result from conditions which cause (1) but of

less severe degree (arcs 4)

4 Compensated CO* excess (IIjCOil increased

but accompanied bj a proportional rise in

[NallCOil, pR IS normal This state occurs lo

conditions in which there is retention of COi

.

e g ,
cmphjscma (area 4)

5 l^ormalaetd basebalanee (HiCOt) [NallCOil

and pH are normal (area 5)

6 Compensated alkali deficit (f^aHCOi) is re

duced and (fljCOj] dimimahcd proportionately

pH normal The condition results from the ab
normal production of fixed acid as m diabetes, ocid

retention ns iit nephritis, or from the ingestion of

mineral acids or acid producing salts (CaCU
NHiCl) This and (9) are the acid base states to

which the term ^'acidosis" has been usuaU> ap
plied The compensator} adjustments aro evident

m the increased acid and ammonia excretion in the

unne and the lowered COr tension m the alveolar

air Alkali deficit may also result from the in

creased excretion of base as occurs in dehydrated

states (cb 3) and m animals following the produc

tioQ of a pancreatic fistula (area 6)

7 CampensaUd COt deficit This is a reduction

m [HjCOi] and a parallel reduction m {NaHCOjJ
The pU is therefore normal This state results from
less severe grades of the conditions which cause

(2) above The excretion of IxallCOiby the kidney

IS much slower than the excretion of CO» by the

lungs so a condition of COj deficit, which is un
compensated to start with, later tends to become
compenoated (area 6}

8 Uneompentaled COi excess [HjCOjJ is in

creased but is not balanced by a proportional nso
m INaHCOj] The pH la lowered (i e , blood is less

alkaline) This is sometimes referred to as ‘ gasc

ous acidosis ’ Such a state results from a bin

drance to the excretion of COj as ma> occur in

pneumonia obstruction to breathing or depression

of the respiratory center b> morphine There js

partial compensation i e
,

the bicarbonate is

raided above the normal and there is an increased

excretion of acid and ammonia by the kidneys
(areas 7 and S)

9 Vneompensaied olkah deficit (NaBCO*) is

reduced without there being a parallel reduction

m (IIjCOiI The pH is lowered (le , the blood

becomes less alkaline) Such an acid base state

occurs when large quantities of fixed acids— hy
droxybutync and acctoacctic—are produced as m
diabetic coma and in the terminal stages of neph
nils when acid excretion is grcatl} impaired The
plasma bicarbonate is severely depleted, the COi
combining power of the plasma may be less than
20 volumes per cent (area 9)

It will be ev idcnt after a consideration of some
of the foregoing acid ba«e states that the terms

“acidosis'’ am! ' alkalosis if used to <!enote

respectively a fall or a rise in plasma bicarbonate

arc misleading, since the blood may be no more

acid or alkaline than normal!} For example, in

(2) above, the bloning off of COj will result m a

certain degree of compensatory reduction of

NallCO* The reduction in the alkali reserve

ntiuld therefore entitle it to be called acidosis

though the blootl was actually more alkaline than

normally In (S) on the other hand the blood is

less alkaline than normally >ct a certain degree

of compensatory increase m the alkali reserve

would have occurred The term alkalosis would

therefore appK, though its use would give an

erroneous idea of tlie true state of the acid base

balance It la now more common practice to use

the terms respiratory alkalosis when the pCOj is

reduced b} voluntar} hyperventilation and

respiratory aadosis when the pCOi is rasied by

an increase in the COj tension of alveolar air

The term melaMic alkalosis is used to indicate an

increase in COi combmmg power as a result of

metabolic reactions, and the term mclnhelic

acidosis a decrease m COj combining power

Metabolic alkalosis can be produced by the ad

ministration of «odium bicarbonate and meta

bolic oetdosw by giving ammonium chloride

Measurement of the Hydrogen Ion

CONCEVTTiATZON OF THE BtOOD

Eleclromelnc Method

J By means of hydrogen electrodes Two hy-

drogen electrodes are employed The method is

derived from the fact that m a suitable concentra-

tion cell a difference of potential between a meta]

electrode (e g ,
mercury) and a solution of its ions

(e g , mercurous chloride) is set up which is pro-

portHKial to tlie ion concentration A bjdrogcn

electrode, composed of spongy platinum saturated

w ith h} drogen gas, is therefore used to determine

the hydrogen ton concentration of a solution

The platmum H contained m a small tube and

partially immersed m a normal solution of KCl
Tile tube above the solution is filled with bydro-

gengas, whichis adsorbed by the platinum The
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hydrogen electrode is balanced against a calomel

electrode (metallic mercury in contact with a
normal KCl solution saturated iMth HgCl), or

against another h} drogen electrode dipping into a
solution of known h> drogen ion concentration

^\’hcn, as in the latter instance, the tnoh>dit^n
electrodes are connected, an electromotive force

IS developed, which varies nith the difference in

hydrogen ion concentration of the two solutions

This can be measured by a suitable instrument

Another electrometric method involves the use of

qumhjdrone—qutnJiydrone electrode One plati*

num or gold electrode is placed m a solution of

known hydrogen ion concentration, and the other

dips mto the unknonm solution A small quantity

of qumhjdrone is added to each solution The
qumhjdrone undergoes oxidation to qumone or

reduction to hjdroquinone according to the

hydrogen ion concentration of the solution A
potential difference is set up between the two

electrodes and from its magnitude the H ion con-

centration IS calculated

S By means of the glass elcctode Like the hj

drogen electrode the potential of the g1a«8 elec-

trode, in an electrical sj«tem similar to that just

described for the latter, vanes with changes in

pH It must be calibrated n ith solutions of knonn

hj drogen ton concentration

The gla«s electrode, as show n m figure 13 3. con

Bists of a tube G of thm (0 001 mm ), soft glass of

special composition, closed at its lower end and

scaled mto tube A of ordinary gla«8 Filling the

larger tube and surrounding the surface of special

glass 19 a 0 1 N solution of HCl, into which dips a

silver-silver chloride electrode S The solution,

whose hj drogen ion concentration is to be deter-

mined, B introduced mto the cup D, which fits

the tube G C is a calomel electrode and R a

reservoir of saturated solution of KCl Through
the stopcock H contact is made with the gla<53

tube containing the solution to be tested The
theoiy of the electrode is complicated and not

fully understood Electroljdic dissociation must
occur nithm the special glass itself, smee a minute

electrical current can pass through it

The glass electrode has largely superseded other

tjpes of electrode which have been used for the

hydrogen ion determinations It has the advan-

tages of bemg lc«s cumbersome, more durable,

being unaffected by oxidizmg agents and of re-

quiring only a small amount of fluid for testmg,

for the tube D need contain only a drop or so

Colonmetne Method

In the method of Levy, Rowentree and Marriott

as modified bj Dale and Evans the blood is placed

without loss of CO) ID a collodion sac and dialyzed

for 15 minutes against a solution of normal saline

A few drops of 0 02 per cent of the indicator oeu
tral red arc added to the dialysate The latter is

then placed in a comparator and its color matched
with that of a phosphate mixture of known pH and

containing neutral red in the same concentration

as the blood dialysate The reader is referred to

Dale and Evans’ article for the details of the

method
It might be thought that the H ion concentra

tion would be reduced through the dilution of the

dialyzed substance by the saline in the apparatus

But, since the pH of a buffered solution depends

upon the ratio of free to bound acid and this of

course will not be altered, so, moderate dilution

does not effect the result In the colonmetnc
method of Cullen, the pH is determined directly

(i 6 ,
without dialjsis) upon plasma which is

diluted 20 times phenol red is used os indicator

In this method a correction must be made for dilu

tion and also for protein content

From Ike HjCOi/A'af/COj Ralto

The total COi m a sample of plasma is obtained

as described on page 4C5 The free COj, i e ,
the

COi in simple solution, is obtained by calculation

from the partial pressure of COt with which the

sample was equilibrated The calculation is made

os follows The figure for the partial pressure of

CO* M multiplied by the absorption coefficient of

CO* in plasma, which at 33®C is 0 510 (p 4C5) If,

then, the partial pressure of CO* is 40 mm Hg (as

in normal arterial blood), the quantity of gas

dissolved in 100 cc of plasma is
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50 X-
700

» 268

Tiic lota! COi IS, gaj
,
56 volumes per eent niCQ

Uie combined COj is 60 — 2 CS •* 53 32 volumes

per cent

The pH msv now {«* caleufate<l from the Hen
derson lla^-clb ilcli equation (pp 127 and 400)

iniicod
pH - PK, + los

The value of pKjt for plasma is C 10, therefore

53 32
pH = 0 10 + loR ;

OS

• 100 X (0 510/7C0) “ 0 0072 is a constant factor
b% which the COj partial prp«aijrc fin mm IIi;> is

multiplied to gi\e the \oliime3 of dissolved COi
t Ki includes the first di^sociatma constant of

lljCOi and a figure reprc«enting the dissociation

of AallCOi under the conditions c’ti«ting in

plasma
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SECTION TWO
Circulation

u
BASIC PROPERTIES OF THE HEART

The important charactcn^tics of the heart in

elude excitability, rhythraicitj, conductivity, con

tractilitj, and distensihihty

Excitation of Cardiac Muscle

The ability of a tissue to respond to a elunulus

IS spoken of as excitability or irritability In the

case of muscle, the response is the development of

a potential difference and shortemng of its fibers

The motion of the heart is controlled by these

changes of the potential difference between the

inside and the outside of individual myocardial

fibers For many sears the monophasic action

potential of the ^art recorded with one electrode

on injured or depolarised and supposedly inactive

tis'ue, and the other electrode on aetiv e or normal

tissue has been emploj cd to show or to reveal the

time course of depolanzation and repolanzation

of the myocardial muscle membrane Measure

ment of this action potential has been emplojcd

to correlate changes in the state of the membrane

with ob«erved variations in excitability and with

the simultaneous cardiac electrogram or myo
gram Use of the monophasic action potential,

however, has numerous drawbacks and, at be^t,

can serve only as a record of the average time

coup'e of the membrane potential change in

many cells

The studies of Weidmann, 1949, and Wood
bury, 1951 showed that the potential diffeiwice

across a limited area of muscle membrane of a

single heart fiber could be faithfully recorded m
the beating heart by use of an intracellular tmcio

electrode of the type developed by Ling and

Gerard 1949 Glass tubes of about 1 mm external

diameter are drawn out to an extremely small tip

of about 0J2 fi Uten these arc filled with concen

trated potassium solution and in«crted through

the fiber membrane into the sarcoplasm, they

can be used to measure the potential difference

between the outside and inside of a single fiber in

the beating heart By cutting off the tip of the

glass capillary electrode and suspending it on a

wire, the electrode is free to move up and down
Thus artefacts from heart movements are mini

mixed and recordmgs from human hearts during

cardiac surgery have been made Where studied

simultaneously the transmembrane potentials

from fibers m the intact heart are qualitatively

and quantitatively similar to those recorded from

single fibers of isolated preparations of either

atna or ventricles Information thus obtamed

concerning tbe state of polarization of the muscle

membrane serves as a much better basis for com
lation with studies of excitabilitj and refracton

ness than the less direct and more variable

measurements obtained with surface electrode

techniques (fig 14 1)

TRANSMFMBRAiJB POTEVTIALS OF VEVTRICtE

AND ATRIUM Figuiu 142a shows the potential

changes that are obscrv ed when a capillary micro

electrode is inserted into a single fiber of a rhjih

mically beating ventricle INTien both the micro

electrode and the indifferent electrode are outside

the cell there is no potential difference When,

however, the tip of the microelectrode penetrates

tbe membrane of a single my ocardial fiber, a sud

den potential of 80 to 90 mv is reconlcd with the

inside of the fiber negativ e to the indifferent elec

trode Tills restmg potential difference across the

muscle membrane remains at the same value as

long as the tissue is quiescent Following stimu

lation, however, there is an extremely rapid phase

ofdepolanwtioa (1 fcoSmsec) and changem the

130
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membrane potential «o that the intracellular im
eroclectrode moincntarilj becomes positive with

respect to the indifferent electrode Therefore, at

the peak of the action potential, the membrane is

not only depolarized but actually e^ibits a rc

\cr<al of polantj or e\hibit8 o\ershooling

amounting to IS to 30 mi
,
and lasting C to 15

msec Immediatelj after this reiersal there is a
plateau of about 100 m«ec and then a moderately

rapid repolanzation of the membrane for 100 to

ISO msec , as the resting potential b restored On
pulling back the electrode the potential jumps
back to the zero lc\ el It is beliei ed that use of an
intracellular imcroelcctrode gii es a true picture of

the tune course of dcpolanzation and rcpolanra

tion in a single cardiac muscle fiber and provides

an accurate measurement of the size of trans

membrane potentials

Transmembrane potentials recorded from the

atna and auricles m the open chest dog (or from
single fibers of isolated preparations) are not
significantly different from those of the ventricles

except that foUoning depolarization, the atnal

records show an immediate slow phase of rcpolan

zation Without an intervening plateau such as

occurs in ventricular muscle (fig 1456)

The temporal relationship between the action

potential of a smgle fiber and the local ventricular

electrogram of the mtact and tn titu heart is

shown in figure 145a The upstroke of the action

potential coincides wnth theR wav c of the electro

gram, the plateau with the R T segment, and the

phase of repolanzation with the T wave A1
though the mechanism is unexplained, the tern

poral relation bctivecn the electneal and mecham
cal ftctmty is \crj close (fig 142c) Contraction

starts a few milhseconds after depobnzatJOD, and

tension reaches a peak when the membrane un

dergocs repolanzation The state of contraction

is maintamed as long os the fiber is depolarized,

and relaxation sets m as soon as the resting po

tential is rc-cstablisbed Under some conditions

it has been po^iblc to obtain dissociation between

mechanical and electneal events le electneal

actii'itj IS obtainable nhen there is no longer a

recorded mechamcal response

The transmembrane potential and mechamcal

response of cardiac rau«cle are v erj sensitive to

certain inorganic tons Changes m concentration

of potassium, calcium, and to a lesser extent

sodium, have a profound effect on the excitabihty

and contractile response of the mammalian mjo
cardium Alagnesiura has little action in the pres

ence of normal calcium concentration, but when

the latter concentration is dectea«ed both mag
nesiiun and strontium have a marked effect on

membrane potential It is possible that changes

m mjocardial function which are encountered m
man in disease states can be explamed on the

basis of the known effects of the«e ions on the

membranes of cardiac muscle fibers

TRA^SUEUBRAr^n POTENTIALS OP SPECIALIZED

TISSUES Of the 3 ^pwcialized tissues lo the mam
mahan heart i e

,
the smal atnal node, the atnal

ventncular (A V) ncide, and the ventncular con

ducting Bj'stcm (Purkmje fibers), only the latter

has been studied extensively by rmcroelectrode

techniques Figure 14 2c illustrates the electneal
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Ecnbcd bj Bozler The nssumption is made lliat

normal paecmakerHctjiitj in the«tno atnal, A V
nodal ti®suo, and m undifTtrentiitcd \ontncular

muscle of the mammalian heart is similar to Iht

abo\e when they act as pacemakers, but as jet

this has been shown to be true for these areas

onb m the frog and turtle heart

As to be expected, the electrical properties of

the pacemaker region changi with factors that

alter heart rate Vagus stimulation, «cet3 khoJine

and hj-polhormia lower heart rite by deenasing

the rate of diastolic rcpolanzation and thus

lengthening the time taken to reach a cntieal k\el

at which an action potential is initiated, whercas

8j-mpathetic stimulation and cpinophnne injcc

tion bj inducing a faster rate of depolarization

with an earlier firing, accelerate heart rate

AIeCJUAISII of TIlA^SJtEltDnASE POTEVTML.

IVbat cau«C3 the resting potential and what

causes this potential difference to change during

myocardial contraction and relaxation is not

known There is no doubt that the state of mem
brane pcrmcabilitj is the basis for excitabiUlj

About all that i3 known is that at rest pot*is<mm

IS not diffusible and that sodium isfreeb diffusible

through the muscle membrane, and that this is

caused by metabolic actmtj Largelj through

the work, of 'Hodgkins and associates, ion mo\e
ments that ma^ be responsible for change m
membrane potential ha^e boon partullj idcnti

iicd It is assumed that the resting potential

across the mjocardial membrane depends upon
the concentration gradient of potassium to whicli

the membrane is not permeable It is bclie\cd

that depolarization arises from an intreased per

meabihty which permits sodium ions to more
from the crtncellular phase (nch m sodium) into

the cardiac fibers, while repolaruation arises as

the result of increased permcabihtj to potassium

ions which now moi e from the cell (nch m potas

Slum) to the q^utside Thus, following each action

potential the inside of the fiber has gamed a small

quantity of soditun ions and lost a comparable

quantity of potassium ions In order to mamtain
loaic equilibrium, the shifts have to be rmersed

during the penod of diastole The ions must be
‘ pumped against electrochemical gradient and
this necessitates metabolic energy

Expenmental verification of the preceding is

difficult but for the turtle heart at least, it has

been demonstrated that potassium is released

from the myocardium during its activitj (fig

143) To study this, potas^mm^vras injected mto
the pcntoneuin of a hnng turtle A lew boms
later, the heart was cut out and the coronary

Fig It 3 K.*’ effluopram of a turtle vcntnc>e
(From ttilde and associates )

circulation perfused mth radio inactive Ringers

solution Samples of the coronarj outflow were

collected at short intervals and counted for tlie

) otope Tlie results show n large increase in po

tassium** outflow associated with each penod of

activ*it>, tliat IS with each s> stole, and when

corrections are made for the travel time between

the release of the pota«sium m the muscle fibers

and the omval at the venous outflow, then the

extra pota«smm" release occurs some time dunng

tbo Q T lotcnal of the ECO
From vibat has been said, our knowledge of the

electrophjsiologi of the heart is obvnouely of a

descriptive nature Answers are not available to

such fundamental quenes as to (1) the nature of

change in selective permeabihty and m trans

membrane passage of ions m the presence of

altered pcrmcabihtj
, (2) the linkage between de-

pobnzation and mechamcal shortenmg of muscle,

and between metabolism and activ e ion transport

Ilh>tlimicit> and Conductivity

To produce efficient pumping of blood, the

complex mass of mjocardial fibers must contract

more or less sunuJtaneouelj The conducting

system is responsible for periodic initiation of

excitation and the rapid spread of excitation to all

parts of the ventncular walls so that the conduc

tion is sufficientlj simultaneous to produce

effective pumping This is a stereotjTied and

repetitive sequence of events during each cardiac

cycle

Cbrdiac tissue in addition to nerve fiber and
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ganglion cell is made up of 3 types of synt^tial

muscle each ivith a different embryological ongui

specialized nodal tissue, Purkmje fibers, and
ordinary cross striated cardiac muscle The first

two arc concerned with initiation and conduction

of impulses through the myocardium, the last

with muscle contraction The specialized tissue

consists of the smo atrial (S A) node, tJie atno

ventricular (A V) node, the A V bundle, its

bundle branches, and the Purkmje system (fig

14 4) This specialized tissue ends by a gradual

end to-end transition into ordinary heart muscle

While it is generally considered probable that

these peculiar specialized cells are the agents

which conduct the stimulus to the \entnclc3,

absolute proof that the sympathetic fibers which

accompany the bundle and its branches have

nothing to do with conduction is yet to be pro

duced Procedures involving cutting, crushing,

ligation or injection must, of necessity, damage

both these characteristic cells and the nerve cells

also because of their intimate admixture

The time of arrival of excitation m various

regions of the mammalian heart has been deter

mined in different ways for the cpicardial surface

from the deflection obtained by placing one elcc

trode directly on different areas of the epicardium

and a second electrode on a diitant part of the

body, or from paired contiguous electrovlea, for

the nodal and specialized conducting tissue from

the deflection obtained with intracellular elec

trodes, for the ventricle proper from deflections

obtained with multiple intramural electrodes

Impulse imriATiov Keith and Flack, 1907,

suggested that the S A node embedded in the

nght atnal wall near the entrance of the supenor

vena cava is the focus in the mammalian heart

from which each heart beat normally starts

Evidence of such origin is that (1) its exci«ion or

inactivation causes cessation or slowing of the

atnal or ventricular contractions, (2) temperature

change of the node but not of the surrounding

tissue changes heart rate, (3) the node becomes

elcctncally activ e before any other region of the

heart Tins cannot be regarded as positive proof of

ongin from the S A node but rather from this

general region which includes other types of cells

including gangbon cells

Although spontaneous and repetitive depolan

zation arises normally only in this region, there

are other areas m which elcctncal activity can

arise under some circumstances and initiate

cardiac contraction ^^^len the S A node is dc

stroyed or inactivated, the A V node becomes the

sight of impube formation and develojM spon

taneous depobnzation In turn, in the presence

of inactivation of the A V node, the ventncles

develop a slow rhythm Since both ventricles

receive the excitation througli natural pathways

and contract in a coonimated way, the rhythmical

center is the A V bundle If both bundle branches

are cut, impulse imitation arises in the veatncular

Fio 144 Showinglhespecializedlissueoftheinaniiiialianhcart

i, membranous part of interventricular septum. L, left branch of bundle, ti, ngni
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muscle The natunl rate of automaticvtj of these

areas is of a descending onler of m ignitude, the

S- V node being 70 to SO per min
,
atna GO per

xmn
,
A-V node 40 to GO per mm

,
and \cntnclc8

20 to 10 per minute It is obsious tliat normnllj,

the atna, A-V nolle, and \cntncular tissue can

not set the heart rate because the S A node n.-

polanzes and automaticallj discharges more rap

idlj than any of these tissues Hi nee, an impulse

from the S A node Mill always depolaiuc these

ti'sucs before either could initiate a rh>thm On
occasion, ho\\e\cr, an ectopic focus in tin. ntnum
or \ entncular muscle can assume a rhj thm faster

than that of the S A node, and hence, it becomes

the pacemaker

P\TUMATS OF covnuenoN Following each

spontaneous depolanzation in the region of the

S V node, near the mouth of the superior vena

cava, the activation process is transmitted radi

allj throughout the muscle of both atna at about

1 meter per see , and reaches the outermost por

tions of the atna m about 50 msec (fig 14 5a)

No specialized tissue appears to be present al

though the transmission is thought to follow at

least partiallj, certain direct muscular fasciculi,

thus, the impulse reaches the A V node m ad
vance of its arnval ot the wall of the left atrium

The plan of activation of human atna has not

been directly studied

As tilt depolanzation approaches the interatrial

septum, it reaches n mass of spcciabzcd tissue,

the V-V nmlc, which is located near the postenor

margin of the mtcratnal septum near the entrance

of the coronary «inus into the nght atnura Com
plete dissoention of the aunclea and ventncles

follows cutting, tjing, or crushing of an AV
node or bundle, thus creating what is called com
plete heart block Dclaj of the impulse for from

80 to 120 msec
,
normallj occurs at the A V node,

for the activation process travels s1otc1> (0 2

meters per sec ) through this tissue Although the

cause 13 imknowm, this deUv is helpful for it

IH 0 ^ 30

cm 5 m 35

10 m 40

nm 15 tgIB 45

E3 20 ^ 50

^ 25

Fie 14^vl Spread of activation through right auricle of dog Auricle viewed from right side showing
superior and inferior venae cavae, coronary sinus and atrial appendage Time of activiriion m rmlhsec
ends followmg activation of the S A node (From Puech ) B, I rontal plane section showmg spread of
activation through the ventricularseptumaud ventncular aalis of the canine heart Lower left part of
septum IS activated first at time zero Time of activation of other portions m milliseconds (From Sodi
Pallares ) C, Spread of excitation on the ventral surface of the dog heart Region near the interventricu
lar sulcus on the nght ventricle excited first Time of activation of other portions of epicardiaJ surface
in milliseconds (After Harris )
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penmts completion of atnal contraction and
emptying durmg diastole of the ventncles The
aggregate potential by these few fibers is too

small to be recorded except locally After leaving
the A V node, the wave of excitation passes

rapidly (4 to 5 meters per see ) by the common
A V bundle, its branches, and by the Purkinje

network of subendocardial fibers' to spread

throughout the endocardial surfaces of both ven
tncles The exact course by ivhich the wave of

excitation is distributed throughout the ventneu
lar musculature from the endocardial surface is

not defmitely established except that it penetrates

the ventricular wall from endocardial to the

epicardial surface Present evidence indicates tliat

such spread of excitation is not bj anatomical

muscle bundles but bj the specialised tissue By
some this is believed to he not merely a subendo

cardial Layer but a profuse mjocardial netnork

ramifjang m many muscle planes and extending

deeply into the myocardium This would cause

almost simultaneous activation of much of the

ventricular muscle mass At all events, the intra

ventricular septal surface is excited first, the

papillary muscles next, but conduction is so fast

that the inner surfaces of both ventricles are cx

cited almost simultaneously, the nholc of the

endocardium being activated m about 50 msec

(fig 14 66) Excitation of the ventricular muscle

is much slower (0 4 meters per sec ) and proceeds

first through the septum and then through the

lateral «-al!s of the ventncles from endocardial to

epicardial surfaces This is entirely tbffcrcnt from

the spread of excitation m the atnal muscle which

IS radial Muscle activation occurs first in the

subendocardial layers of the rmdportion of the

left i-cnCncular septum to spread inward, this is

quickly followed by inward actnation from the

nght endocardial surface of the septum Withm

10 to 20 msec after first actnation of the septum,

deflections are recorded on the antenor surface

of the left ventricle along the mterxentncular

grooxe near the apex Wthin 25 to 30 msec , all

the right ventricular surface is activated Regions

of the lateral wall of the left ventncle are excited

slightly later (at 25 to 35 msec ) since the wall is

much thicker Fmally, at 40 to 45 msec ,
the

epicardial surface over the pulmonary conus re

gion of the nght v entnclc and the base of the left

ventncle and septum respond In general, cxcila

tion of the epicardial surface occurs 1 to 20 msec

later than its endocardial counterpart Many
investigations with more refined techniques have

confirmed the onginal findmgs of Lewis that the

mavimum differencem tune of excitation ofdiffer

ent regions of the venfncular surfaces is also

quite small, being of the order of 10 to 20 -msec
,

and that surface excitation of the ventncles pro
ceeds from pomt to point as it does in the atna
(fig 146c) In the human, the patterns of activa

tion have not been detailed but are believed to be
similar to those m the dog heart However, the

tune for activation might be twice as long because

of the much thicker myocardium
Effect op cardiac nerves on RrmiiMiciTT

AND covDUC?TivnT The inherent automaticity

and conduction properties of the heart can be

altered antagonistically through the action of the

sympathetic and vagus nerves to the myocar
dium The parasympathetic fibers from the nght
vagus terminate mainly near the S-A node but

some fibers spread throughout the atna Most
left vagal fiber endmgs supply the A V node and
the A V bundle Many endings are spread

throughout the atnal muscle but they have not

been dcroonslratcd m the ventncles

Stimulation of vagal fibers to the heart pre

eumably results in the secretion of acetylchobne

at the vagal cndmgs m the heart causing slowmg
of the heart through S A nodal depression

(chronotropic effect), decrease m the rate of the

depolanzation wave through the atna and
through the A V bundle, and an increase in the

refractory period of the A V bundle Very often,

as to be expected from its anatomical distribution,

stimulation of the nght vagus affects mainly the

heart rate and atnal contractibty left vagal

Btimulation may result mainly in a partial func

tional heart block at the A V node Very strong

stimulation of either one or both vagi generally

completely stops the rhythmical contraction of

the S-A node or completely blocks transmission

of impulses through the A V node and bundle so

that impulses are no longer transmitted to the

veulncles Ventncular beats in the ojien chest dog

can be stopped in this manner for at least a mm
ute although the usual effect is for a few seconds

only The ventncles then establish their own slow

rhythm Vagal stimulation in the turtle or frog

heart can arrest the ventncles for 2 to 4 hours

The sympathetic fibers to the heart are denved

from the cervical and upper thoracic gangha The

cardiac fibers supply the S A node, A V node,

atnal muscle, and unhke the parasympathetics,

the ventncular muscle as well Sympathin, an

epmephnnehke substance, secreted at the sympa

thetic nerve endmgs causes effects abnost exactly

oppcKite to those of acetylcholine Stimubtion of

cardiac nerve fibers isolated from the stellate

ganglia releases sympathm, increases the ntc of



Chapter H BASIC PnOPEUTIES OP THC HEART 143

rlijlbrn of the S A node, uicreisos the rate of

conduction tlirough all parts of the heart, and

increases the refractor} period of the A V btmdlc,

Ptirkinjc sjstom, and mu'cJc fibers Afa^amal

«!}Tnpathotic stimuLition can, at times, almost

tnplc heart rate Epincphnnc lia': csecntiall} the

same effects Tliu«, s}'mpdthm roloa«c or stellate

stimulation increases the o\craU heart rate

Contractilit} and Distcnsihdit}

CoNTUACTiLL PROCtss Tlic chambcrs of the

heart are surrounded b\ walls made up of bundles

and sheets of m}ocardial fibers The fibers form a

s}'nc^tlum which g^^cs protoplasmic eontmuiU

between adjoining fibers and throughout an on

tire mass of cardiac muscle (fig 14 G)

The major organized parts of the fibers are

the m}ofihnls, the sareosomes or c}tochondna,

and the sarcoplasm The fibnis ore the fundamen

tal contractile units of the heart Tlic nature of

the contraction and relaxation of muscle is on a

theoretical basis and bo}ond the present «copc

It IS, however, ROnerall} bohcx'cd that the con

tractile elements in cardiac, aUo «hclctal and

«mooth muscle fibers, arc formed from mjosin,

a protem of rather diort molecular rods, and

actm, a long continuous protein thread, both of

ivhjch arc disoociatcd ui rrsting muscle and
neither of which will contract independently

Excitation passing along the muscle results in

the formation of actomjosm which is unstable m
its extended or resting state and which now dis

sipates energ} cither b} shortening or increased

tension Actomjosin is thus changed to its energy

poor state and ma} accomplish w ork if it shortens

In terms of metabolism, the fibnis are the

structures which with the purpose of gencratmg

mechanical work utihze the metabolic agent

which supplies chemical cneigy to be transformed

mto work In the past, the assumption has been

made, based on indirect evidence that the im
mediate source of energj or the metabobe agent

m contracting muscle is the enzymatic hydrolysis

of adenosine triphosphate or creatine phosphate

Direct rDPa'turements however, show no such

breakdown m a «mgle mu«cle twitch and even a
tetanic contraction can take place without s»g

nificant decomposition of these compounds In

organic phosphorus is honeier, hberated dunog
the Contraction from an umdentified precursor m
just sufficient amounts to supply the required

energy but whether this source is Uie phosphate

bond enei^} of an unidentified compound such as

another nucleotide lias not been determined At
all events regeneration of such a substance is the

task of metabolism GI} col}'*'is as a source of such

encigj is earned out in the sarcoplasm but in a

heart which cannot accumulate a large ox}gcn

debt, this IS scarce Respiration is a function of

the «arco«omos and presumablj such regcncra

ti\e processes arc earned m the «arco‘-omes which

are abundant in the heart However, very little is

known rcgirdmg the mechanism of reloading and

muscle relaxation

\\Tii!e then, arc some differences among the

actomyosin complexes m skeletal smooth and

cardiac mu«clc, the contractile mechanums ap

pear to be closely rtlited In functional charac

tenstics, however, the myocardium resembles

VTSfcral smooth miHcIe more than «kcJetil muscle

from the standpoint of autogenic excitation and

inherent rhythmicitv
,
and intercellular (ransmis

Sion of excitation and nervous control Both have

rapid depolarization and tend to remain depolar

ized for a penod about equal to the duration of

contraction, both are not directly umerrated by

motor nenes but waves of excitation onginate

tn the muscle fibers and are conducted through

the contiguous cells (although «niooth muscle is

not strictly sjyjakmg a syncytium) both are con

trolled by the autonomic ncrvouss>«twn by way
of release of hormonal substanies

PitEFAJUTioss AXD iSETHODS In tho earlier

investigations of the physical properties of the

myocardium the hearts of the frog and tortoise

were used Later with the development of better

technics m methodology, the isolated hearts or

heart lungs of warm blooded ammals such as the

cat and dog were used Subsequently studies

were made on the heart in «tu in the open and

closed chest anesthetized dog in the unan^sthe

tized dog and more recently studies of the heart

of the dog and of man in 8it« m which, by means

of a heart-lung oxygenator system the systemic

Fig 14 6 Cardiac muscle fibers
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circulation is maintained while only the eotonaiy

flow to the heart muscle is maintained, i e , the

left \entnclc is empty and the right ventncle is a
conduit for coronary venous return These studies

have been very fruitful and have revealed some of

the fundamental characteristics of the myo
cardial process

In estimating the myocardial or contractile

response in these preparations, measurements of

mterest are the contractile force (contractility)

and the distensibilitj (extensibility) of the mjo
cardium The term "contractiLty” although very

useful IS rather difBcult to deflne For purposes

of consideration, increase in contractility sigmfles

that the mechamcal response during contraction

IS faster (steeper gradient), higher (greater amph
tude), generally shorterm time, and that the mus
cle has a more abrupt and rapid relaxation Sum
larly, a decrease in distenaibihtj (cxtensibilitj

)

occurs if the resistance to stretch (muscle tension)

increases in a muscle atnp or the pressure withm a

ventricular cavity at rest rises Such comparisons

should be made at the same resting muscle fiber

length or sise of ventricular cavity

Such measurements are comparatively easy in

isolated strips of myocardium but they are diffi

cultm the whole heart especially within the body

Both are measured in the beating exposed, empty

,

or full heart by stretebng all or a small portion

of the ventricular mass and then determining by

use of a strain gauge arch or by direct measure

ment the isometnc tension developed at differ

ent muscle lengths during rest and during stunu

lation DistcnsibiLty as well as contractibty is also

estimated in the beating heart by measunng the

intraventricular pressure, stroke volume and

s-ifiXsA;? nvwJf fbasgss wwJjjraJUix

volume (used as a guage of myocardial fiber

length) The ventncular volume m systole and

diastole is deteimmed directly by a mechanical

plethyamograpb or by a dye dilution techmquc

An mdex of directional change in ventncular

cross section is obtained by a sonar technique,

by change in resistance of a mercury filled rubber

tube wrapped around the ventncle, by an in

traventncular diameter gauge, and by surface

calipers, or by electromagnetic plethysmography

(see ch 18)

Factors AfTEcrmo the contractile be

SPOVSE The impulse from the sinoatrial node

over the cardiac syncytium constitutes the nat

ural stimulus Its intensity exceeds the threshold

of response by 4 to 5 times. Quiescent heart mus

cle responds to all types of stimuli—mechanical

thermal, electneal, and chemical

A IrUensity of slimulation The existence but
usually not the magnitude of the contractile re

aponse depends upon the intensity of the stunu
lua “When a quiescent ventncle is excited directly

properly widely spaced electnc shocks of in

creasing mtensity, all stimuli above threshold

resultm contractions of the same amphtude This

was called the “all or nothing response’’ by Bow
ditch (1871) It IS due to the spread of the excita

tory process to all parts of the cardiac syncytium

A single skeletal muscle fiber rtsponds m the same
way but an entire skeletal muscle gives an m
creasing response with increasing effective stimuli

because more and more of the fibers which are

insulated from each other now respond

Although this reaction in cardiac muscle means
that the response is not related to stimulus

strength, it does not follow that contractile force

cannot change with repetitive stimulation As in

a single skeletal muscle fiber vnth altered condi

lion of the muscle, a minimal effective stimulus

at one time may at another be submmimal should

the excitability of the muscle be reduced On the

other hand, should the excitability mcrease, a

eubminunal stimulus may become effectiv*e and

the size of the response may vary with the same

stimulus if the conditions of the muscle are al

tered This is illustrated by the fact that enhance

nent of contraction with the same intensity of

stimulation can be observed to follow mcreased

cardiac work without change m frequency of the

heart beat, and increased frequency of stunula

tion from slow to fast rates (fig 14 7a) This is

called Treppe or staircase If the stimulus is too

close to the previous contraction the mechanical

response becomes small or may disappear Thus,

joco? ivnk.’M'jKo jmef.hamauj asrh preceding

contraction alters the internal condition of the

muscle to change its responsiveness

B Spaetnyo/tlimub The existence and actual

magnitude of the contractile response is depend

ent upon the time of the stimulus relative to the

previous contraction (fig 14.8) In the beating

heart, stimuli are generally not effective during

the penod of contraction smee the muscle remains

depolarised throughout the period of contraction,

and since the muscle must be repolanzcd m order

to induce a new state of contraction This penod

13 called the absolute refractory penod

Dunng early relaxation, excitabihty increases

progressively but only stimuli still stronger than

normal are effective This is called the relative

nlractory penod On occasion this refractory

penod IS follow ed by a subsequent phase m which
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REST I EXERCISE

Fia 14 7A Staircase phonomena due to change
in frequency of etimulation Pressure change m
right ventricle during isometnc contraction Per
fused heart S A node crushed Frequency of stim
ulatioa of left auricle 15 4 and I 5 per see pres
sure scale mm Hg (After Uosenbluetb 1959a )

B, Summation of contraction in isolated papillary
muscle of cat heart Temperature 24* C Left am
gle contraction from single stimulus, ngkt in
complete tetanus from repetitive etimulatioo
Fr^uenc\ of stimulation 200 per sec (After
Diralma 1 C, Response of left ventricular dtam
eter of a dog ruomng oo a treadmill at 5 per cent
grade Recorded vritn very slow camera A veo
tncular diameter" was determined continuously
by a sonar technic Top of record represents dias
toUc diameter, bottom of record, sj^stolic diante
ter, difference is stroke volume change in liain
eter Le/f. dog ts at standing rest Arrow onset of
exercue Note that during exercise diastolic diatn
eter decreases and stroke volume diameter does
not increase (After Rushmer 19o9 )

a subnormal stimulus gives a contraction (super
normal period)

This prolonged period of refractonness nor
tiially present m heart muscle preients the pas
sage of a second impulse over the heart until the
pnjcedmg contraction la over, and thus allows the
ventnelos to relax and fill with blood before an
other contraction can occur and also permits the
t^^aximum development of tension by the myo
c^rdiura By contrast, the refractory period of
skeletal muscle is very brief since in skeletal
Muscle the duration of depolarization lasts only
/3{X) of a second Therefore, a rapid senes of

stimuli timed to fall just after this short refractory
Pen^ Will produce a rapid senes of shortenings
0 “keletal muscle ahich fuse into an apparently

maximal contraction (tetanus) which is mam
tamed as bng as stimulation continues or until

fabgue occurs

It IS obnous that an effective stimulus not

coming from the smoatnal node can affect the

cardiac rhythm A long pause follows the con

traction caused b> the artificial stimulus (fig

14 9) The artificially induced contraction is

railed an extrasj stole or premature contraction

The long inlenal following the ertrasystole is

termed the compensatory pause since its duration

15 such that nhcn the next normal beat is re

sumed, it occurs at precisely the same time as it

nould have appeared had no premature contrac

tion been provoked The occurrence of the long

pause IS explained as follows The normal impulses

pass from the auncle to the ventricle m a perpet-

ual stream and xn orderly sequence 'When the

ventricular muscle is stimulated artificially durmg

diastole, and an extra contraction induced, the

normal impulse when it arrives from the auncle

at the usual time finds the ventnclc already m
the contracted state and, m consequence, rcfrac

CONTRACTION
AMPLITUDES

Fta 14^ Diagram illustrating excitability cy

cle of heart muscle during contraction and relaxa

tion Upper curve, isometnc, middle curve, excita

bility changes / control excitability at teat, S
zero excitability dunng contraction ,Slo6 recov

ery of excitability during relaxation, 6 to 7, super

normal excitability Length of arrows indicates

relative intensity of shocks required to obtain

mechanical response Bottom curve resmting ef

fectsonamplitudeof contraction (AfterWiggers

)
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Fio 14 9 Mjogr'ims of frog s rentricle shoving
eilect of excitation by break induction shocks at
various moments of the cardiac cycle The line 0
indicates in all tracings the commencement of the
beats during which the shocks were sent in It mil
be noted that in 1 2 and 3 the heart is refractory

to the stimulus The signal (the break in the bon
zontal line) indicates the moment at which the
stimulus was applied The latent period (batched
area) does not alter as this figure shows See text

The extrasystoles increase in height from 4 to 8
each being followed ly a compensatory pause
(After Marey )

tory The impuKe is therefore incffectne Not

until the arnval of the next normal impulse is

the muscle in a condition to respond This ac

counts for the fact Uiat the time ebp«ing be

tween the normal beats preceding and following

re«pectuelj the premature contraction is equal

to the length of two normal cardiac cycles In

other word« the lieart after the interruption id

its rhythm again gets into step

Tlie long refractory periods of the cardiac

mu'clc sene to pre^tric the cardiac rhythm The

absolute refractor} phase makes the summation

of contractions and the production of tetanus

impossible The relati%e refractor} penod tends

to discourage the occurrence of a second contrac

tion before sufTicient time has elapsed to allow

the complete relaxation of the muscle from a

preceding contraction Wlien a premature con

traction does occur its refractor} penod serves to

restore the normal rh}'thm

The problem of identification of the bounda

ncs of the refractor} pencnl is an old one and

the boundanes are not alwaj-s in accord with the

previous considerations The absolute rcfractorv

penai ma} be altered by vanous agencies It is

shortened by a nsc in temperature and by rapid

heart action It is prolonged by the action of

ceitam drugs Vagal stimulation shortens the

refractory penod of the atnal muscle but has

no effect upon that of the ventricular muscle

This refractory penod docs not necessanly last

throughout the contraction penod but the muscle

may respond by a contraction in early diastole

to a stimulus applied at the very end of sy«tele

Presumably this anses from the fact that m any

muscle mass composed of so many fibcr> a con

siderablc number have repolanzed and are rc

spending by contraction to the stimulus while a

great majonty of the fibers are still in the depobr

izedstate Inaddition whenverystrongventneu

lar stimuli up to 30 ma and of 10 to lo msec

duration are used in the open chest dog there is

ID some hearts practically no absolute refracton

penod It IS also possible to show summation and

tetanic response m isolated cardiac muscle of the

rat under normal eondition and of the frog and

cat under unusual conditions of temperature and

drugs For example papillary muscle maintained

at a temperature of 26” C or less exhibits sum
matioD and tetanus similar to that seen in skeletal

muscle (fig 7b)

C The effect of etretch Vlien an isolated ven

tncular stnp is moderately stretched its tension

nses progressively and upon electncal stimula

lation the amphtude and duration of its con

traction increase (fig 14 11) This relationship

between length and contractile response which is

firmly established for the amphibian and mam
malian heart has been demoastrated in various

ways Muscle tension nses progreseively as the

whole mass of an isolated heart with perfumed

coronary artenes and contracting isometncally

13 stretched Intrav entncular pressure rises as the

inlraventncular volume (index of fiber length)

18 increased (1) by vagal stimulation owing to the

resultant slower heart rate and increased diastolic

stretch and filbng (2) as the return of blood to the

heart 13 augmented by infusion m the i.'oLvted

heart heart lung open and closed chest 8ne«

thctized dog or (3) as the exit of blood from a

ventncle is temporanly blocked m the isometn

call} contracting heart m the open chest dog

{fig 14 10)

Despite the preceding m any one ventricle the

relation of the contractile response to mu<=cle

length at any one length is not constant but can
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Fio 14 10 Effect of plethora and hemorrhage on the rctationship between left ventricular
end diaatolie volume and left ventricular systolic nresauro m the anesthetued dog Estimate of trend
based on data from experiments (After Hoft ) iLe/t) Pressure volume curves of the left ventricle in the
open cheat dog under isometric conditions Broken line curves relation of ventricular end diastolic
and a>etoIie pressure, respective!} , to ventncular end diastolic volume under normal conditions Solid
line curves, relationship of ventricular end diastolic pre*sure and systolic pressure respectively, to
\entncular end diastolic volume following adminietration of epmephnne (3^) intravenously To ob
tain the curves, the pulmonary venous return to the left ventricle was occluded and the ventricle emp
tied of blood by manual compression The aorta was then occluded and successively known volumes of
blood were injected into the ventricular cavity and the ventncular pre'=surea recorded Note that ven
tricular distensibility with epinephnuc is increased during 8)8tolc but is unchanged during diastole
(After Ulncb and Jvriuner )

be made to vary, or vanea spontaneously under
many conditions including the normal state,

1 e
, ventncular volume at rest can vaiy without

corresponding changes m diastoUc pressure

(change m distensibility), while the pressure or

output of the ventndc during sy'stolc can vaiy
without change m diastohc volume (change in

contractility) As illustrated m figure 14 10 left,

epmephnne causes no change in resting distensi

bihty whereas it increases distensibihty during

8} stole 7he«e active changes in distensibihty and
contractihty can be brought about under many
conditions and are generally caused by nervous
and humeral influences Thus, the heart is not a
passive servant of the penpheral circulation, it

does not merely pass on what it receives but is

capable of changing its performance at the same
diastohc size, thereby initiating circulatory modi
fications irre«pectivc of primary changes in filling

of the heart by venous return and in the arterial

resistance to flow

Some of the cardiac nerve fibers are quite po

tent m this respect Vagal stimulation leads to

depression of vigor of atnal contraction (inotropic

effect) Histologically, however, vagal fibers have

not been demonstrated to reach the ventnelea

and if cholinergic substances are released m the

atna, they are presumably destroyed before they

reach the ventricles Despite this, attention is

called to eiqienmenfsm which continuous stirau

lation of vagus nerves in the neck of the open

chest d<^ resulted in a decreased stroke v olume

and stroke w ork of the left v entncle, for the same

left atnal pressure and in the presence of a con

slant (but high) heart rate This suggests a

depressor action of the I’ogi on the ventricles

The effect of sympathetic fibers on the myo
caidium has been observed by stimulating efec
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tneally the stellate ganglia directly or indirectly

through activation of the carotid sinus receptors

Such stimulation increases the force of both atna

and ventricles, and shortens the penod o/ con

traction much more than can be accounted for

by an increase in heart rate With selective stimu

lation, when all known connections to the pt

npheral vascular bed have been previously cut,

onlj the positive inotropic effect can bo demon
strated m which the arterial blood pressure and

cardiac output nse greatly through augmented

force of contraction Stimulation of stellate fibers

to the heart, epinephrine injection or treadmill

exercise in unanesthetized dogs reduce ventncular

volume while maintaining or increasing stroke

volume, thoj also give more rapid myocardial

relaxation or increased distensibility dunng dias

tolo thus facilitating diastolic filling while <lur

ing ventncular systole the myocardium contracts

more rapidly, ventncular pressure rises more

rapidly and blood ejection is more complete (fig

14 7c) Finally, if in the open chest dog the per

fusion pressure in the carotid sinus is decreased,

the circulatory response to such baroreceptor

stimulation is dominantly an increased heart

action, the effector portion of this reflex appears

to be sympathetic fibers from the stellales to the

heart, since, following their section these effects

disappear and cannot again be induced

D Other deteTmtnant$ In addition, myocardial

hypoxia (within limits), an increase m muscle

temperature, an increase m the calcium content

of the blood, all increase the contractile force

Conversely, deletion of functional cardiac muscle

blocks, by crushing, burningor coronary occlusion.

decrease in temperature, addition of acctylcho

hne, mereased concentration of morganic ions

in the blood such as potassium and magnesium
mil decrease the excitability or the contractile

force of the myocardium Temporary functional

deletion of contractions also occurs when two

opposing impulses from different directions block

each other out Smaller responses also occur

when different fractions of heart muscle are ex

cited more slowly than others This happens with

beats from ectopic foci or with abnormal impulse

distribution as in bundle branch block

E Isometric tersus xsotonic contraction The

tension or contractile force developed by a con

trading ventricle is different in the isometnc and

isotonic states (fig 14 11) WTien a mu«cle first

contracts isometncally and then is allowed to

shorten abruptly, the tension produced falls ab-

ruptly because a portion of the energy of con

traction is used to overcome the high resi«tance

from viscosity of the myocardium This situation

IS comparable to that dunng systolic ejection

since blood cannot be ejected from a ventnele

without shortening of its fibers In general, the

contractile energy lost m overcoming myocardial

viscosity and in creating tension between muacle

layers is le<s at large diastolic volumes Similarly

,

a relaxed myocardium responds to a rapid stretch

byan immediate increase in tension whichprogres

sively diminishes as the muscle remains stretched

This has Us counterpart in the intact heart m
which, if inflow is rapid, the ventricular myo
cardium exerts tension to resist rapid elongation,

thus stopping filling in early diastole while a slow

inflow would prolong the penod of diastolic filling



Chapter 14 BASrC PROPERTIES OF THE HEART 149

Dunng Utc tlie tension clcvclopwl be

twoen \ontncular mu'-de H>crs is minim'll The
mjocirdial layers of the two Mntricles winch

are onentec! m different directions contract m
different directions and shorten by different

amounts dunng systole Since tJie«c Inyere arc

firmly fixed to each other, some of the tension

from the shortening myotanlial fibers wall be

used to stretch the connections This is wasted

energy which opposes \cntncular ejection Dur
ing \cntncular relaxation, howexcr, this stored

energy is released and is helpful m early diastolic

filling Here also, the greater the sy s tohe and dias

stohe volumes, the less the contractile energy

lost m creating tension between muscle layers

According to the law of LaPlacc (T *» P R ),

the tension (T) developed in the ventricular wall

IS related to the pressure developed vvitliin the

cavity and to the radius of the cavitv For the

active ventricle, this indicates that the greater

the ventricular sue, the greater the wall tension

needed to maintain a given jatravenlncubrprcs

sure
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15
FUNCTIONAL CHARACTERISTICS OF THE SYSTEMIC

AND PULSIONARY CIRCULATION

The hcmoclj-namic charactcnstics of the sys

temic and pulmonary circulations ha\e profound

effects on the function of the heart The pnno
pal function of the heart is to consert or ehonRc

cheraicsl energj into mechanical cnergj or work

«othat blood is mosed through the cardio\aRcular

“j’stem Tlic externa! work performed b3 the

heart IS measured b> the qiiantitj of blood ejected

and the pressure dev eloped dunng each s entneu
lar contraction Tlie magnitude of both factors

is determined bj conditions m the circulatory

bed which is sen ed bj the ngh t and left \entncles

In turn, the amount of external work or useful

work performed bj the xentnclc balances pro

twolj the fnctional loas of energj as the blood

flows through the \a«cular circuit

Figure 15 1 illustrates diagrammaticallj some
of the pninarj charactcnstics of (1) the sjstemic

circulatoTj sj-stem of man beginning at the aorta,

extending to the xenae eaxae and emptjiog into

the nght atrrum, and (2) the lesser ctreulatorj

sjstem or the pulmonarj circulation consisting

of the nght xentncle, the pulmonary xenules,

the rcifls- anef (ftc heft atrrerat r?ie xenfntiW
pump the blood from the terminal rescry oirs of

the collecting sj-stems, i e
,
the otna into the

distnbuting sj-stems under an mitial pressure

sufficient to insure a continuous capillary flow

as well as a return of the blood to the heart

The Systemic Circulation

Volume Flow

The anatomical complexity of the circulation

maj obscure some basic facts which should be
stressed The xolume flow of blood through any
part of the circulation must equal that flowing
through anj other part, lc

,
the flow through

all the arteries equals that through all the eapil

lanes, all the arterioles, all the x ems, the n^t
xentncle, etc There maj be regional shifts of
flow so that some artenes or capiUanes carry more
or less flow than in other artenes or capUlanes, tw

there may be a =maU difference m the blood xol

times put out by the two xentncles but the for

mer does not affect the relatn e total flow through

the eapdlanes and arteries while the latter can

only exist momentarily for a few heart bcat«, el«c

the organism dies

DIXMETER AND CRO«S-SECTTONAL ARE,X If the

left xentncle is regarded as a cylinder, then its

diameter might be 0 cm Tlie diameter and cross

sectional area of the ascending aorta approximate

2 5 cm and 4 5 cm*, rc~pcctixely Tlie large

hranchcb of the aorta haxe a total cro^-sectional

area winch is approvimsteJy the 'ame as tliat of

the parent xe<!scl, but the total cros»>«ectional

area of all artenes is much greater lo the ponpii

cry as the ve«*eU become xerj narrow and «hort

their total cross section becomes very large be

cause of the large number of xessels inxolxed

Tlie total cro«s section of the artenoles, wYth an

tndividua} diameter of 01 G mm and length of

theordcrof 015mm might bo 400 cm * whereas

the cross section of the eapiilanes might be 4500

cm * (baseil on an cstunated capillary diameter

of OOS mm , length 0 05 cm
,
and about 3,000

mii'fioD capiihnes/ rhia is ahotrt TiJ? (ime* CiaC

of the aorta The figure for the number of capil

lanes IS probably quite low since the capillary bed

does not inject xery well and there is exerx reason

to believe that not all eapiilanes are open or

shut at the same tune, i e ,
their «tate of patency

vanes with different physiological conihtions

The cro&3-sectional area of the xenules i* also

high, approximating that of the eapiilanes but

with their confluence into xems and then into

the xenae caxae, their total diameter and cro s

section progressiv elj dimmish «=o that the diame

ter and cro^s section of the latter are about two

and four tunes, respectixelj, those for the corre

sponding aorta and artenes

BLOon CONTEXT An important function of

xanous parts of the circulation is the dynamic

storage of blood Its importance Lea in the fact

that it is thes blood which is mobilized in time of

stress to fulflU the needs of the bodv The blood

content of the xanous portions of the systemic

151
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Fia 15 lA Schematic representation of the cross sectional area blood distribution velocity and

pressure in different regions of the systemic and pulmonary circulations ?—values not available dotied

waves of pressure and velocity indicate estimated trends only

circulatory tree bears no relation to its cross

sectional area (fig 151) Quantitation o! the

blood volume existmg dunjig life in different

parts of the vascular sj stem is fraught with great

difficulty, and the taluea obtained arc only

approximate They are, however helpful in on
entmg our thinking The aorta contains about

lOO cc
,
or 2 per cent of the blood xolume of

6500 cc The artenes contain about 8 per cent of

the blood \olume, the arterioles about 1 percent

The capillmes probably contain from 75 to 250

ce , or about 5 per cent of the blood i olume Siace

the capdlancs are about one half a millimeter

long the blood remains in the capillaries not

more than 1 to 2 seconds This figure for blood

content of the capillaries is ob\nousIj quite

variable since not all capillaries are patent at

one time

Thus the blood content of the arterial or high

pressure system is quite small being about 800
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cc
, or 15 per cent of the total volume The sys

temjc venous 83 stem accommodates the oiajor

portion (at least 50 per cent or about 3200 cc ) ol

the blood volume, the four heart cavities (600 cc

or 12 per cent), the pulmonary circuit 1000 cc

or 18 per cent Thus, the low pressure sjstejo or,

as It 13 sometimes called the extra arterial system
which IS made up of the s3 steniic venous and
pulmonary circuit up to the left ventricle con
tains about SO to 85 per cent of the blood volume

Tlie blood content of different areas is not con
slant but is continuously changing and is avail

able for redistribution to other vascular areas

where tt may' be needed The volume xn any one

compartment depends riot only upon the basic

anatomical sue of the bed but upon dynamic

changes induced by passive and active changes in

capacity and content, 1 e
,
distensibility Although

obviously very important it is very difficult to

make comparisons of distensibihties of different

anatomical compartments of the vascular system

Such comparisons would be based upon plots

(preferably tn nro) showing the relations of per

centage increase in v olume (dv)y(dV) of the v as
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cular compartment to the incrca.«c in mtra%e«5!el

pressure (dp) Evpcnmcntal data pertaining fo

distensibihtj of vessels containing much emooth

muscle or which ha%e an active response such as

arterioles (resistance vessels), veins, or cardiac

chambers, present a rather confusing picture gincc

passive changes m their lumina is nonnall>

counteracted b> “active’ changes of the wall

This balance is \ery easily clianged Despite

this, from available information the different dis

tensibihties are suggc«tcd in figure 15 I the

thickness of the hnes Tlie distensibihtj of the

capillanes lias not been documented

A Baste control Such storage can be on a long

term basis (blood reservoir) and/or it can change

rapidlj durmg a cardiac ejcle (compression

chamber) Both are dependent on the blood con

lent of the cardiac cavities and of the vc^els at

zero internal pressure and on thoir distensibihtj

1 e
,
change of diameter and length with cfiange

of internal pressure, m turn, the basic distcnsi

bihty of the cavities is governed bj the mjocar

dial resistance to stretch For example, the dis

tensibilitj of a heart cavitj actuclj changes if,

for the same resting sue or volume, the pressure

Within the cavity is altered As pointed out in

chapter 14, the distensibihtj of the ventricles can

be gro«slj altered bj nerv ous, humoral, and other

i&fiuences The distcnsibditj of the ves<eb is

governed by their content of elastic and collagen

tissue and smooth muscle (fig 15 2) AH varieties

of blood vessels except the arterioles, capillanes

and venules have a prominent component of

elastic tissue, and m some vessels such as the

aorta, as much as 40 per cent bj weight is elastic

tissue The elastic fibers with their great range of

extensibility before their elastic limit is reached,

produce maintenance tension without energy ex

penditure against the normal blood procure In

the wall of every tjpe of blood vessel except the

capillarj
, there are white collagenous fibers in a

matrix penetrating between the other elements

The collagenous fibers act m a similar way to the

elastic fibers but, because of the architecture of

the w all, are stretched only at higher than normal

blood pressure and hav e a protective supporting

role (fig 15 2) If, however, the vesels reacted in

a purclj passive way based on their content of

collagen and elastic fibers tbeir internal pressure

would be determined only bj the volume of con

tamed blood and, at any constant mean pressure

the mean volume of blood within them would
al 0 not change However, manj tj-pcs of vessel

contain much emooth muscle which does not

contribute significant!} to the clastic tension of

the wall Its function is to produce activ e tension

under vasomotor stimulation or local action of

various chemicals (vasodilator and vasoconstnc

tor substances and oxvgcn lack) and so change

the size of the lumen Such vascular tone adjust

ment is seen in most vascular areas It counter

acts distensibihtj by inducing smooth muscle

reaction which, at times, is strong enough to

induce a net decrease in vascular lumina in the

presence of an elevated pressure Such actuation

will, of course, change corapletelj the pre«sure

volume relationship in a vascular bed or area

B Aorta and its arlmal Lratrehes Tlie pressure

volume rclationslup or distensibihtj of the iso

lated aorta has been exhaustively studied in

ntra The distensibihtj vanes widclj in different

aortac ID the rame age group (fig 15 3) There is

no statistJcalJj significant correlation between

age and absolute distensibihtj However, aortic

sue or eapacitj mcreases considcrablj with age

«o that the average diameter of the aorta maj
exceed that of the *um of its branches and the

contained volume at a diastohi pressure of SO

Ftc 15^ Influence of ageon the volume-pre^
sure relations of human aortas Lach curve repre

sente the average values for a en age group
Vertical lines represent standard deviations
(Remington and associates Am J Phjsiol 1&48,

J33,29S)
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monng fluid Surrounding this in the intcistitial

spaces IS the bo called tissue fluid which is of a
gel like consistency

It IS still debatable whether the bulk of ex

change occurs across the entire surface area or is

restricted for most molecules to the pemous
intercellular cement Ions and small molecules

diffuse across the capillaiy wall at such an incrcd

ibly fa«t rate (at least 100 per cent exchange
wrdhrn I mmate) thst it has been suggesferf that

the whole capillarj wall is permeable to these

substances The penetration, however, of capil

lary walls by water and dissolved substances

appears to take place solely by processes which

require no energy transfonnation the capillaiy

endothelial cells From this has ah«en a general

behef that the capillarj walla, or specifically the

intercellular cement, is pierced With numerous
ultramicroscopic openings or pores mth an aver

age diameter of about 30 A which are generally

too small to allow the passage of plasma protein

molecules, but are of suflicient sue and number
to account for the obscr\ed rates of passage of

water and sonprotein constituents of the plasma

Considerable evidence has been adduct that

Lpid Bolublo molecules such as oicjgen and ear

Fio 15 6 Diagram of a functional unit of the

capillarj bed, A V A metartenolar reaular

anastomosis (Chambers and Zweifach )

bon dioxide, can penetrate rapidlj the plasma

membranes of the capillarj endothelial cells and

are not restricted to the aqueous intercellular

spaces flnalK
,
the evidence is fairlj clear that

penetration of large molecular aggregates and

fonned elements such as the ret] and white cells,

occurs tfirough the mtercellular portion of the

wall

Although the preceding generalization is prob-

ahfj (rue, one must not lose sight of the fact that

capillary permeability is bj no means uniform

throughout the body For example, skeletal mus
cle capillaries are about one hundredfold less

permeable to water than the glomerular capil

lanes Using as a gauge of permeability the pro

tem concentration of the Ij-mph draining different

regions, it is found that liver Ij-mph maj contain

7 per cent protein (plasma has 6 per cent),

Ijrmph from lungs, heart, kidney and intestine®,

3 to 4 per cent protein, skin, 1 per cent protein

The functional anatomj of the capillanes has

been worked out for eome cold blooded animals,

for the rat and dog mesentery through micro-

scopic observations of the in itto vessels, and for

the myocardium by both anatomical and micro

scopic observations (fig 15 6) Briefly, blood flows

generally from the srtenolcs directlj into a met

artenole, and then into capillanes The metarte

notes lead direcllj into channels which are main

thoroughfares from the capillary bed to the ven

ules The true capillanes concerned with inter

change between blood and tissues arc inter anas

loniosiDg «ide branches of the main channels

through the bed Vt the ostia of each capillarj is

a small pre capillary sphincter of smooth muscle

which IS controlled bj nerves presumably from

Che syatpsihetec aertoas sy^fem, m the esme

manner that these nerves control the artenolcs

and metartenoles In the bodv, the metartenolcs

and their precapillarj sphincters undergo pen

odic contractions at intervals of 15 seconds to 3

minutes Wlicn the tissue is m a resting state, the

con-dnclor pha»e of this ebj-thm predominates

and the prccapillary sphincters maj be com

plctely closed When the tissue becomes active,

the dilator phase of the metartenoles predomi

nates and the precapillarj sphmeters are open

Thus, in skeletal muscle, it is believed that the

increase m blood flow with exercise comes in

large measure from this opening up of large num

here of additional capillanes It is believed that

the factors that affect the degree of constnction

and relaxation of the metartenoles and the pre

capillarj sphincters dunng vusomotion are the

same factore that affect artenolar diameters
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The«e are the ncr\ous and hormonal stimuh and
local conditions m the tissues Thus, sj-mpathetic

stimuh and epzncphnne in the blood intonstfy

the constnetor phase of \asomotion in most areas

of the bod> in the same manner that the^e two

coastnet the artenole^ On the other hand, \aso

dilator substances decrease the \asoconstnctor

phase The significance and ^alue of this arrange

menl gcnerallj to capillarj beds and to o\er all

circulator} dynamics remains to be established

Although contro\crsj has raged for many
years, at present it 13 bclie\ed that change in

capillary diameter is on a purely passne basis,

1 e
,
by change in intraeapilKry pressure or m

e\tra\'ascular tissue pressure, «uppoecdly
,
the ac

tne changes in capaclt^ proMously desenbed by

many workers 13 probably due to the actnation

of emooth muscle who'se presence was unsuspected

at that tmie m the metartcnoles and A V eapil

lanes

E \eins Since the 8ysteralc^elns contain such

a large proportion of total blood \olurac thev

must function as blood resen, oirs The responses

by which they may counteract distending forces

and thus present execssne poolmg of blood base

been of great interest and ha%c been documented
m animals and human experiments As the \en

ules merge to form larger ^eins, they acquire a
layer of connective tissue and then distinct mus
cle fibers These ^ easels haie a larger blood con

tent than the corresponding arteries Their walls

are also much thinner and contain less elastic

tisrue but have a rather well developed muscular

coat ttTien the volume of blood m a normally

partially collapsed vein is augmented, the intra

vascular pressure barely mcreases until the vein

becomes round and has a certain degree of full

ness The volume mcrease up to this point is

similar to the filling of a eoUapsible tube without

distending the walls True distension now occurs

when further volume mcrements lead to an ele\ a
tion of intravascular pressure (fig 157) Vans
excised or within the oiganism have a very low

distensibihty when the mcrease m volume is

rather rapid 'W’lth prolonged elevation of intra

venous pressure, there is a delayed compliance

or passive yielding of the venous walls which te

attributed to the vTSco-elastic properties of the

smooth musculature Thus although initially the
low distensibihty of veins may prexTnt blood

pooling, the delayed compliance favors it It is

estimated that the abihty of the venous system
to take Up blood is at least 100 times that of the

whole circulatory system Thus, if 1000 cc of

blood 13 transfused m a human, about 990 cc will

reside in the extra artenal or low pressure s\ «tem,

andlOec m the artenal system The presnire m
the whole circulation might nse by 5 mm Hg
The diameter of these v cnous capacitance v

seU may be changed either passiv cly bv external

forces ^avnty ,
respiration or pressure brcatlung)

or actively by contraction or relaxation of their

walls Tlicre is considerable evidence to indicate

that tlie venous system (including the ]iulmonary

system) behaves 'orntwhat like an elastic bag

For example, change m posture has no particular

effect on their state of contraction when human
subjects are bled or transfused with about 500

cc of blood the pre^urc® in the central \ eins the

pulmonary artery, and left atnum n«c and fall

in parallel as the blood volume is changed by

blowing or transfusion (fig IS 8)

While this leads to the conclusion that the

vcnoits system operates in a passive manner it

must aLo be crapha«»zcd that tius may be true

only if the induced change in central blood vol

umc are moderate or gradual and not m the

nature of emergency reactions It is easy to dem
onstrate tliat a fixed pre«siire v olume relationship

need not apply to the veins and venules for they

are the roost «ensitiv e of all v cssels to all typw of

meihanical chemical ond teinpersture impacts

For example, the trauma attendant to dissection

or to needle insertion mav completely close a

medium sized v-eiD In addition they are supplied

with vasomotor nerves tlirough the action of

which the disteasibdity and capacity of the ve

nous system can be activ cly andgreatlv clianged

This provides a means bv which the volume of

the venous system can change within wide limits

without significant corresponding changes m
venous pressure Such innervation has been dem
onslrated for the vena cava and veins of the hind

Flo 15 7 Venous distensihiiity patterns with
different degrees of va«omotor tone (Alexander,
Cireulatioo Res , 1951, 2, -iOo )



160 CIRCULATIOV
Section II

Fio 16 8 Effectfl of changing total blood volume (by traoafuaion (+) or bleedjog (— )) upon aortic
(A P )

pulmonary artery (PAP) left ventncular diastolic (L V D P ) and central venous pressures
(CVP) (Gauer and associates Circulation Res 1956 4,79)

lunb and mesenterj m animals Active contrac

tion or relaxation ol the tenons smooth muscle

(venoconstnction or dilation) can be elicited by
activation of local stretch receptors in the venous

walls and reflexlj by activation of the barorecep

tors (stretch receptors) m other veins and in the

aorta and carotid arteries and by direct local

action of adrenergic or cholinei^c substances

(fig 15 7) Reflex \enomotor actmty has also

been measured m normal subjects bj means of

pressures developed mthin isolated segments of

superficial veins An arm superficial vein s^roent

without tnbutanes is temporanlj isolated by
appljung pressure at the segment ends so that the

volume 13 held constant and vein contraction can

be reflected bj an increase in pressure winch is

recorded continuously bj an mdwelhng needle

connected to a pressure manometer Strong con

tniotioRS are caused bj the lalsaha maneuver
cold exercise and hjperventilation Persons with

postural hj potcnsion show little or no segment or

central venous response to these stimuli indicat

mg impaired reflex v enomotor activ itj Although

the entire venous bed may be regarded as a large

vanable blood depot the central systemic veins

constitute the most important part of this depot

for suppl) mg the nght heart It is estimated from

observations m dogs that the pressure volume

curve of the venae cav ae in the intact living dog

can be varied by 15 to 20 times and with onlj a

small effect on venous pressure This means that

translocation of laigc volumes of blood to the

pulmonary and sjstemic artenal circuit is easil)

effected
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VeLOCITT ClfANOES

A In diSerent ctsseU (Jig 15 1) Just as the

croe<?-scctional area \ane8 greatly m different

parts of the cardiovascular sj’stcm, so does the

\eIocitj of blood flow Since the velocity of flow

is imcrselj proportional to the cnyss «ectional

area of the vessel through which it flows, \eloaty

will be maximal in regions of the circulation with

the smallest total cross sectional area Hence, the

blood xclocitj in the aorta is the roost rapid of

that m an> part of the bodj
,
but even here the

aierage i elocit^ of about 40 cm per see , is low

In the capillaries, it is least, at about 0 07 cm
per sec T^slow rate of passage in the pcnphcral

capillanes, of course, prowdes time for the ex

change of malcnala across the capillary mem
branes or walls After passing into the \eins, the

blood again accelerates as the cross sectional area

progressively decreases Howeicr, since the call

ber of the i cins is la^er than that of the conre

spending artenes, the velocitj of venous blood

flow nc\cr becomes equal to that of the arterial

blood and general]} equals about of that m the

artenes For example, the flow of blood along the

two lenae cavae which together have a cro's>scc

tional area eome 4 times as great os that of the

aorta, is onlj about 8 to 10 cm per sec under

renting conditions

Although the average blood velocitj is low, the

peak velocity of blood flow may be high since this

changes greatly from moment to moment dunog
each heart beat m the 8}'8teraic arterial sj-stem

In the ascending aorta near the aortic valves, the

peak velocity dunng systole may be 120 cm per

sec
,
during most of diastole, the v elocity may

approximate zero Further dowm the thoracic

aorta and m the abdominal aorta, the small back

flow present in the ascending aorta at time of

closure of aortic valves is greatly accentuated

and extended, while forward flow dunng diastole

IS increased In the major aortic branches these

violent fluctuations of velocitj
,
although some

what damped, are largely retained However,

except for the coronary, femoral, and axillary

artenes, backflow disappears, and the flow curve

IS often patterned after its corresponding pressure

pul-^ At the capillary level, these fluctuations

in velocity are prettj well removed so that a

smooth mte of flow is attained In the venules

and as the veins become larger, fluctuations or

variations in the velocitj of flow again reappear

In the venae cavae near the right atnum, blood

velocitj roaj become much greater dunng ven

tncular s> stole than dunng its diastole, mdicat

ing that contraction of the mjocardmm itrelf

draws blood towards the heart Dunng inspira

tion, the whole flow curve m the venae cavae is

grcatlj elevated

B Across a ivfscl Finallj
,
the velocitj of

flow will varj in different portions of the cross

sectional area of a blood vessel, espcciallj in the

larger vcs«cls (fig 16 9) In the larger ves«els

there is a cj hndncal laj er of blood which adheres

tothe\cs«cl wall and wets it Inside this motion

less bjer is another cj hndncal fluid lajer which

flows and rubs against it, and inside this there is

another flowing faster, and «o on, until the central

axial core of blood is reached which has the maxi

mum velocitj In artcnoles and vesrels of quite

narrow cahber red cells are concentrated prettj

much m the axial part of the blood stream «o that

plasma flows along the walls As a result, the red

cells move faster than plasma bj a eigmflcant

amount, and hence, the hematoent m capillanes

isaomcnhat less than that of ihc brger vessels

The effect of this is, of course, to change the

distnbution of the velocitj in the vanous parts

of a cross-eection of such a vessel

The flow of blood is laminar or streamlined m
most portions of the circulatory tree When the

velocitj of flow is increased above some cnti

cal level, turbulence develops The formula

RVD/v “ a cntical constant for turbulence

(RejTioIds number) expresses the conditions pro

ducing turbulence m fluid flowing through tubes

of constant diameterm which, v is vuscositj
,
D is

density, V is mean velocity, R is tube radius

TIjis indicates that turbulence occurs when low-

viscosity fluid flows through tubes of lai^e diam

eter at quite high velocitj If this formula ap

Fig 15 0 Schematic representation of the vanable velocity of blood flow in vessels Flow is fastest

in the central axial stream and progressively decreases to zero at the vessel wall
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plies to the cardiovascular gjstem, the big van
able IS the blood \eloeitj since the blood viscosity

and vessel diameter do not change greatly Blood

flows rapidly through the biggest artenal channels

and with the highest velocities at the roots of

the aorta and of the pulmonarj arterj It is

debatable whether the critical level for turbulence

IS normally exceeded at these points during the

rapid ejection phase of ventneuLsr sj stole

Pressure Chavges

A Kinetic and potential energy, lateral and end

pressure Of the energj developed by the left

ventricle, more than 98 per cent is normally in

the form of potential energy, 1 per cent or less as

kinetic energj VTicn the left ventricle pumps
out blood, it increases the radius and length of

the aorta and its laigc branches to store potential

cnei^ as tension in the artenal walls Because of

the motion (velocity) of the blood during ejection,

a certain amount of kinetic energy is al«o Irans

forred to the blood Dunng exercise with a very

large cardiac output or in the pre«ence of aortic

stenosis, as much as 10 to 50 per cent of the energy

expended bj the heart is used for increasing

blood velocitj Ultimatelj
,
however, most of the

potential energ> is changed to kinetic energy to

Fio 15 10 Reproduction from origins! record

of lateral upstream and downstream phasic pres

sure patterns taken at the subclavian level in the

aorta of a large open chest dog by means of3 strain

gauges adjusted to identical zeros and sensilivi

ties The patterns and pressure values of the 3

curves are almost identical at ej-stolic pressure 139

mm Hg, diastolic pressure 115 mm Hg, heart rale

150 minute

produce flow through vascular elements, and then

IS final]} dissipated as heat through friction The
kmetic energy of flow can have a real effect on

intravascular pressure Tlus can be demonstrated

by inserting into the flowing bloodstream small

catheters or cannulas connected to pressure ma
nometers (fig 15 10) With the catheter opening

pointing upstream, end pressure or potential

energy is measured, with the opening at nght

angles to direction of flow, lateral pressure or the

pressure aetuall} pressing on the vessel is meas

ured In the vessels of humans, end pressure and

lateral pressure arc almo«t equal except m the

aorta and its immediate branches in which the

kinetic energ} is sufficiently high from prevailing

blood velocitj to cause the lateral pressure to be

significantly lower, i e
,

lateral pressure is in

versely proportional to the blood velocitj (Ber

nouiUi effect) At rest, the average aortic lateral

pressure isabout 1 mm less than the end pressure,

with exercise, the difference might be 15 mm Hg
If one IS recording phasic aortic pressure through

out the cardiac cycle, then with exercise the

lateral pressure might be 4D mm Hg less than

the end pressure dunng the penod of rapid blood

ejection (first third of sjstolo) Ultimatelj, most

of the potential energy is converted into kinetic

energy in producing flow In this exchange no

energy is lost However, as blood progresses from

the aorta to the atrium, the intravascular pressure

decreases to v erj low v alues This permanent loss

of energj’ or pressure arises from fluid fnction

developed within the vessels with gradual change

of energy into heat

B In different teasels [Jig IS 1) Pressure m
the aortic arch reaches a maximum dunng mid

svstole.. ond a minimum at the end of dia«toIc

The numencal difference between these pres

sures 13 called the “pulse pressure’’ Similarly,

pressures m the thoracic and abdominal aorta

and their major branches, i e
,
the carotid, the

radial, and cspeciallj the femoral, show that the

values for the systolic pressure increase and tho«e

for diastolic pressure decrease, i e
,
pube pressure

increases In still smaller artenes, the pulse pres

sure progressive!} diminishes, sjstohc pressure

falhng more than diastolic However, this does

not represent a fnctional loss of energy but merely

a replacement or shift in the temporal relations

of pressure dunng a cardiac cy c!e, since the mean

pr^surc, for example, in the femoral artenes is

the same ns that in the aorta

As the artenes divide and subdivide, the caliber

of the Midmduftl vessels diromishca and the pres

sure gradients become correspondingly steeper,
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particularly m the nrtenolcs and tapillanes Not
only IS the prc««un, gradient steeper, but Uie

o'Cillations of pressure dunng a cardiac c>cle are

reduced to a mmmiuni at the time tlie artenolca

arc reached At the arterioles tliorc is a pro

nounced decrease in pressure gradient a second

abrupt {leereasc m tlic capillancs with almost no

residual pressure fluctuations Y more gradual

pressure decline occur> in tlie icmilos and ions
until a negatne jms'iurc is actually reached m
the contra! ^Clns owing to the effect of the aub

attno^phcnc pressure wathin the thorax

FUNCTtOVAI. CIlAnACTERfSTIC'l OF TUE FflUIO

>AnY cincoLATiov Jn man> respects the puJmo

narj \nscuhr bod (pulmonary artcrj through

pulmonary veins) is similar to the sYstcmic cir

emt but certain differences deserve emphasis TIic

pulmonarj cirtulation is a low resistance circuit,

artcnoles bemg csscntiallj absent the pulmonary

^c«sel3 suppli onlj one tjpe of tissue (aKeoh)

60 vasomotor requirements are low pulmonarj

blood volume is Ic's than that m the sj-stcmic

circuit evtravascular conditions (inthm the tho

raeic cage) are fairlj uniform (fig 15 1)

The mam pulmonarj artcrj and its branches

arc «tructura!lj similar and of about ttic same or

«]jghtly larger diameter than the aorta but their

walls are one third the thicknc«s and their

branches are much shorter and of verj «mall

capacity Small artenes in both sj stems have

thick muscular walls Arteries less than 0 1 mm
in diameter are endothelial tubes without muscle

There are no vessels corresponding to artenoles

le no small bore high resistance vessels The
capdlanes are somewhat la^r appear to take

off very denselj from the above endothelial tubes

and have multiple anastomoses There are du
merous A V shunts The pulmonary veins are

short and coutain less blood than the eystemic

veins

The pulmonary artery and pulmonary bed in

general are many timra more distensible than the

sj’Btemic portion of the arterial circuit and prob

ably represent the most distensible part of the

low pressure system In viio pressure volume
curves of the entire pulmonary vascular bed and
of the pulmonary veins (and left atnum) have
prettymuch the shape of venous pressure v olume
curves m the relaxed state (fig 1511) The
blood volume of the pulmonary sj'stem is only

800 to 1200 cc , of which 75 to 100 cc is in the

capdlanes and the rest is m the major artenes

and veins Since the pulmonary vessels are a low

pressure distensible sj'stem, a minute increase in

outflow pressure at the left ventricle or an in

crease in pressure at the nght ventnclc results m
a mcable accumulation of blood m the lungs

\S ith change m posture m man it is estimated

that as much as 400 cc goes into and out of the

lungs Thus the blood volume of the pulmonarj

vascular bc<l (about 2o to 30 per cent of circula

torj blood volume) has an important reservoir

function and is about the most important depot

forsuppijing the left heart

Tliere is «ome evidence that the distensibilitj

of the pulmonarj vessels can be altered This is

based on the findings that the pulmonarj vessels

contain <onsidemblc «mootii mu«cic plastic casts

of two sides of a liint, are v erj different if one side

IS perfused with odrenalme up to the moment of

plastic injection (this e«peciallj affects v ee^els less

than 25 p m diameter) stimulation of the carotid

bodj chcmoreceptors decreases pulmonarj las

cular rosislance extremt hjpoxia (4 per cent

oxjgcn) in one lung causes ves«cl constriction m
that lung intrapulmonarj arterj injection of

acetjlcholmc dccrei'Cs the pulmonary hvperten

Sion caused b> breathing a low ovvgen mixture

It is obvious however that the functions of

dilation and constriction hav e been demonstrated

under rather extreme conditions Tliere is thus no

strong evidence tliat the distcnsibihtj chir'icter

isties (prc««ure volume) of the pulmonarj circu

lation can be sigoificantlj altered under normal

FiQ IS 11 Pressure volume relationship of th^
pulmonary vascular bed Injections and wiU/
drawala made at 10 second intervals Dots
auzes immediately after end of each
Circles pressures 5 seconds after end ol^
jeettou Crosses pressures immediately
withdrawal (Samoff and a^sociater'

Physiol 1952 171 238 ) ^
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conditions and, hence, it is hcl!e\e4 to be mainlj

a passive vehicle for blood flow present expen

mental evidence (fig 15 8) support? the \ lew that

the pulmonary circulation together with the syB

temic veins or capacitance vessels form a func

tional unit or reservoir in which pnasive and/or

active changes in the capacitance sj’^tem regulate

the store of blood in the pulmonary reservoir

where it is handled passively

Since the stroke volume and mean veloaty of

flow are almost identical in the aorta and pulmo

nary artery, the kinetic energies of the two bloods

are the same, but because the potential energy

imparted to the blood bj the nght ventndc is

much less, the kinetic factor is a greater propor

tion of the cnergj output of the right ventncle

Phasic vanations in blood flow velocity are pos

sibly even more marked m the pulmonary nrterj

than in the aorta In contrast to the sj-stcmic

circulation a markedly pulsatile »s retained

m the pulmonary capillary bed diinng rest and

after exercise During sj stole blood is accelerated

m the right ventncle and pulmoaarj arterj by

contraction of the nght v entnclc The blood gains

kinetic eneigy or eneigj of motion As blood dis

tends the artenal tree, the latter aCQuires poten

tialeneni> (elastic and hjdrostatic) Atthesame

time, energy is partiallj dissipated bj resistance

to sjstohc flow in the small vessels Dunng

diastole the potential energy m the artenal tree

IS partly lost in hysteresis, and th0 remainder is

dissipated m elastic recoil as blood flo'i's through

the resistance of the small ves<els C) the end of

diastole, the pressures m the vascular bed are

almost equilibrated and capillarj flow praclicalli

ceases

Tlie resistance to blood flow in th® pulmonarj

circulation is about one thirteenth that of the

sjstemic circulation This is becaus® there are no

high resistance artenoles, the puliwounD’ capil

lanes are large and very numerous, the pulmo

nary vessels are soeasilj distended passively, and

large portions of the pulmonary bed are only

partial!} used normally The pressure pulsation

m the pulmonarj arterj of 22/8 (mean 13 mm
Ilg) IS fairlj well maintained in the capillary bed

and pulmonary v nas •since the capillary flow is so

pulsatile dunng a cardiac cycle Jfowever, the

capillarj prcsisure has not been directlj measured

Phasic pressures taken indirectly tbJ'Ough a cath

eter passed through the pulmonarj artery until

it 13 “wedged” in its small branch®® have been

assumed to rcpre«cnt “capillarj” or left atnal

pressures since the blood obtained through the

catheter IS well-oxjgcnatcd However, "batsuch

recorded phasic pressure curves represent has
never brenclearlj defined The pressure gradient

through the pulmonary bed is quite small Its

highest pressure (pulmoaarj arterj 13 mm Hg
mean) drops to about 7 mm Hg m the left

ventncle at the end of diastole and at the site of

outflow from the pulmonarj circuit This pressure

gradient of about 6 to 7 mm Hg causes to flow

through the pulmonary circuit the same volume
of blood as flows through the systemic sj-stem

with a pressure gradient of about 90 mm Hg
T INTERRELATIOV BETWEEV CALIBER OF

VESSELS, IVTRVVESSEL PRE-VSURE ANT) WALL TEN
siov The law of LaPlace is that the tension (T)

in the wall of a cylinder is directlj proportional

to the product of the intracjlinder pressure (P)

and the radius of the tube (R), i e
,
(T = P X

R) This has been graphically portrajed using a

rubber balloon (fig 152) With partial inflation,

the upper part of the balloon expands largelj

the distal portion only slightly Internal pressure

15 the same throughout, but the grcatlj expanded
portion of the balloon with the large radius lias a

high tension os evidenced bj its resistance to

indentation while in the slightlj distended ares

the walls are soft and easilj deformed Burton has

pointed out the application of this law to the

ventncular cavities and the vascular sjstem and

has calculated the wall tension in the various

vessels In the aorta with a radius of 1 2 cm ,
it

lakes the highest wall tension of 170000 djnes

per cm length to support the transmural pres

sure of 100 mm Hg while m the capillanea with

a radius of 4 tt, it takes the lowest tension onlj’

16 djmes, to support a blootl pres'^ure of 30 mm
Hg In the same capillanes in the legs wlule

standing the pressure can be 100 mm Hg Tlius

it takes only about Jfo ooo as much wall •strength

in the capillanes as in the aorta to support the

same range of internal blood pressure

As has already been pointed out, the tension

ina ves"^! wall that resists the prevailing internal

pressure is supplied by the elastic tissue at normal

pressures and bj the collagenous fibers at higher

pressures A recond important function of the

elastic tissue is to make possible a graded con

stnction or <lilation under vasomotor change m
duced bj active wall tension change via smooth

muscle ^V’hen, however, elastic tissue is absent

or m very small amounts, vessels can onlj be

completdj closed or open when under vasomotor

tone Intermediate diameters would not !» pos

sible This maj explain whj tissues deficient m
elastic tissue but with smooth muscle, such as

A V shunts and prtx-apillarj sphmeters, arc al
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waj's either wideli open or closed Thus, with the

combination of oKstie tension and active tension,

grading of degree of \c«scl constriction is possible

but only over a hmitccl range If the pressure m
a vessel is redueed far enough, its wall will even

tuallj reach its unstrotchcil length and the elastic

tissue IS not functioning At pressure lower than

this, in spite of clastic tissue there mil be no

elastic tension to provnde the automatic adjust

ment needed for stability, the vessel will become

unstable and cto«c Sucli '‘critical closing pres

sures have b«?n cxpcnmentally demonstrated in

many vascular bods and may under certain

circumstances approximate a prevailing blooil

pressure of 100 mm Ilg

iNTERREIiATlON BETWEEN PRFSStmE, FLOW \}n>

RE'USTxNCE Hemodynamics is the studv of the

forces which cause, alter, and regulate the flow

of blooil through the hotly Tlie central problem

in hemodynamics is, ' ^^Tlat is the relation be

tween the rate of flow of blood m the vascular

bed and the pressure whi<h dnv e& it? ’ Knowledge

and understanding of the factors that determine

the shape of the curves of flow and pTC«surc is

essential to proper interpretation of the changes

in blood flow and blood pressure in normal or

pathological physiology

A Simple association of pressure and flow can

obviously serve as an index of total pcnpheral

resistance (TPR) to flow m the cardiovascular

system

faortic pressure pulmonary artery pressure)

(aortic flow pulmonary artery flow)

or to local resistance in single bed or organ, for

example

(renal artery pressure)

(renal artery flow)

Such measurements and calculations have been

used extensively in recent years in cbnical and

experimental investigation and, specially in the

aorta, to separate the resistance changes due to

central or cardiac factors from those due to pe

npheral faetora The architecture of the whole

circulatory distnbuting system is such that the

organs are supplied through many parallel shunts

In this the total peripheral resistance (TPR) is

httle reflection will indicate, however, that the

resistance to flow can arise from active changes

in the smooth muscle of the particular vascular

bed in question, or it could be related to passive

c)wngC5 in the geometry of the came v ascular bed

due to mtemal and external variations of the

pressure Tlie above approach does not permit

separation and quantitation of active and passive

changes m vessel size which is essential to the

proper understanding of pressure and flow rela

tions In a modified form, some physical laws

derived from hydrodynamics haie application to

the flow of blood, and they will be considered

next

A Pmseinllc s Late Generally stated the vol

umc (F) of bloofl flowing through a circulating

system increases with the perfusing pressure (P)

ami decreases with the resistance (R) to flow as

indicated by the equation F = P/R This is

PoiseuillCb experimental law which is expressed

in more detail os

r (P. - Pi)
(rr«) (1)

(SL> (v>

m which F is flow per umt of time Pj is pressure

at an upstream point in the tube, Pi is tlie pres

sure at a downstream point in the tube, ir is

3 1416, r is the tube radius, L is tube length v

IS fluid vi«cosity PojsemDes experiments were

bas>e<l upon measuroments of stream lined flow

(nonlurbulent) m nondistensible tubes with New
toman fluids at constant temperature This means

that flow IS augmented by an increase m any

factor ID the numerator and decreased by an\

factor ID the denominator Thus, flow would cfe

crease by one half if tube length is doubled or if

blood became twice as vucous Blood is caused to

flow from one point to another in a tube by the

difference of pre‘?,sure between such points This

means that doublmg the pressure gradient (Pi —

Ps) along the tube will double the flow Change of

radius is much more effective m changing fiou

for doubling the radius will increase flow 16 times

The resistance to flow, defined as the ratio of

the dnving force to the flow, is obtained by a

rearrangement of the above formula m which

P (8L) (v)
^ “ F -r' (1)

i"
plus — plus — — ,

but Bmce the aorta suppbos all the regions with

pressure and flow, TPR can be calculated os mean
aortic pressure divided by cardiac output A

Resistance to flow is made up of two distinct

factors Tliese are the viscosity (v) or mner

fnction of the fluid and the geometry of the tube

(8L)

(»r0
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PRESSURE (mm Hg)

Fin IS 12 The rclationst i|)s of flow pressure
and resistance m nond stecsible tubes using
Newtonian fluids (dotted linee) at constant (em
perature (Po seulle a law) and blood in vessels

(solid linrs) See text for details

nl ich IS made up of the radius and length Id

his sj’stem the resistance as constant since both

the tTscosity and the geometrj of the lube were

unchanged and did not change with rale of flow

or pressure A plot of flow versus pressure gave a

straight line through the ongin and one of re-

sistance versus pressure a horizontal straight line

(fig 15 12)

B Application o/ Foiseuille s law to the etreu

lation The applicability of this law tn Mo to the

circulation depends upon whether resistance is

independent of pressure and flow In the circula

tory system peripheral resistance is a measure of

t! e totality of all factors affecting blood flow

These include change (decrease) m apparent

blood Mscosity (which is known to occur with

increase m perfusion pressure occasioned lo fhe

moAcment of the red cells to form a central anal

rod) the e\istence of stream lined versus turbu

lent flow tie length of \essel3 and the cro^

«cctional areas of the blood vessels The latter is

determined bj the evtravascular pressure pro

\idcd bj surrounding tissue b> mechamcal dila

tion with nsing perfusion pressure by opening of

new capillanes and v essels with change in metab-

olism and with nsmg perfusion pressure and bj

active changes in the state of contraction of the

muscular walls through vasomotor nenes hu
moral substances and metabolic products

The &)w pressure curves obtained with blood

in vascular beds are quite different from thoee

obtained in the artificial sj'stem used in Poi

seuilles expenments The chief differences are

the curves do not pass through the ongin and

flow IS insignificant until a cntical level of pres

sure 13 attained (called by Burton the cntical

cl(»mg pressure) The curves for dilated vessels

are almost linear but with increasmg tone the

curves become sigmoid and then convex to the

flow axis At sufficiently high pressures the curves

tend to become straight hnes pomtmg tow ard the

ongin Hie resistance is almost constant at high

pressure but n^es as the pressure is reduced to

reach ver> high values near the cntical closing

pressure Such deviations could an«e if (1) the

geometnc factor of Poiseuille s law js not constant

but vanes with the distensibihtj of the blood

vessels and (2) blood has onomalous viscoaitj so

that the viscosity factor of Poiseuille s equation

vanes with the rate of flow and hence thednving

pressure ^Tiile expeninental evaluation la diffi

cult it does appear that vessel distensibihtj is

the major factor responsible for the deviation of

m nw pressure flow curves from Poiseuille s law

This in turn ls related to the active tension or

contraction of smooth muscle in the vessel walls

and to the combined effects of elastic and colhg

enous fibers in the anhitccture of tl e ve'sels

Ap|>arenlly anomalous viscosity is a minor factor

While the viscosity of moving blood does change

le with increased flow rates there is an axial

accumuKtion of red cells any change of viscosity

from such accumulation of red cells is complete

at verj low flow levels and throughout most of

the phj'siological range of flow viscosity docs not

change appreciablj with flow This is borne out

bj the experimental ob®orvatioos that flow pres

surccurves using fluid of normal viscosity such as

plasma are essentially similar to those obtained

when blood is useil but when blood is u«ed in

ngid nondistcnsible tubes the flow pressure

curves are almost linear within the phj-«iological

range

C Uk of penpheral vascular resrstance as an

tiidpz of vasomotor activity In view of the mul

tipliatj of factors which affect penpheral rcsi't

anceio the cardiovascular sj'stem it remains to be

seen to what extent changes of penpheral rt<ist

ancema} be used to interpret vasomotor actmfj

StiHittstudiesof penpheral circulation reactions
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it IS (IpBirable toIne^‘^urc t)ic pcnpheral rcstsiaacc

This represents the ritio of transmural pressure

to the rate of flow through t)io organ or ngma
being studiwl Vascular tone or \iisornotor action

represents the active eontraction of the mascuhr
walls of the bloofl vtsscls and is influenced phvs

!ological!> by vasomotor nm c impuhes humoral

substances and metabolic products The fatt that

cl anges in intravascular lumen occur with altered

intraluminal pressure on a punlv phvcual basis

points up the difTicuUj in c^tablLlung to what
evtent alteration of pcnphcnl resistance maj be

used to interpret vasomotor activity

The interpretation of changes m peripheral

resistance m the presence of an alteration of

vasomotor activ itj associated with a n'c or fall of

blood pressure or blood flow is difficult In this

instance changes in vasomotor activntj cannot

be deduced unless it is possible to know m some
wa> wbat portion of the change in peripheral

resistance would have resulted from the ob«erve<l

alterations of pressure or flow alone It is obvious

that aa long as either arterial pressure or the blood

flow remain constant while the other is changing

or if pressure and flow change m opposite three

tions the fluctuations of pcnpheral resistance

correctlv indicate the direction and roughl> the

magnitude of alteration of vasomotor activilv

A fairlj satisfactory and practical waj of esti

mating changem v ascular tonus due to v asomotor

activatj when pressure and flow change in the

«ame direction 13 to determine dunng a control

penod the pressure flow relationship over the

range of flows anticipated dunng the cxpenmenlal

penod" and" thereafter to compare these with the

pressure flow ratios dunng the expenmental pe-

riod Their difference would be caused bj a \aso

motne change Possibly the most U-eful approach

is to calculate resistance values from directly

mea«uretl levels of pressure and flow while either

the pressure or flow is controlled bj a pump This

tjTie of measurement has been made in the con

*cious dog and man
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ELECTROCARDIOGRAPHY

Electrocardiogrjphi maj bo defined os that

branch of phjsiologj which is concerned with the

recording and analjsis of the electrical actuitj

of the heart The eleetrocanliograph 13 an instru

tnent which receives the electrical impulses as

thej wry during the heart cj cle and transforms

them into a graphic record The electrocardio

gram IS the graphic record which has been m
senbed bj the electrocardiograph

Instrumentation

“nie first electrocardiogram was obtained m
1887 by ^\8ller who emplojed a capdhiy dec
trometer as his electrocardiograph It was Emt
hoven who became the real father of electro

cardiography when he desenbod the string

galvanometer in 1903 This mstnimcnt became
the standard apparatus for the recording of

electrocardiograms until it «a>s brgdy sup
planted by the vacuum tube, amplifier-dn\en

oscillograph m the 1030 s This tjTie of instru

ment was later modified by stepping up the am
plification to a strength adequate to drive a
mechanical lever arm so that directly written

records might be obtained either with an ink

writer or a hot stylus apphed to specially waxed
paper Recently transistonzed modifications of

the vacuum tube type of oscillographic instru

ment have come on the market Common to all

these instruments is the property of faithfully

inscribing the vanations of the cardiac voltages

On an accurate time scale abscissa

The cathode ray oscilloscope has been cm
plojed for specialized research in eleetrocardwg

mphy and recently it has been adapted by meaus
of the sweep circuit to give a constant visual

display of the electrocardiographic pattern which
Can be monitored during surgery or other critical

clinical conditions

Depolarization and Repolarization of Cell

Aggregates

The electrocardiogram which is recorded from
body surface electrodes is the result of a vast

number of systematically propagated eicctncal

events taking place in the individual muscle cell

fibers of the heart We have seen that the mdi
vndual myocardial fiber is depolanzed and re

polanzed with large voltage fluctuations across

the cell membrane, but with only small potential

differences being recorded outside the cell How
then docs the Iransmcmbranc action potential

relate to the electrocardiogram recorded first

from the surface of the heart and ultimately from

the surface of the body?

It must be remembered first that the depolan

ration of a portion of a fiber initiates a flow of

current from the polanzed zone to the depolarized

zone This flow of current propagates the wave of

dcpoIanzatiOQ until the entire tissue is depolan

ized Since the heart is really a syncytium of

muscle fibers, it follows that if one portion of the

muscle becomes depolarized it initiate a

wave of activation that will eventually depolarize

the entire heart That such is indeed the case is

shown by the fact that extra systoles may be

produced by touching the epicardium of the ex

posed heart at sargetj’ or by touching the cn

docardial surface with a cardiac catheter during

diagnostic studies Tlie localized point of dc

polarization initiated by the mechamcal stiruu

lus IS propagated to the entire heart muscle

The Isolated Muscle Strip

The relationship between the surface elec

trocardiogram and the spread of depolarization

through the muscle is illuminated by experiments

on isolated stnps of heart musde I^gure 16 1 tl

lustrates the sequence of events when a wave of

activation sweeps over a stnp of myocardium

with electrodes apphed directly to its surface

On the resting polanzed muscle there is no dtf

ference of potential since all parts of the surface

are equally positive in charge Hence the gal

vanometcr records only a straight line at zero

potential When the strip is stimulated at the

region of the negative electrode to the left of the

disttmg this soae becomes depolanzed anti is

169
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electncally neutral The other end of stnp is

now poplin e with respect to the depolanzed ame
and the gahanometer records a positive deflec

tion As the wave of activation approaches the

Positive electrode more and more positivity is

rccorc^ until the cell is completely depolanzed

Hhereupon there is no longer a potential differ

®nce, and the recording galvanometer drops the

tracing abruptly to the zero line

When the positive electrode is placed in the

Puddle of the stnp posilivilj is recorded until

the wave of activation pa««e3 beneath the posi

tive electrode whereupon the recording drops

abruptly to a negative potential which returns

to the zero hne when the «tnp becomes completely

depolarized In a senes of simple but beautifuUj

Conceived expenments Craib was able to ehow

that this phenomena could best be accounted

for in terms of the migration of a dipole across

the length of the muscle stnp

Adipolemay be ponemved of as fwo/somts of

opposite electrical charge «eparated bj a small

but infinite distance If these points are connected

b) a wire it is understood by convention that

current will flow along the wire from the positive

pole to the negative pole (In point of fact the

electrons actual!j flow from the negative to the

P<)«iUve pole) If the dipole is immcr«ed lo a

volume conductor such as a pool of weak salme

^lution, then a three dimensional field will be set

up vnlh the lines of current flow distributed in a

Pattern as illustrated in figure 16 2 Isopotential

hties are arranged at nght angles to the hoes of

current flow Thus all points which he on the

plane perpendicular to the center of the axis con

necting the two points of the dipole are at zero

pf»tcntial ITie human electrocardiogram may be

arialjzed in terms of the body surface polcnliaU

generated by a senes of dipoles within tlie heart

aUd dislnbuted throughout the body which bc-

hlves as a volume conductor

This concept may be clanfied by reference to

an irolatcd heart mu«cle stnp immersed in a

volume conductor as shown m figure IB 3 In the

‘itate the stnp is polanzcd with in

Fig 16 1 Depolarization of a «trip of mvocar
drum with electrodes in direct contact with ti«aiie

UuriDg the re«ting stage no difference of potential

la recorded hen otimulated at arrou depolanza
tit)n begins and stimulated end become^ negative
to opposite end Positivity »a recorded from posi

ti\e electrode until activation is completed where

upon no more difference in potential evists and re-

cording drops to zero With positive electrode in

middle of stnp po«itivitv is recorded until the

aciiTstion wave arrives under the electrode

fuhee the plane that divides a dipole is at zero

potential the recording drojs imnicdiatelv to

*eh> As soon as the dipole passes the electrode

BiAximuin negativity is recorded and it graduallv

lessens until the return to zero when activation

IS completed
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numerable dipoles distributed about the surface

of the strip, po«iti\e charges on the outside and

negatne charges on the mside Since the positive

charges facing the electrode are exact!) balanced

by the positiie cliarges facing awaj from the

electrode, there is no difference of potential, and

no deBection is registered on the gaUmnometer

or on the electrographic tracing

When a stimulus is applied to the end of the

«tnp facing awaj from the electrode, dcpolanza

tion begins at that point The dipoles at the point

of stimulus are obliterated bj a flow of current

acro«s the stimulated membrane, the electrical

resistance of which has dropped precipitously

The «timuKted area then lo«cs all surface charges,

but this entire area now w electncally negative

with reference to the remainder of the stnp which

i« still positnelj charged Thus, the plane that

dmcles the depolarized from the polanzcd por

tion maj be considered as an innerfacc separat

mg the positiic and negative poles of a dipole,

and the propagation of the wave of dcpolanza

tion dowm the mu'cle stnp may be thought of as

the sweep of a dipole aero's the length of the

muscle stnp As the dipole approaches the elec-

trode higher and higher voltages are recorded ns

the electrode intersecta isopotcntial bncs of

higher and higher v ollage >iaxiraum potential

is reached when the dipole amves at the end of

the stnp nearest the electrode IMien the entire

stnp bocomes depolarized, it suddenly becomes

eloctncall) inert and the galvanometer and elec

trogram immediately fall to zero

In figure 16 4 are illustrated the electrograms

which are msenbed wnth electrodes placed at the

stimulated end of the stnp and at the midpoint

of the stnp

Repolarization

The procc‘13 of rcpolanzation we have seen

from the monoplia«ic action potential recorded

by the micropuncture tecbmque from the ‘'ingle

fiber IS of long duration in contrast to the rapid

spike of depolanzation Since the restmg trans

membrane potential is fully restored after each

beat, the total clectncal charge of repolanza

tion must be equal and oppo'Ute to the dis

charge of depolaruation If it were p^e^^med

tliat ropolanzation followed the =aine pathway

across the muscle strip as the wave of depol

anzation, then one would expect that the re-

polanzatioa wave should be inscribed by the re

cording oscillograph as a slow deflection opposite

m direction to the depolarization spike but en

compassing the same area While tins is indeed

the ca«e in the isolated muscle stnp electro-

gram, It is not the case in the normal human
eloclroeardiogram in which the depobnzation

and rcpolanzation deflections usually have the

same direction, and the areas of the two are rarely

if ever the same The reasons for the paradoxieal

oncntatioQ of rcpolanzation m the human elec

trocardiogram will be discussed m a subsequent

section

Since rcpolanzation is of long duration, dif

ferent phases of it arc proeeedmg simultaneously

in vanous portions of the mu«cle stnp and indeed

throughout the heart (fig 16 3} Repolanzation,

I iG 16 2 Electneal field o! a dipole in a volame conductor Solid lines are current flow Dotted lines

are i^opotcnliat lines (From Fulton )
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Fio IG 3 Depolaru&tion and repolantstion of a stnp of myocardium immersed in a lotumc con
diictor Electrode E connected to positive pole of recording galvanometer which is paired with a distant
electrode at near zero potential The advancing dipole at the border between activated and inactivated
muscle produces an electrical field which moves toward the electrode The electrode is intersected by
isopotcntial lines of increasing force until all difference of potential is extinguished by completion of

depolarization Kecovery occurs in all parts of the muscle simultaneously but is completed at thestimu
lated end first thus producing relatixe negativity at the side facing the electrode and giving nse to a

negative rcpolanration wave
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tlicroforc, cinnot be analjred as a sequence of

propagated electrical cients and cannot be

iiencd as a naie front sncepjng across the

muscle Changes in temperature, chemical en

\aronment and pharmacological agents ma>
produce marked alterations of the repolanzation

wa\e vinthout noticcablj affecting the depolan

zation spike

CURRFVT OF iNJUna

Wlicn a portion of rajocardium becomes m
jured, whether it be mcchamcallj, chemically

or thermallj
,
the cell membranes m the injured

area become more permeable to sodium ions

which leads to a Ic^'ening of the loruc concentn

tion gradients of sodium and potassium across

the cell membranes and thus to a reduction of

the charge densitj in the resting polarized state

Tins reduction of positnitj m the injured area

produces a gradient of charge from the uninjured

to the injured zone A current flows from the

area of high positn it> to the area of low posi

tmt>
,
this current is called the current of injury

It flows during the resting poUnred state

Figure 16 5 shows how the injury current af

fccts (be depolarisation and repolanzation wa%cs
of the electrogram of the isolated mu«clc strip

Pnor to injury the polansed muscle stnp gixes

n*e to no potential difference and the electrogram

tracing is at zero Upon injury of a portion of

the Btnp near the electrode, the tracing shows

the onset of a negatne deflection since the chaise

density at the mjured area is less than that oier

the remainder of the stnp The injured area is

{baa e^ctncai’fy negative to the nomnjareo' area

\Mien the stnp is stimulated from the noninjured

side the dipole of the dcpolanzation wave sweeps

toward the electrode producing a positive tie

flection The tracing shows an increasing po«:itne

spike untU the entire stnp has become depolanzcd

whereupon the electrogram deflection falls to the

zero potential hne which is well above the ongin

of the dcpolanzation spike Repolanzation then

begins at the zero potential line givmg the ap
peatance of elevation of the repolanzation wave

If the electrode is placed on the opposite side

of the stnp, then the injury potential displaces

the baseline upward from the zero line The de
polanzalion spike is negative, and its tennination

at zero falls below the point of origin The re

polarization wave commencing at this point gives

the appearance of depression of the repolanzation

wave Thus, the injury potential produces elera

tion of the ongm of the repolanzation wav e when
the electrode faces the mjured zone and depres

7‘-
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Fio 16 4 Form of complexes icscribed from
electrodes placed at positions £i and Et dunng
depolarization of a stnp of myocardium suspended
lo a volume conductor Each electrode paired with
a distant indifferent electrode Tracings on the
left side are related to Ei while tracings on the
right relate to Et electrode

Sion of the ongin of the depobnzation wave when

the electrode faces the noninjured zone

Another form of the injury potential may be

come apparent when the injured zone fads to

depolanze In this situation the restmg injury

potential produces depression of the isoelectnc

line so that the activation potential begins from

a negative position As the dipole of the depolan

zation advances toward the electrode, increasing

positivity IS msenbed until the actuation waie

arrives at the bonier of the injured zone where

it IS bbeked At this point, the mjured zone mam
tarns its weakly polanzed state, but the non

mjured zone has become depolarized making it

electncally negative to the injured zone The

persistence of the dipole at the completion of

activation maintains jwsitmty at the electrode

untd the repolanzation process in the uninjured
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Fig IG 5 Sequence of electrical changes in myocardial atrip wh eh has been injured at end near
electrode Ei \\ ben portion of strip becomes injured there is leakage of ions and reduction of surface
charge density making injured zone less positive than nomnjured zone A dipole is thus produced at
border of injured zone nuth negative pole facing the electrode during tbe resting phase Isoelectr c line

IS therefore displaced downn-ard to negative position FolloirtogstimuJulatian thedipoJeofdepofariza
tion aneepa toward electrode producing positive force which neutralizes eO'ect of injury dipole In 5A
the iniured zone becomes depolarized and injury dipole u abolished Upon completion of depolarization
recording falls to original zero position As repolanzation is completed from left to right theinjurj di

pole 13 re established and tracing returns to negatively displaced isoelectric line giving appearance of
elevation of onset of repolanzation deflection If electrode is on opposite side of strip isociectnc line is

displaced upward and onset of repolanzation appears to be displaced downward SB shows the sequence
wthen injured zone fails to depolarize The impulse la blocked at the boundary of the injured zone which
remains polarized and therefore during sj-stole presents a dipole with its positive pole facing the elec

trode holding the recording in a positive position until repolanzation returns the tracing to the negalu e

isoelecfnc line This phenomenon is called tbe mooophasic injury ware
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zone slowlj returns the tracing to the isoelcctnc

Ime The resulting complex representing a fusion

of depolanzation and repolanzation naves has

been called the monophasic injurj nave (fig

16 6)

The hlammalmn Electrocardiogram

NOlIESCLATtmE

The mammalian electrocardiogram contains

three major components during each cardiac

cjcle (fig ICC) According to the nomenclature

devised b> Emthoven, the component produced

b) atnil actuation is called the P wave, the one

produced bj ventricular actuation is the QRS
complex, and the component produced by ven

tncular recoverj is the T nave The P wave is

separated from the QRS complex bj an isoelcctnc

interval called the PR segment Individual dc

flections jn the QRS complex am labelled as fol

lows if the imtial deflection is negative (don-n

ward from the baseline) it is a Q wave, the first

positive (upnard) deflection is an R wave, and
anegatue deflection follownng the R is an S wave

Subsequent positive and negative deflections in

this complex aw labelled R' and S', rc«pecluch

The interval between QRS and T is the ST seg

raent Tlie junction between the end of the QRS
complex and the ST e<^meQt is cilled the ST
junction or J point A small after potential called

the U wave is sometimes «ccn following the T
The duration of the componeots and the inter

vals between them vary with species and age

The intervals also varj mvereely with heart

rate In ibe normal adult human the P wave is

0 07 to 0 12 seconds m duration the PR interval

measured from the beginning of the P wave to

the beginning of the QRS complex is 0 12 to 0 20

seconds the QRS complex is 0 05 to 0 10 sec

onds and the QT interval measured from the

beginning of the QRS complex to the end of the

T wave is 0 26 to 0 45 seconds at normal heart

rates

The DisTarauTiON or Electrical

Forces l^ the Boot

In accordance with dipole theorj the wave
front of activation is considered to be a polanzcd

surface With positive charges on its leading side

and negative charges on the trading side The
axis between each pair of positive and negative

charges is perpendicular to the polanzed surface,

and the density of charges is considered to be a
constant Atrial and ventricular activation are

schematically described by the development of

polanzed surfaces which «prcad across the mjo
cardium and are extinguished when thej reach a

margin of the m>ocardial s^ncjiium or an area

of actuated muscle Laws governing the distn

button of clcctncity m a volume conductor de

fine the electneal field produced in the bodj bj

such polanzed surfaces

When vnewed from a sufiicientli distant point

P, a polanzed surface can be represented bj a

single central resultant dipole with its axis p^r

pcndicular to a plane intercepting the boundarj

of the surface and its charge proportional to the

area of this plane (fig 16 7a) Tlie electneal

potential (\'b) at a distant point m a large vol

umc conductor contaimng a dipoL with charges

close together IS proportional to cos 0/RS
where M IS the electneal force on the dipole

(determined bj the quantity and distance be

tween charges) R is the hne from P to the center

of the dipole axis, and B is the angle between R
and the dipole axis Polantj of Vp i» determined

by the charge on the polanzed surface facing P
The direct relationship between Vp and cosfl in

(ficates that potential at P is maximal when the

dipole axis is parallel to R and zero when it is

perpendicular to R Vp is also proportional to

the solid angle at P which is subtended bj the

bouodarj of the polanzed surface (fig J6 7B)

This sobd angle is equal to the area cut on a umt
sphere by lines drawn from its center at F to all

points on the boundar> of the polanzed surface

When two or more polanzed surfaces subtend

solid ongles at P, the resultant Vp is proportional

#1? the ec/m ot the sehd sag^ 'ntth due regisfd
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Fio 16 7

A

Calculation of positive potential (V) at point P w hen polarized surface S la considered as
a single dipole -4wir indicates ssis of dipole If P is located on a unit sphere, then 11 = 1 As point
P moves away from the dipole asia, its potential diminishes as cos © diminisbea from I toward zero
The numerical value of cos @ is given by the distance on the axis from the center of the circle to the
perpendicular dropped from P M = dipolemoment B Illustration of solid angle pnnciple Twocharged
surfaces Si and Si nave similar charge density but different areas, and opposite onentation of charge
At point Pi the net potential is positive because Si subtends a larger solid angle than Si At point Pi
the net potential is negative because Si subtends the larger solid angle C Deternunation of voltage at
point P when strength of dipole is represented vector E Voltage is proportional to E cos 0 and is

found by drawing perpendicular from tbe lead line lemiinus of vector Distance from center of dipole
to perpendicular on lead line determines voltage at P

for their sign The electrical potential at any tracings recorded at a distance from the heart

pomt in the body or on its surface can theoreti m terms of resultant vectors which indicate the

cally be predicted m terms of the gohd angles magntCade and mean direction of eJcctneaJ forces

subtended by poknzed surfaces developed in the developed dunng the cardiac cycle without anj

heart during activation, and this has been done unphcalioas about the polanxed surfaces re-

in a qualitative fashion However, it IS impossibk sponsible for them ^Ticn viewed from a distance,

to deme information about the size and onents the total electneal forces of the heart at any

tion of the polarized surfaces from the resultant instant can be considered as a single dipole that

solid angles It lias been more practical to analyze is described by a vector oriented m the direction
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of the dipole axiis with impnitudo pmixirtioiul

to the dipole moiBcnt TIih ^ccto^ represents the

furo of manj indmdunl \ectors eneh of niueh

describes a dipole at a iiohnrcd surfscc

Sector Analjeis and Elcclroeardiograpltic

Leads

A vector quanlitj is rcprescntwl geometrically

b> an arrow with its direction and length related

to the direction and magnitude of the quantit> rt

describes It can Iw shown that electrical poten

tial (Vp) at a point P in a volume conductor is

proportional to the geometric projection of an
arron- representing a dipole vector onto a line

(the lead hne) dranm from P to a point of zero

potential at the center of the dipole axis V* is

proportional to E cos fl when E is the magnitude

of the dipole vector and 0 is the angle between

the vector and the lead line (fig 10 70 Ad
electrocardiograph mil record this potential if

one electrode is placed at P and the second dec
trode la placed at a point of zero potential How
ev er, whoa two electrodes are placed on the body

surface, the tracing recorded rcprc«cnta onl> the

difference betweea potentials of the same order

of magnitude at each electrode and docs not give

anj specific information about the potentials at

either point Einthoven desenbed a method for

vector analysis of such tracings recorded from

electrodes on the body surface at a distance from

the heart He assumed as a first approximation

that electrical forces of the heart onginatc to a

relatively small area at the center of a homo
geneous v'olume conductor, and tliat the regions

where each arm and the legs join the trunk are

points equidistant from each other The extremi

ties behave as Imear conductore connected to the

trunk so that an electrode placed anywhere on
an extremity is equivalent to one at its junction

with the trunk Electrodes placed on each arm
and a leg are then considered to be located at

the apices of an equilateral tnangle with the

heart at its center, and differences in potential

recorded between the«ie points repre'^nt the

projection of vector forces ongmalmg from a
dipole at the center of the tnangle onto lead Imes

drawn between its apices Potential differences

between the extremities are customarily recorded

in three standard limb leads obtamed bj con

nectmg two of the hrab electrodes at a time to

the electrocardiographic instniment in the man
ner illustrated m figure 16 8 The polantj of the

electrode connections is such that a positive

charge facmg the left shoulder will produce a

positive deflection (upward from the base Ime) in

It ul I, and i p'Mtivt tlnrge facing the foot wxU

produce positive deflections m both lead® II and

III Einthoven deliberafe]} arranged the polantj

of load II in a manner inconsistent with the

other two leads 'O that ventricular activation

would produce po«itivc deflections m all three

leads of most normal records The differences m
potential are rcconicd m the three leads accord

ing to the following relationship I = — Ml,
U = VF - \Tl, III = AT - VL, where VR,
\X, AT represent potentials at the right arm,

left arm and left leg respcctiv elj Since the three

leads form a clo«ed circuit the algebraic sum of

their potential differences at anj instant is zero

Because of the reversed polantv of lead II, this

relationship (Einthoven's law) is actuallj

I — II + III •= O or I + III = II The validity

of this equation docs not depend on anj assump
tions relatmg to the electneal homogeneitj and

geometo of the volume conductor or location of

the heart

It 13 possible to derive the potentials at each

extremity from the^ bipohr leads if Einthoven’s

hj'pothe«cs are correct That is, if the extremity

electrodes ere equivalent to the apices of an

equibteral tnangle on the surface of a homo-

geneous volume conductor with a point source

of electneal potential in the center, then AfR +
AfL + AT » 0 and it can be demonstrated

algebraicallj that AT « -(I + 11) /3, AX =
(I - III)A and 'T = (II + ni)/3 However, if

Fig 16^ Einthoven tnangle, R *• nght arm,
L «• left arm F *= foot Mean electrical axis la

denv^ from lead I and lead III QRS complexes
bj drawing perpendiculars from the lead hoes at
points determined by amplitude of OTIS Intersec

tion of pe^sdiculars delermines the mean elec

tneal axis
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Emthoven’s hypotheses are correct it is also pos-

sible to obtain an indifferent electrode of zero

potential from a network connecting the three

extremities, and then one may record potentials

at any point in the body with an exploring elec-

trode Wilson demonstrated that the potential

(VT) at a central terminal connecting the three

extremities through equal resistances is equal to

the mean of the potentials at the extremities, and
soVT =• (VR + VL -h VF)/3= 0 in this special

situation Differences between resistances at the

three skin-electrode interfaces which would af-

fect VT are mimmized by a high input resistance

m the circuits of modem electrocardiographic

instmments Although Einthoven’s hypotheses

are only a first approximation of actual condi-

tions, several studies suggest that changes in

are so small during the cardiac cjcle that

they can usually be disregarded for most chmeal

purposes, and the central terminal is considered

to have a constant or “zero” potential Tracings

which record differences m potential between an

exploring electrode and the central terminal are

called “V" leads and are often described as “um
polar leads” to indicate that they essentially

represent changes m potential at the site of the

explonng electrode The explonng electrode in

V leads is always attached to the positive pole

of the electrocardiograph so that when a positive

charge faces the exploring electrode a positive

(upward) deflection is recorded Since the central

temunal is considered to have a zero potential,

the lead lines of the V leads extend from the ex-

ploring electrode to the center of the cardiac

dipole axis, and projections of vector forces on

these lines can be analyzed as described previ

ously Cltmcal electrocardiograms usually include

SIX V chest leads recorded with the explonng

electrode at the positions indicated in figure 16 9

The normal precordial lead Vi disp!a3 s a small

R wave due to the initial activation of the septum

from left to nght The small II is followed b> a

deep S wave due to activation of the free wall of

the left ventncle which produces electrical forces

directed to the left and aw ay from this electrode

Leads Vj and V4 are more or less the inverse of

Vi They usually show a small Q wave followed

by a large R wave In the interrocdiate leads

progressing from Vj to V» there is increasing R
wave ampbtude and decreasing S amplitude

Usuallj at Vj there is approximately equal R and

S amplitude This is referred to as the transition

point OccasionalI> the transition point will be as

far to the right as the Vj position or as far to the

left as V«

Goldbeiger suggested that the potential at an

ir "V ”V
V. V,

Fig 16 0 Positions of the chest electrodes for 6 stan^rd precordial leads V. ,
4lh

to right of sternum V, .
4th intercostal space at left of sternum \ , . Slh interspnce

,

line V,
,
midwav between V, and V, V, ,

antenor axillary Ime, same level as V, \ ,
m.d axiliarj ^

same level as \\ and V, Below are show n general form of (IRS in
PJf 'v®','!*®’ left (Lu>

sents transition rone from predominant ncgativilj on the nght to predominant posUivit> onieic t 1

man and Massie

)
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cxlrtmit) could be obtamed pimply bj di*icon

nccting one cxtrcmitj electrode from the central

terminal nnd recording the dilTerpnoc m potential

betneon it nnd the remaining two ekctnxlcs

Such tracings ha\c the same configuration and

\M times the amplitude of a V lead recorded

mth explonng electro<lc on the same cxtrcmil}

The Goldbergcr arrangement for recording ‘ aug

mented cxtremitj leads (named a^^, and aVL
and aVF) is incorporated into the load selector

smteh of modern clcctrocardiograplijc rnstni

ments

Knowledge about the pathway of activation

of the mammalian heart and the geomctiy of

lead lines as developed from the Einthovcn hj

potheses can be utilized to schcmalicallj de

Bcnbe the effects of cardiac activation on the

extremity leads Ventricular activution can be

described by a senes of instantaneous vectors

each of which is the resultant of dipoles tepre

senting the polanzed surfaces present at that

instant It is usual to consider onb three or four

such instantaneous resultant vectors (fig 16 10)

1) Initial actuation of the septum is represented

bj a «mall vector directed to tlic right and for

ward 2) Simultaneous actuation of tlic loner

septum, free wall of the right vcntncle and an
tenor left vcntncle is represented by a resultant

vector directed to the left, forward, and down
ward 3) Continuation of the actuation process

m the poslcro lateral left ventncular wall after

its completion m most regions of the nght ven

tncle IS next represented by a Large vector di

rected to the left and backward 4) Terminal

activation of the postero basal left ventnek and
upper septum is represented by a small vector

directed backward and upward
The interval between these instantaneous vec

tors IS 0 01 to 0 015 seconds in the dog heart and

approximately twice as long in the human heart

One can roughl> predict the configuration of trac

mgs in various leads by projectmg the«c h)T)0

thetical vectors onto the appropriate lead hne, or

one may derue the instantaneous vectors from

the recorded tracings For example potentials re

corded at the same instant m two standard limb

leads are measured and plotted in arbitrary units

along the appropnate lead hne axes of an equi

lateral triangle, starting from the center of the

hne and extending toward theend wath the proper

poknty Perpendiculars drawn from either end
of the Imear plots on tw o lines will meet at pomts
which define the ongm and terminus of the

instantaneous mean vector responsible for that

particular deflection Derivation of a senes of

instantaneous vectors in this manner is a K
bonous process and requires special equipment

to record two leads simultaneotKli A single

vector depicting the mean direction of the total

clcctncal forces developed during ventncular ac

tivation can be flenveil bj plotting the algebraic

sum of positive and negative deflections in QRS
complexes from each of two leads on the ap
propnatc lead lines nnd dropping perpendiculars

as dc«cnbed above The similantj between this

denved vector, called the ‘ mean electrical axis

and the true mean cardiac vector depends on the

validit} of the Einthovcn hj'pothescs Tlie elec

tneat axis is de«cnbcd according to a sjstem of

polar coordinates with 0® at the nght hand end

of a honzontal line, positive values are below

and negative values above this hne (fig 16 8) In

normal humans the electneal axis commonly

falls between 0* and +90* displacement m a

Fio 1610 The four major dipole vectors gen
erafed during ventricular activation giving rise to

the deflections of the QRS complex By Lintho
ven 8 hypothesis these vectors maj all be consid

ered as originating from a single point at the cen
ter of an equilateral triangle U hen the termini of

resultant instantaneous vectors are connected
a Itwp IS described The Joop is the veotarcardio
gram
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clockwise direction bejond +90® is called nght
axis deviation, and displacement in a counter

clockwise direction bejond 0® is called left axis

deviation The electrical axis is influenced bj the

position of the heart, changes in the functioning

myocardial mass or the pathwaj of activation

and changes in the conducting medium surround

mg the heart A change m the direction of the

long axis of the heart produces a shift in electncal

axis in the same direction The electncal axis

will shift toward an area of hj pertrophicd mjo
cardmm and away from an area of infarcted mjo
cardium Since the electncal axis va detemuned

from bodj surface potentials, it mil also be in

fluenced by changes in the conducting medium,

such as the introduction of air or fluid into the

pleural space The electncal axis dcterromed from

the limb leads represents the projection of

spatial \ectQnal forces onto a frontal plane de

fined bj the Linthoven tnangle, an additional

lead having a lead line in an anteropostenor

direction is required to estimate the spatial onen

tation of these forces

Tho problem of whether the direction of elcc

tncal forces originating from a dipole m the

heart can be accurately determined from limb

lead tracings has been investigated bj placing an

artificial dipole generator in or near the human
heart The frontal plane projection of the dipole

axis was determined with fair accuracy from the

limb lead potentials Howe^e^, recent studies

With a dipole generator in torso models indicate

that the eccentric position of the heart in the

bodj significantlj distorts its electncal field For

example, when the dipole generator in the loreo

model IS placed in the region of the heart, a

re/ati\c/j smalfer efecffttrsl poteatisl a irconled

at tho nght shoulder than at the left shoulder

or pubic region so the nght shoulder must be

more “distant from the heart m an electncal

sense than the other apices of the rmthoaen

tnangle The irregular contour of the bod> sur

face and differences in tuisuc conductivitj cause

less distortion in the electrical field than docs the

eccentric location of the heart

The validity of the nssumption that thcelectn

cal toices of the heart at anj instant can be con

sidered to onginatc from a ‘ingle resultant dipole

depends on the distance from the heart at which

the potentials arc recorded The solid angles sub

tended at a distant electrode bj polanzed sur

faces m vanous regions of the heart will not be

Eignificantlj inflmneed b> the relatively small

differences m their distance from the electrode.

and dipoles representing each surface may be

considered to ongmate at a single common point

On the other hand, when the electrode is cIo«e to

the heart, the solid angle subtended by an adja

cent region of mvocardmm will be much larger

than that subtended by any other region of sum
lar area, and dipoles from v anous regions cannot

be coasidered to onginatc at a single point In

stantnneous forces of ventncular activation may
be desenbed by a resultant dipole vector when

they are recordeil from an electrode more distant

than 2 heart diameters from its surface

Recent studies suggest that potentials recorded

from explonng electrodes on the chest wall also

repre'sent to a major degree electncal forces

from single instantaneous dipole vectors llTien

lililsoD introduced the use of V chest leads, he

pointed out the simihnty of the tracings to those

recorded witli direct epicardial leads He re-cm

phasized the concept of Lewis that the laige

rapid deflection in a direct cpicartlnl lead (the

intnosic deflection) represented the activation of

myocanlmm directly under tho electrode, and

suggested by analogy that the major deflection in

chest surface leads (the “mtnnsicoid ’ deflection)

also represented local activation of myocardium

closest to the electrode and could be used to tune

the arnva! of the activation process m that area

However it appears likely from recent studies

that the major deflection in chest leads represents

a change m direction of the instantaneous re«ult

ant cardiac vector rather than local activation of

adjacent myocardium

Although the process of ventricular activation

has been schematically represented by four in-

stantaneous resultant v cctors it is dc'senbed more

adeqaatdy bj & greet number of eueh tsstsn

tancous vectors distnbuted at short intervals

throughout the cardiac cycle A line joining the

tcrautti of all the instantaneous resultant vectors

will form a loop repre^entmg the sequential

change m amplitude and direction of the result

ant electrical forces throughout the cardiac cy cle

Such o loop can be derived by graphic or elec

tromc integration of potentials from two simul

tancously recorded leads MTien a loop is obtained

by electronic integration on an oscilloscope, it is

called a vectorcardiogram The spatial onenta

tion of the loop can be demed by u=ing three

leads with mutually perpendicular lead lines to

obtain projections of the loop onto three planes

Thehope that most information about the electn

cal forces of the heart could thus be denved from

three mutually perpendicular leads stimulated
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ee^ml jn\cstigators to dc\T£c leads tliat aic ap
proximatcl) orthogonal m an elcctncal «senso

TIjc recenth propo«cd orthogonal lead a^jstems

implo% networks of electrodes and resistanecs to

minimize t!ic distorting influences of cardiac

ccccntncitj and bod\ geometrj It is not ftasihle

to evaluate the rebtue merits of these nener letd

systems at the present time

Tuf Ri.cox t n^ Pnoci ss akd the
YFvmicuE.An Grsdifvt

The reco\crj procc«®, which is«impl\ a re\crval

ofehangpsthat occurilunngactnatiofi is<harac

tenzed b\ deflections of much longer duration

and loirer amplitude than the actnaition process

Atnal rccoxcrj produces a prolonged deflection

(Tp or T, wa\t) which continues through the

PR inton,nl and into or bejond the QRS com
picx, but it IS gencralh of such low amplitude

that it IS ilcarlj defined onb m tracings whore

P waves arc widclv sip-irated from the QRS
lompkxcs, a« in ho irt block Tlic Tp js opposite

m direction to the P wave m tracings obtained

from Btnps of atnal muscle and al«o from the

intact heart which indicate that the recovery

process follows the same «oquonce as activation

smee the two processes have opposite elcctncal

«igns Ventncularrecoverj occurs dunng msenp-

tion of the ST «cgmcnt and T wave The ^
segment corresponds to the plateau and the T
wave corresponds to the rapid final phase of

repolanzation recorded from single mjocardial

fibers The electrocardiogram gcneralb «bows

httle or no deflection from the base hne dunng
msfxjptic<n of the ST segment when large arras

of mjocarduun are undergoing recovery simul

taneously The T wave occurs when recovery is

complete in some areas but is continuing m other

regions The T wave recorded from muscle stnps

IS opposite m direction to the QRS, as expected

when recovery occurs m the same sequence as

actuation, but this is not true m direct leads on
the surface of the intact vcntncle where the T
Wave m the same direction as the major de

flection of the QRS This indicates that the sc

quence for completion of recovery is opposite m
direction to the activation process, and therefore

occurs later at endocardium than at epicardmm
It has not been possible to map the «cc)ucnce

for completion of the recovery process in different

regions of the heart by methods u«ed to study

the activation procc^ because there are no rapid
' mtrmsic” deflections that can be correlated with

change in potential in local areas However, vec

tor analysis ha? been used to study both the

instantaneous and mean resultant forces of the

recovery procc^ The instantaneous forces dur

mg ventricular recovery produce a loop m the

vectorcardiograni which is onented in the same

general direction as the loop inscribed dunng
activation Tlie relationship between the onenta

tion of the electrical forces dunng activation and

nvovety has been evpre«‘wi lo vector terms by
l\il«on. Ashman and Beyer, and others These

ini'cstigators determined the net area enclosed

by QRS deflections and that enclosed by ST and

T deflections in the limb leads, and used these

arras (which represent the product of time and

voltage) to plot mean vectors called A QRS and

A T rcspectucl) The resultant of the«e two

vectors is called the ventncular gradient Q If

A T was equal in amplitude and opposite m
direction to A QRS, as expected on a theoretical

basis from electrograras of muscle strips, their

resultant or ventncular gradient would be zero

The degree to which the actual A T deviates

from the theoretical one is expressed by the vec

tor G The gradient is thus a reflection of the

difference between the sequence of activation

and recovery The normal ventncular gradient is

explained on the basis of a dehy in recovery of

the subendocardial region due to local differences

in some metabolic or mechanical factors which

influence the recovery process QRS amplitude

and duration may change due to a difference m
the activation pathway as occurs with a prema

turc ventncular beat or bundle branch block,

without effecting the metabohe or mechamcal

factors irhich determine the norms) rentneubr

gradient Changes m amphtude or duration of

the QRS arc then accompamed by equivalent

changes of the T wave in the oppo'ute direction

and G may remain unchanged Such T wave

changes are called secondary, in contrast to pn

inaryT wave changes due to factors which specifi

cally influence the recovery process and are

therefore accompanied by changes in the gra

dient Pnmary T wave changes may occur after

excense or eating, with decreases m coronary

perfusion due to atherosclero'iis or in a variety of

other physiological and pathological situations

Calculation of changes in ventncular gradients

should theoretically allow one to differentiate

between primary and secondary T wav e changes,

but this has not proven very useful m chmeal

electrocardiography because of tlie wide range

of normal gradients and the fact that both
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physiological and pathological factors can caose

cither primary or secondary T wave changes

Abnormalities of the Electrocardiogram

Left Ventricolab Hypertrophy

Enlargement of the left ventricle commonly
gives nse to four deviations from the normal
electrocardiogram not all of which need be pres

ent to establish the diagnosis (fig IG 11) These

deviations are (I) increased toltage m the leads

evplormg the left \ entncle, (2) increased duration

of the QRS complexes, (3) rotation of the mean
clectncal axis toward the left and posteriorly,

and (4) secondary ST and T wa^e abnormalities

over the left ventncular leads

The increased voltage is 'een primarily as m
creased ncgatiMty mer the right precordial leads

Vj and V», and increased positivity o\er the left

precordial leads, Vi and V» The reasons for this

increased voltage are not entirely clear It may
be that the hjpertropbied rajocardial cells have

a greater charge density or that closer proximity

to the chest irall of the enbrged v entncle imparts

a higher v oltage to the explonng electrode which

subtends a larger solid angle It has been postu

lated that the increased thickne«3 of the hyper

trophied left v entncle permits the activution

wave of this area to continue unoppo«ed after

completion of activation of the nght ventnclc

Increased positivity is inscnbcd m a leftward and

postenor direction as the left ventncular free

wall completes its prolonged activation

Sokolow has shown that if the absolute sum of

the positivTtj in Vj and the negativity in Vi is 3 6

mv or more there is a strong «t3ti~tical likelihood

of left ventncular hypertrophy The«e values,

however, may be seen in normal young adults

particularly if there is a thm chest wall

The increa«ed duration of the QRS appears to

be due to the longer time necessary for the wave

of activation to spread from endocardium to

epicardium through the thickened ventneubr

wall In many oases of left v’entncubr hyper

trophy, the onset of the intnnsicoid deflection is

debyedover the left precordial leads beyond 005

seconds, and the total duration of QRS may be

0 10 or 0 11 seconds

Since the thickest portion of the free wall of

the left ventncle lying just beneath the atnoven

tncubr groove faces the region of the left sboul

der and is the last part of the left ventncle to he

depohnzed, it is not surprising that hypertrophy

of the ventncular wall directs more and more

voltage toward the left postenor shoulder region

In the hmb leads, the mean electneal axis lies m
theOto -90® quadrant (left axis deviation) The
postenor displacement is seen in the honzontal

pbnc vectorcardiogram, and it may be apparent

in the precordial leads by a shift of the transition

zone to the left

^Vhen left ventncular hypertrophy becomes

severe, the QRS changes are usually accompanied

by ST and T wave abnormalities which may vaiy

from flattening of the T waves m the left pre

cordial leads to depression of the ST segment with

downward sbntmg of ST and deep T wave in

version in these leads

The exact mechamsm by which these ST T
changes are produced is not understood Some
believe that they are secondary to the increased

area of the QRS Others believe that they may
be pnraaiy changes perhaps due to rebtive is

chemia of the subendocardial lay ers of the hy

pertrophied ventneubr wall

Right Ventricular Hypertrophy

The nght ventncle is thm walled and lies in

an almost direct entenor anatomical position

Normally tbevoltagesgeaentedby this ventncle

are greatly overbabneed by the voltages coming

from the much greater mass of the left ventncle

The nght ventncle may undergo a great deal of

hypertrophy before its muscle mass begins to

approach the ma«s of the left ventncle In the

lesser stages of hyj>ertrophy of the nght ven

tncle, the electrocardiographic changes are the

result of rotation of the heart on its long axis in

a clockwise direction when viewed from the apex

The enbrgmg nght v entncle restricted antcnorly

by the sternum pushes the left ventncle around

towanl the left and downward toward the dia

phragm The electneal forces are still dominated

by left ventneubr voltages which may be «ome

whatsmallcrthan normal since they areoppo«cd

by bigernght ventneubr voltages Thenetelfect

13 to direct the major left ventneubr voltages

postenorly and infenorly toward the foot pro

ducing a vertical electneal axis in the frontal

pbne as visualized m the hmb leads In the pre-

coidial leads there is a deby in transition with

anS wave persi«ting through V» and perhaps V|

TTiese changes an due pnmanly to rotation of

the heart by the enlarging nght ventncle They

are likely to be seen m chronic cor pulmonale due

topulmonarv disease and in mitral vahuLir dis

ease

In severe pulmomc valvubr stcnosio, m revere

pulmonary hypertension, and in advanced stages

of mitral valve dwiasc there may be gufrincnt



LEFT

VENTRICULAR

RIGHT

VENTRICULAR

HYPERTROPHY

HYPERTROPHY

Chapter t6



184 CIRCULVriON Seeiton U

nght ventricular hjpertrophy to exceed the

muscle mass of the left \cntncle In this siluation

the major voltages are generated in the nght
ventricle, and the major electnca! forces arc

directed anteriorly and to the nght

In the frontal plane, the limb leads show nght
axis deviation with a mean electneal axis usually

greater than +105® The precordial leads show
predominant positivity in Vi with R usually far

exceeding S m amphtude The transition toward

the left discloses a progressively diminishing R
wave and an increasing S ^ave This is opposite

to the normal QRS precordial transition

ST and T wave changes similar to those seen

in left ventncular hj’pcrtrophy may be seen in

nght ventncular hj pertrophy These changes will

be seen in those leads showing maximal po«itiv

ity, that IS, m Vi and Vi and m II, III, and m
AVF Their pathogenesis is just as uncertain in

nght ventncular hypertrophy as it is in left

ventncular hypertrophy

Rioirr Bundle Branch Block

Although Lewis and his associates earned out

expenmenta in which one or the other of the

major conducting bundles was interrupted and

changes in the electrocardiogram were observed,

it was the work of Wilson and his associates that

hrml} cstabhshed the nature of bundle branch

block The concepts desenbed here stem from

their beautiful and prccue expenmenta

Recalbng the normal sequence of activation

of the heart it will be remembered that the nght

side of the septum becomes depolanzed very

soon after the left side and that the free wall of

the nght ventncle is depolanzed simultaneously

with the free wall of the left ventncle and that

the greater thickness of the left ventncle produces

voltages far in excess of tho«e produced by the

nght ventncle Thus, the only nghtward directed

voltages seen on the normal electrocardiogram are

those generated initially in the septum and in

some instances a small late voltage from a late

activation of the puhnonaiy conus

When the nght conducting bundle is blocked

either b> cutting it expenmentallj or by «ome

pathological process, the activation of the nght

ventricular free wall is greatlj delayed (fig

1612) The first portion of the QRS complex

up to about 0 04 seconds proceeds normally as it

records the activation of the left ventncle When
the left ventncle has become completely depolar

ized, there still remains a considerable portion of

the nght v cntncular free wall which has not been

depolanzed Since the impulse cannot bo trans

nutted almost simultaneously to all parts of the

nght ventncular endocardium through the

blocked Purtmje fibers the wave of activation

must be slowly transmitted directly through the

muscle in a tangential direction rather than m
the normal direction of endocardium to epicar

dium This slow late right ventncular activation

wave, now unopposed by left ventncular forces

and not having the high proportion of mtemal
cancellation voltages characteristic of normal

transmission, produces a large voltage directed

anteriorly and to the nght which appears late

and prolongs the QRS to a duration of 0 12

seconds or more

This late nght ventncular voltage is inscnbed

ID the electrocardiogram as a late slurred R
wave in Vi and aVR and a late slurred S wave

m V», V, andaVL

Left Bundle Branch Block

Interruption of the left conducting bundle

causes delay m activation of the left ventncle

The first portion of the heart to be activated is

now the nght side of the septum by way of the

nght bundle branch The septum is thus activated

from nght to left producing a largo voltage di

reeled leftward ITiis large leftward voltage la

opposed to a small degree by a nghtward voltage

from the almost simultaneous activation of the

free wall of the nght ventncle, but because of the

greater muscle mass of the septum the net initial

voltage is directed toward the left The effect on

the electrocardiogram is to produce initial posi

tmty ui leads I, V* and V» The normal septal

Q wave IS thus abolished in the'^e leads

The wave of activation is transmitted through

the septum to the free wall of the left ventncle

through which it passes slowly m a tangential

direction from apex to base It is probable that

there IS also some transmission from the antenor

and postenor septum circumferentially so as to

envelope the free wall m the activation wave

The slow activation of the left v entncle continues

to produce leftward directed voltages which are

inscnbed in the electrocardiogram as broad

notched or slurred R waves in the left precordial

leads V» and Vi Duration of these complexes is

0 12 seconds or greater In general the ST and T
naves are opposite in direction to the QRS
complexes If the concept of the ventncular

gradient is a vahd one this divergence of the

direction of QRS and T would be considered to be

secondary to the increased area of the QRS The

large increase in the magnitude of the QRS vec

tor wwild necessitate a reversal of the direction
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Fig. 16.12. Fattems of right and left bundle branch block

of the T vector in order to preseni’e the magnl*

tude and direction of the ventricular gradient.

iVhether or not the ventricular gradient is ade-

quate to e.vp!aiD the ST and T abnonnaliries of

left bundle branch block, one would expect to see

abnormalities in the ropolarUation waves simply

because the pathway of depolariration is so

drastically altered from normal in this condition.
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Myocardial Ischemia, Injury and Nlcrosis

In animal expenmcnts epicardial leads applied

directly to the surface of the heart have been used

to study the electrocardiographic changes asso

ciated mth impairment of the coronary blood

flow (fig 16 13} ^Vhen a coronaiy artery is

gradually comprcs'ied, the first change seen m
tracings from the area of myocardium supplied

by that vessel is a deep and symmetncal inver

Sion of the T wave This symmetrical form of T
wave inxersion is referred to as T wave mxetsion

of the ischemic type It is beheied to be due to

delay m recovery at the epicardial region so that

there is reversal of the normal order of repolan

ration

The ischemic T wave inversion la rapidly re

versible if adequate circulation is restored to the

myocardium When the blood supply to the myo
cardium is more drastically impaired by sudden

bgation of a coronary artery, the direct epicardial

tracing shows the rapid onset of elevation of the

ST segment This elevation may be almost as

high as the QRS complex and may yield a wave

form closely resembling the transmembranc ac

tion potential obtained with micropuncture of a

single myocardial fiber The ST elexation la be

Iicie to bo due to a strong current of injury

directed away from the electrode and causing

marked depression below the zero hne of the point

of origin of the QRS complex This ST displace

meat may be accompanied by ischemic changes

mtheTwaies This iniurypattem is also rapidly

reversible upon restoration of adequate blood

flow

When a coronary artery is permanently ligated,

a portion of the my ocardium becomes mfarcted

The presence of electrically inert necrotic myo
cardium results in alterations of the QRS com
plexes of the direct epicardial lead If the mfarc

tion 13 completely transmural from epicardium

to endocardium this mass of tissue contributes

no potential of its own, but simply conducts to

the surface the potentials which are to be found

m the underlying cavity The depolarization

wave m this case is a purely negative QS complex

identical to that found in the left lentricubr

cavity The repolanzation phases contain ele

ments of injury and ischemia patterns denied

from adjacent viable portions of the my ocardium

Elxploration of the adjacent areas of myocar

dium about a zone of necrosis discloses a zone of

injury surrounding the necrotic areas (fig 16 13}

Complexes recorded from the injury zone are

charactenzed by marked eleiation of the BT

segment without significant change in the mor

phology of the early portion of the QRS The

Fio IG 13 Schematic diagram of direct epicardial leads taken over an area of myocardial infarction

and over adjacent zones of injury and lacbemsa Also shown is a chest lead facing the infarct and a lean

from the opposite side of the heart At C cavity negativity w reflected in the epicardialleid oier tbe

necrotic zone At A is recorded a roonophasic injury wave over the injured zone

fleets a combination of necrosis and injury At D there is onlyT wave ‘“version of the ischemic tipe ove^

the uchenue eone At Ia over the cheet the complei eoiiibii.es te.turos of «lHht“ ‘

,

opposite side of the heart there are reciprocal changes of increased positivity of the R wave and dep

Bion of ST (From Barker)
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jnjuo zone js siirmundojJ bj a zone in «hieh the

T wa\cs show invcRion ot the I'sfhcmic tj^ic

This IS calleil the ischemic zone Bc\ond it lies

normal mu«clo tlisclosing normal QRS T com
pieces

Electrocarfliogmms made from the surface of

the bodj include potentials from the entire

heart, and therefore, the preci«c localization of

zones of necrosis injurj and isihcmm cannot be

denied from the clinical electrocArdiognim

\Vlien infarction is present all of the phenomena
obscricd m the three zones \%nll be redetted in

the nppropnate electrocardiographic load Even
a prpcordial lead which may be taken \ er> closely

adjacent to a large area of infarction is influenced

by electrical events m other parts of the heart

and is ljkeJ> to d]«close elements domed from all

three of the zones of necrosis injurj and ischemia

Thus the classical pattern of mjocardial in

farction consists of a deep aide Q wave, ST seg

raent elevation and, T wave inversion Muscle

necrosis cannot be identified with cortaintj from

the electrocardiogram without the appearance of

a pathological Q wave which indicates a removal

ofelectncallj aetivemyocardium STandTwavc
changes of mjurj and ischemia maj occur when

mjocardium becomes temporanlj or even chron

ically hjTioxic but not sufficientlj so to produce

muscle death On the other hand, there maj be

mjocardial necro«i8 in areas completely sur

rounded by viable tissue or in subendocardial

zones such that the general pathwaj of activa

tion might not be markedlj altered In such

intramural or subendocardial infarctions abnor

maiQ waives maj not appear even though injury

and ischemic ST and T changes may be present

In such cases the presence of muscle necrosis

cannot be proven bj the electrocardiogram

Evidence of its presence imght however, be ob
tamed by other climcal means

Localizwion of Infarction on Injurt

The general anatomical localization of areas

of cardiac infarction may readily be made by
the standard nine or twelve lead electrocardio

gram Each lead constitutes, so to speak, an

electncal view of the heart from a different point

In space (fig 16 14) In accord with both sohd
angle and dipole analyses, positive electrodes

record maxunum positivity when the wave front

of ventricular activation is advancing directly

toward the electrode Thus, the early positivitj

in V, denves from the left to hght activation

wave across the septum Vi and V* derive their

positive deflections mamlj from the anterior left

ventncic near the septum V< positivity denves

mamlj from the antenor free wall of the left

vcntnclc, and V* and V« positivntj onginates

znainlj from the activation of the lateral left

ventricular free wall Lead aVF and lead lU
rcccivc their positive potentials from the postero

diaphragmatic wall of the left ventncle and aVL
its positivity from the high lateral left v entncular

wall In general then a positive electrode receives

its mavunal positiv e forces from the area of mj o

cardtum toward which it faces

Infarction of mjocardium aboli«ihes positive

forces, and this loss of po^itivitj is reflected

maximallj in those leads which face the mfarcted

area Loss of positive forces advancing toward

the electrode leaves unopposed forces movong

awaj from the electrode The result is tlie appear

ance of Q waves m leads facing the infarctcd

areas of mjocardium ST and T wave changes of

injury and ischenua derived from adjacent viable

tissue arc also reflected in these leads but may be

eoDsiderablj more widespread into leads which

do not demonstrate alterations m the QRS
The appearance then of the infarction pattern

in leads V|, Vj and V» indicates antcrooeptal m
farction m V» and V« antenor infarction, in V*

and V« lateral infarction in aVF and III pos

tenor or diaphragmatic infarction, in aVL high

Lateral infarction Dependmg upon the size and

extent of the infarct there maj be vanous com
binatiODS of these such as posterolateral when
the chan^ arc m aVF and V* or anterolateral

when thechangesaremV*, Vjand V| Bometunes

the appearance of nght bundle branch block

associatetf witfi tfie anteroseptaf mtarcfion pat-

tern gives evidence of extensive involvement of

the septum

Left bundle branch block in most instances

completely obscures the pattern of myocardial

infarction because of the gross alteration of the

pathway of activation particularly because the

revereal of the direction of depolarization of the

septum produces initial positivity in the left

ventacular cavity and thus prevents the appear

ance of Q waves over an area of infarction of the

left ventncular free wall Onij when there is ex

tensive destruction of the low er septum and apical

portions of the left ventncle does a Q wave ap

pear in the left precordial leads m the presence of

left bundle branch block

Locatzov of Myocardial Injury

Well known clinical conditions illustrate the

electrocardiographic effects of temporary injury

to subepicardial and subendocardial heart muscle
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Fio 1614 Patterns of scute anienor and postenor mjocardiftl infarcts

^Vhen subepicardial mjocardium w injured

whether by disease such as pericarditis or by the

intentional instillation of imtat ng substances

into the pericardial sac clev at on of ST segments

appears m all leads except those which explore

primanlj the heart cat ities (aVR and \ i) I®

other words leads taken from electrodes facing

the injured surface display pos ti\c ST segment

d splacement On the other hand when there is

subendocardial injury such as may occur in coro

nary insufRciencj during an attack of ang na

pectons there is ST segment depression in man>

of tlie leads exploring the free wall of the left

lentncJe In tbw case injury to the side of the

myocaidal wall facing awaj from the electrode

produces negative ST segment d splaceroent

The principle is borne out b> the observat on

that ft localized infarct on on one side of the heart

leading to elevation ofSR segments m lea Is taken

from that side will produce ST depress on m leads
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rrcordcd from the opj)Ositc side of the heart In

acute posterior infarction with Q i\a\cs and ST
ele\ation m loads III and aST there mil often be

found ST depression jn loads \ i and Vj ITie ST
deprc'sions in the anterior leads are raid to be

reciprocal to the clo\ ations m the postenor leads

DnUCS AVD CLECmOLaTFS

Digitalis produces a eharaetcnetie alteration

of the ST and T complex which might «ometimea

bo mistaVen for an mjurj effect (fig IG 15) Tlie

change consists of a shortening of the (JT mtera at

and a sagging of the ST segment Tlic sagging ST
has a ‘eeooped-out or ‘ cuplikc' conca^utj that

IS easil} recognized This clcctrocanhographic

sign of iligitalis effect is not retilcd to the adc

quacj of the dose of the medication nor to drug

mtoncation

Qmnidine and procaine amide ha\e similar

effects on the electrocardiogram Tlic eariic«t

sign IS prolongation of the QT interval with

apparent stretching out of the entire ST T com
plex later on as the dose is increased slowing of

conduction through the x entncle is produced with

resulting widening of the QRS complexes Norrnil

complexes of 0 06 to 0 OS second duration maj
be prolonged to 0 12 to 0 14 second bj merea«jng

qmmdme or procaine amide do«c3 Upon finding

such prolongation most dimciaos would elect to

stop the drug or reduce Us do«e for fear of stop

ping all conduction and precipitating tentncular

standstill

Among electroljdc ions calcium and potassium

appear to be the most significant in their effects

on the ECG Hj^iocalcemia leads to prolongation

of the QT interval which is rather stnkingl>

different from that found in quinidine effect TTith

low serum calcium the ST segment itself becomes

long but it remains flat and is followed bj a nor

mal appeanng T wave of normal duration

Micropuncture studies of transmembrane action

potentials have shown tliat the long ST segment
IS due to prolongation of the plateau phase of

the recovery process The later phases cimtmue
at their usual rates

Elev ation of the «erum calcium has the oppo

Site effect of shortening the ST segment bj short

emng the plateau phase of the monopbasic
action potential The T wave itself appears un
disturbed

Reduction of serum potassium appears to have

two effects one on the ST T complex and one on
the U wave When the potassium level in the

serum falls to about 3 m cq per hter, the ST
h^ms to sag and the T wavx: becomes loner as

tlie U wavi. becomes more prominent The T and

U seem to merge into a «mgle wave separated

otilv b> a «;hght indentation or dimple on the

crest This gives the impre«>«ion of markedlj pro

longed QT n hich is reall) not the C3«c RTth v ery

low levels of potassium the ST “^gment becomes

ileprc-sttl below the ba^o line and the U wave
extccdsthe T in hiiglit Tins gives the appearance

of a stepwise accent of the ST T complex This

pattini IS u. uall> wn with serum potasajum of

2 o m cq per liter or le«s

Elevation of scrum potassium leads first to an
inirca«ing amplitude of the T wave m leads

where the T IS normalh upright The increasingly

tall T waves have a tenthke appearance with

flimilar slopes on the Upward and downward
limbs M ilh higher levels of serum Iv (8 m oq

per hterapproximatcjj ) the PR interval becomes

prolonged and the QRS begins to widen out as

conduction becomes impaired At about 9 ra eq

per liter, the P wave disappears cntirelj and the

QRS takes on a bizarre “hape mergmg with the

tall T wave to produce a distorted sine narelike

DIGITALIS QUINIDINE
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pattern which usually heralds tcnmnal ventricu-

lar fibnllation or standstill
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DISORDERS OF THE HEART BEAT AND THEIR
INVESTIGATION BY GRAPHIC METHODS

The foUomng is a con\cmcnt classiBcation of

cardiac irregulanties

A AJJecUom of rhythm due to mpairtd conduc

lionthroughtfe A 1 bundle

I Stem of bundle

(1) Del'll ed conduction

(2) beats, partial heart block

(3) Complete heart block

B Wolff Parkinson B kite syndrome

C AiTcelions due fo abnormal impulseformation

I Extrasistolcs

(1) Ventricular

(2) Nodal

(3) Auncular

II Paroxi-smal tach> cardia

Auncular, nodal and \entncular

III ^uncularflutter

IV Auncular fibnllation

V Ventncular fibrillation

D Allernalton of the heart

E Affections due to mgal influences

I iSinus arrfiyfAmja

II Phasic irregulanty

III Smus bradycardia

IV Smo auncular block

V Aunculorentncular block

A AlTections of Ehjlhm Resulting from
Impaired Conduction

I In the a V Node on Stem of the Bundle
AURICtTLOVENTBlCUlJlB BLOCK

In animals, conduction from auncle to veatmlc
can be depressed or blocked bj crushing, cutting,

or the application of cold to the A V bundle

This strategic point m the pathnaj of the excita

tion irai e is aKo attacked bj dwease, and condue

lion through it may be depris«od or completely

abolished Depression of conduction through the

node or bundle vanes in degree Three stages ate

recognized

(/) Delayed Conduction

In this stage conduction w merely slowed ev

cn impul«e reaches the icntncle The intenaU
bctiicen tlit auncular and icntncular systoles

( V» V, intcnals) are lengthened and may haie a

duration of 0 5 second, though, as a rule they are

con«i(hrably shorter tlian this The conditiou

can be tecogruzed only be means of the electro

cardiograph or a venous pulse tracing Lengthen

mg of the P R inter\ a! m the former traemg, or of

the o< interval m the latter, beyond the normal

maximum of 0 2 second is taken to indicate de

lax-cd conduction (fig 17 1)

(2) t/wsed Beals—Portial Heart Block

IMicn impaired conduction reaches a certain

degree, impubes from time to tuna fad to reach

theventncle and a beat is niis«ed The auricular

bents arc perfectly regular, and m this way the

condition ihBem from sino-auncular block (p

A yc.oim-vhir beat- xstay be Bussed aqJ> or*

casionaliy and at irregular intervals The P R
interval of the electrocardiogram, or the a-c m
terv al of the v enous puke, may generally, though

not invanably, be seen to lengthen progressively

for several heart cycles preceding the dropped

beat The periods of delayed conduction preced

mg the missed beat are called, after their discov

erer, the Wenckebach penods The interval of the

cycle succeeding the missed beat is shortened

agam to near the normal length In a further

stage of the condition the beats are dropped more

frequently and may be spaced at either regular

or irregular intervals in the tracing RTien the

grade of block is still more advanced, impulses

fail to penetrate the bundle after every second

auncular beat, or three, or even four ouncuhr
contractions mav occur before an impulse reaches

the ventricle, i e ,
the ventricle responds only to

every third or fourth auncular beat So, an aunc

ubvcntntular rhythm becomes established m
101
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Fio 17 1 Upper tracing delayed cooduetion lead I Lo«er tracing incoiwlete heart block lead I
(missed beats) (Kindness ot Dr John Hepburn ) The diagram below (after Lenis) represents incom
plete beartbloek The thin rectangles A represent contractions of the auricle the thicker ones V con
tractions of the ventricle The obliquely directed lines represent conduction over the A V bundle, the
slower the conduction rate the more oblique the line The gaps in the lower rectangles indicate missed
beats of the ventricle It will be noted that delay in conduction increases progressively in successive
cycles until a beat is missed Hcav) vertical lines ~ see

which the two chambers beat m the ratio of 2 1

3 1, or 4 1 The first of these is seen most fre-

quently, the second is the least common (fig

17 1)

(S) Complete Heart Black

When the A V node or bundle offers an abso

late bamer to the passage of the unpulse the

dissociation of the rhythms of the two ventricles

13 complete (fig 17 2) The aunclea beat at their

own rate of about 70 per minute and the ventncle

at its inherent rate of about 35 The latter is then

spoken of an the idioventricular rhythm Both

ventricles beat simultaneously This fact sug

gests that when the ventncle assumes this rate it

is under the control of some single region possess

ing the power of rhythmical activity From

expenmcntal investigation it appears that the

controlhng center is the A V bundle below the site

of the lesion The speed with which a particuhr

region of the heart can develop and discharge im
pulses apparently determines its ability to domi
nate other regions It has been mentioned that

when a region of higher rhythmicity is destroyed

or isolated the region next m order of rhythmical

power assumes the role of pacemaker {ch. 14)

IVhen for instance the S A node is dc

strojed or isolated the A V node assumes con

trol and when this or the upper part of the

bundle is separated from the tract of tissue below

the lower lying portion takes over the govern

ment of the \entncular rate

Partial and complete heart block arc accom

panied by changes in the rhythm of the arterial

Fio 17 2 Complete heart block lead I (kindness of Dr John Hepburn)



Chapter 17 GRAPHIC STUDinS OF CARDIAC IRREGULARITIES 193

pulse I^Tien beats are irusscd occasional!) tho

pulse mtcrmits cither at regular or irregular inter-

vals In the more fully developed conditions

marked slowing (bradj cardis) of the pulse occurs

\isible pulsations m the veins at the root of the

neck may occur, for the auricle, in contracting

upon a larger volume of blood accumulated as a

result of the infrcrjiieDcy of the ventricular con

tractions, causes a pronounced nave to be trans

mitted along the jugular A certain proportion of

the venous pulsations may be seen to be unas

sociated with an arterial pulse Sometimes a sound

may be heard over the heart at the time of the

Isolated venous pulsation since the auricular con

traction is unusually forceful and the sound vi

brations thus set up are not smothered bj the

first heart sound which, in the normally beating

heart, follows so closely upon auricular s) stoic

The venous pulse tracing and electrocardiogram

show characteristic features The a and P waves
of the respective records occur at the usual times,

but the ventricular complex (c and o in the venous

curve and QRS and T in the electrocardiogram)

IS absent, a gap appeanng in the tracing each time
a beat of the ventricle is missed In incomplete

heart block, as one would expect, a relationship

between a ventncular complex and a preceding

auricular wave can always be made out, whereas

in complete block there is no relationship In the

venous pulse for example, the a and c waves may
occur simultaneously, and produce a large a + e

wave Or the o and v waves may coincide Cortes

ponding effects are produced upon the electrocar

diogram

Temporary heart block may result from various

toxic agents, e g ,
digitalis, strophanthus qmm

dine, etc
,
which exert a specific effect in depress

ing aunculoventricular conduction Heart block

may be a sequel or an accompaniment of several

acute infectious maladies, e g ,
diphtheria, rbeu

matic fever, etc It is produced in animals by as

phyxia Increased vagal tone is someitmea
responsible for delayed conduction over the A V
bundle Partial heart block is not uncommonly
seen m the course of rheumatic fever and is then,

in many instances, of vagal ongin, being tempor
anly abolished by atropine PerattUnl heart block
due to increased vagal tone and abolished by at

ropine occasionally occurs Some cases are con
genital

Slokes Adams syndrome This condition was first

described by Adams (1827) and later by Stokes

(1842) Its features are a slow pulse and syncopal
attacks or convulsive seizures usually epilepti

form in character The term includes any Condi
tion of vascular origin m which these features ate

associated, and it is probable that the underlying

morbid state upon which the syndrome depends is

not identical tn all instances (see also carotid ai

nus, cb 21) In the majority, however, the slowed

cardiac action is the result of the heart block, and
the cerebral sy mptoms result from temporary per

lods of cardiac standstill or ventricular fibnlla

iion Occasionally seizures may result from sudden
slowing of the pulse such as that which occurs

wrhen the heart rhythm shifts back and forth be
tween normal rhythm and complete heart block

Such episodes have been documented repeatedly

in human electrocardiograms In recent years Zoll

has been able to treat a number of such patients

successfully by use of an external electric artificial

pacemaker Recently tmy transistorized pace

makers have been developed for long term treat

ment of Stokes Adams syndrome These require

that a small wire electrode he sutured directly to

the myocardium Isoproterenol has proven to be

the most potent pharmacological agent for treat

ment of this condition

B. I5olfr-Parkinson-\I hilc (WP\P) Syndrome

In this rare congenital anomaly the P R inter

\ al of the electrocardiogram is shortened and the

QRS complex prolonged The P R interval is 0 12

second or less and the QRS complex extended to

ovcrOlOsec Tlie shortened P R interval may be

due, in some cases, to an accessory conducting

strand between auncle and xentnclc Butterworth

and Poindexter fashioned an extra electrical con

ductioD pathway in the dog’s heart, which, when

stunubted, produced an electrocardiogram sum
lar to that characteristic of the sjTidromc Wood
and Wolterth, in the histological examination of

the heart of a patient which had shown this syn

drome, also found three accessory pathways from

the nght auncle to the xentncle

Oo the other hand, cases of the ^'PW syndrome

occur ui which no anatomical anomalym the con

ducting system can be demonstrated, and even

when such exists there is no conclusixe evidence

that it IS the cause of the accelerated aunculo

ventncular conduction Prinzmetal and his col

leagues have produced typical WPW complexes

m dogs by applymg a nonmterrupted direct cur

rent of aubtbreshold strength to the A V node,

but such complexes could not be induced after

severance of the A V bundle—an indication that

the impulses trax'erse the normal A V connec

lions These investigators earned out a large

number of similar expenmentsm which the mo\ e

ments of the heart were recorded by high speed

cmematography, and the records analyzed after

slowing down to half speed Tliey conclude from

their observations that the accelerated conduc

Uott of the tVPW syndrome is due to shortemng

of the delay of the impulse at the A V node to a
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fraction of the normal nhich amounts to about
0 12 seconds

These experiments have thrown considerable
doubt upon the anatomical explanation of the

Bjndrome Prinzmetal and his colleagues

consider it to hav c a ph} siological rather than an
anatomical basis

The prolongation of the QRS complex is at
tnbuted to earlj activation of a portion of mjo
cardium followed by normal activ’ation of the

remaimng muscle

Fio 17 4 Ventricular extrasjatoles (bigeminal
pulse p 196) arising in right ventricle—left axis
deviation (ch 10) (Kindness of Dr John Hep
bum

)

C Disturbances of lUiythm Due to

Abnormal Impulse Formation

I Extraststoles or Pbejiatore Contractions

An extrasj stole can be induced experimentally

bj stimulating the cardiac muscle at any tune

except dunng ita phase of absolute refractoriness

Fig 17 3 (After Lewis) I A diagram illostral

ing disturbance of the heart s mechanism when a
svstole is caused bj exciting the ventncle during

diastole Ic initial cjele Fc. forced or extrasj's

tolicc>cle, Rc returning C)cle andRsc restored

cscles p ia the presnature or forced beat Note
that the auricular rhvtbm remains undisturbed

The forced and returning ev eles are together euual

in length to two initial cjcles II A diagram illus

trating the events when a premature contraction

is excited from the paeemater Stimulus prodne

tion in the tissue which originates the heart

rh>thm is in heated by the line S P the imp^e
IS supposed to disci arge when it reaches the line

XX an 1 to fall at each contraction of the heart to

the level j > c and d arc equal in length 111 A
diagram ill istrating a premature beat arising in

the \ ^ node

Extvasjstolcs occur in the liuman heart as a
result of some abnormal process of impulse

formation Though extrasj stoles maj be asso

dated with organic heart disease they more fre

quently occurm its absence thej maj then be of

reflex origin initiated from the abdominal viscera

or be due to some form of intoxication e g digi

tabs, chloroform anesthesia hypcrthjroidism

excessive smoking etc Beattie Brow and Long
produced extras) stoles in cats bj stimubtinn of

tbc hjpothalamus (ch CO) and their occurrence

ID mao following brain lesions has been reportcxl

by Lucke anil bj Kortli which indicates that in

some instances they are of central origin The
auricle or the ventricle may be the site of ongin

of the premature contraction or the extra im

pulse maj anse in the A V node (see diagrams

fig 173)

(I) Ventncular ExlrasystoUs

TTie premature contraction occurs after the

normal ventricular beat has cea«ed and the mus
cic has recovered from its absolute refractory

state It IS not preceded bj an auncular contrac

tion and is not dependent upon an impulse rc

ccived from the upper chamber (fig 1“ 4) The

premature contraction is followed bj a long

pause This is usuallj of just sufficient duration

to cause the succeeding normal v entncular beat

to occur at the instant that it would liavc oc

eurred had there been no premature contnction

The cau«e of this compensatory pause lias been

explained elsewhere (p 145) Bneflj it is due to

the normal impulse reaching the ventncle when

the muscle is 'till refractor) as a result of the

premature beat Tlie interval betw een the normal

beat and the one following the premature con

tractioRistl erefore equal m length to two normal

cardiac cjcles (fig 17 3 I) Sometimes how

ever, when the extrasjstole occurs earl) m dias

tofe and the heart rate is slow, there ma) be no

compensatory pau«c The auncular impulse then

reaches llie ventneubr muscle after it lia« niov



Chapter ]7 OnAPHIC STUDIES OF CAUDIAC UinEGULARITIES 195

ered from the refractoo state resulting from the

premature beat, the auricular impul«o therefore

brings about a re«pon«e at, or (as a result of some

kngthcmng of the As Vs mtmal following the

premature beat) slightlj after the usualtimc The
normal a'cntncular sj stoles arc then all cquallj or

ncarlj cquallj spaced and the extra contractions

arc interposed here and there between them That

i«, the time interaal from the normal beat pre-

ceding the extra contraction to that following it

is of normal length or but slighllj Icngtliened

Premature beats of this nature are calletl tnterpo

hied cilrasyslalea *

(S) {urwilar Fxlrasystolea

The premature contraction arises m the aunclc

at some point outside the S A node The ahnor

mal impulse reaches the a entnclc along the usual

paths and evokes a ventricular contraction, un
less the auncular beat is so premature thatsulB

iicnt time has not elap«ed to permit the rccoverj

of the \cntncular mu«cle from its refractorj state

Tlie latter, except for its time relations, is ap
proximately normal An auncular extrasj stole,

therefore, cau«es a prernaturo contraction of the

whole heart Tlio premature auncular beat pre

vents the occurrence of the next normal auncular

impulse and the pause of the aunclc which follows

the abnormal auncular contraction is usually

precise!} equal to a normal intenal This fact

has been explained upon the assumption that,

norma]]}, impulse foimiitjon in the S A node is

the result of the bberation of energy which has
iwn frenfi up a\inng the prevaous quiescent pc
nod Upon the occurrence of the abnormal un
pul«e this store of energy, accumulated for the

normal impulse, is discharged and a definite tune

interval must elapse before it is again built Up to

the required level (see fig 17 3, II) Sometimes,
however, the interval following the premature
contraction is slightly lengthened, suggesting that

the rate at which the S A node builds up its store

of cncig} IS lowered In anj event, there is rarely

a long (compensatory) p3U«e following the beat
of the lentrule, the interval between the two nor
mal beats, i e ,

from the beat preceding to the

one succeeding the premature contraction, being

nearly alwajs shorter than two normal cycles

In other words, the normal auncular impulse

following the premature auncular contraction

’ It should be noted that except in the case of
interpolated beats there is not an extra or addi
tional beat, as the term extrasj’stoJe seems to jid
ply The premature beat, in effect, displaces the
normal beat

upon reaching the v entnclc docs not “miss fire”,

asm the case of \ entncular extrasj’stole, but calls

forth a response from the ventricle

(S) iVodal Eitrasysloles

Extrasj'stoles occur sometimes as a result of

impulse formation m the A ^ node or supraven

tncular part (stem) of the bundle On account of

Its central position between the two chambers,

impulses ansmg in the A-V node pass upw ard and

downward to cause simultaneous or nearl) simul

taneous responses from aunclc and ventncle

Sometimes llic v entncular contraction maj ac

tuallj occur first, in which case it is 'luggcsted

tliat the impulve has ansen m the stem of the

bundle and so has its couno to the v entncular

muscle consideraW} shortened The extra cycle is

usual)}, though not invanabl}, followed by a

compcnsatoiy paure (fig 17 3, 111)

In rare instances extrasv stoics ansc as a result

of abnormal impubea initiated m the emo auncu

lar node—sinus ezlrasytlolet Except for the

mterposition of the extra beat the rhythm of aun
cles and vcntnclcs is but httle ibsturbod The in

terval following the extra beat is normal in length

or slightly shortened

The Fffectt of Ezlraiyalokt upon tfe Charactert of

the Eledroeardiaqram and of tfe

^Tterxal Pvlse

The ci.ECTROCAJtDioGE,vii In lenlncufar ejrtrc

tytlolet the electrocardiogram ihows irregular

it} in the spacing of the ventncular complexes

The following charactenstics are found

(1) The mtcnsls between the K wave caused

by the premature beat and the corresponding

wavres of the normal beats preceding and follow

mg it, respectively, are altered in length The

interval between the last normal R wave and the

premature R wave is short, while the mterval

following this to the next normal R wave is

prolonged—compensatory pause The time elaps

mg between the two normal R waves is usuallj

equal to the length of two normal cj cles

(2) The premature R wave is not preceded by a

P wave Since the premature ventncular con-

traction occurs unrelated to auncular systole it

frequently happens that a normal contraction

of the auncle occurs about the same time as the

ventricular extrasystole P and R waves then

become fused At other times the P w av e follows

clo^Iy upon the premature R wave

(3) The P waves are equally spaced and some

appear which are not succeeded by & ventncular
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complex (refractory period of the ventricular

muscle) In the case of the interpolated type of

extrasj’stole, hoi\ever,each P wa\e is follovied by
an R. wave, and no long pause is seen

(4) Ventncular extrasjstoles also show abnor
mahties of the QRS complex which distinguish

them from premature contractions of auricular or

nodal origin An unpulse ansing in the heart be
low the point where the bundle forks will acti

vate one ventricle shghtly m advance of the

other It IS to be expected then that the QRS
deflections of the electroeardiogram mil be a
record of unbalanced electrical effects This is

actually the case (fig 17 4) In other words, if the

extrasj stole arises m the left ventnelc its record

w ill be deformed much in the same manner as that
already desenbed (p 184) for right bundle branch

block If the premature beat arises in the right

\entriclc the electrocardiogram will show the

features of a left branch defect

In owiffulor eztrasysfoles the electrocardiogram

shows disturbances in the timing of both the

auricular and the ventncular complexes, but, os

already mentioned (p 193), a normal or onlj a

slightly lengthened piuse follows the extra beat

The P waves are unequally spaced but each is

followed by a ventncular complex The abnormal

auricular wave may coincide with and be buned

in the QRS complex of the preceding normal

cjcle

The records of exlrasystoles arising in (he A V
node or supraventncular part of the bundle are

variable according to the timing of tlie auncular

and ventncular contractions When the auncles

and ventncles arc excited simultaneously, the P
and R waves become fused When the two ebam

tftTL ws. waf. wib.voted. ,
tba P ym

cedes the R w ave bj a short interval, or the order

of the waves may be reversed (U P interval)

Tin. ARTERIAL PULSE It has been demon

strated that several long recognized irregulanties

of the pulse are the result of extrasy^toles For

example, in the irregulanty known as intermittent

FiQ 17 5 (After Price ) a intermission of the

puke, b pulsus bigeminus due to a Biofle extra

Bystole with its succeeding compensatory rause

occurring regularly after each normal beat ax 8

,

extrasystole

pulse there appear from time to time relatively

long intervals dunng which no beat is felt in the

radial (fig 17 5o) The intervals are most pro
nounced when a premature contraction of the

ventricle which is too weak to open the semilunar

vmlves occurs This most commonly happens
when the heart muscle receives the abnormal im
pulse dunng the earher p irt of its rclativ e refrac

tory phase The premature beat maj be detected

by heanng a faint first heart sound which is not

succeeded by a second sound (p 24S) No pulse

IS producedm the radial at the time, nevertheless

the extrasystole may be followed by a compensa
lory pause, and graphic records show as a rule

that the gap in the radial tracing is just equal to

two normal cycles That is, a beat is dropped

completely from the artenal record The detec

lion ofan extra contraction of the ventricle, how
ever, enables the irregularity to be distinguished

from the misled beats of partial heart block

(p 191) which may give an artenal tracing with

similar characters

If ventncular exlrasystoles which fail to open

the semilunar valves are repeated after each

normal beat, the long intervals separating the

btter will cause pronouncixi slowing of the pulse

rate The pauses between the arterial pukes are

doubled in length and the pulso frequency as a

consequence is reduced to half the normal Brady

cardia produced in this way and sometimes

termed /afse heart bfocil; is distinguished from true

heart block by a study of the venous puke or the

electrocardiogram which reveals the extra ven

tncular complexes or the faint sounds of the ex

tra contractions may be heard upon auscultation

Ulicn the exlra'systoles are forceful enough to

Q^en. the. fie.milunar valves and occur regularly

one after each normal syrtole, paired puke beats

each couple being followed by a long pau«e, are

felt m the radial (fig 17 56) This type of puke

irregulanty, which is sometimes ®ecn following

overdosage with digitalis, is called the biffemtnal

pulse (pulus btffeminus)

11 Paroxysmal Tachycardia

This may be defined as a condition in which the

rate of the heart is greatly accelerated for a longer

or shorter penod without obvious cause The

rate vanes m different ca^is from 140 to 250 per

minute The on«et of the paroxysm is sudden and

the increased rate is maintained for a vanabk

length of time with perfect regularity, successive

cycles usually not vaiymg m length by more

than a hundredth of a second Tlie paroxy sm lasts

for only a few beats in some instances, in others it
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persist*? for a few minutes, hours or c\ea da>s,

though attacks of more than ten dajs’ duration

arc itr} rare (LcinsJ The attack ceases as ab

nipllj as it commenced, the heart resuming its

normal ntc almost instnntlj

The paro\} sm
,
it is Ik!ic% cd, coa«i'sts of a senes

of rapidly ixcurnnK eUris} stoW which com
plctelj submerge the physiological rhythm Tlie

site of origin of the extnvsy stoics ns in the ense of

single premature boat®, may be jn the aunele, the

1 V node or stem oj Ihe himdle, or in the wntnefe

(fig 17 C) Tlic auncular type is the mo«t com
mon, each auncular impulse spreads to the \Tn

tnclc and causes a contraction whove features as

indicated by the clcctrocanhogram are normal

The P wa\T is frcquentli ina cited

Wien the impulses arise m the A V node or

supraventricular part of the bundle, the P R in

tervals of the electrocardiogram are shortened

Inicrsionof the P n aves is common Or, ihecon

tractions of the two chambers may be simitUane

ous, the P waves being then buried m the vctitncu

lar (Qns) complexes Again, the contraction of

the ventricle may occur before that of the nunclc,

it then Boroetimea happens that a progressive

lengthening of the intervals between the It and
P waves (R P interval) of the electrocardiogram

19 seen, uleioiately an auncular beat ts missed

This IS termed rtcersed fiear( block In other in

stances, os the It P intervals reach a certain

length, a contraction of the ventricle occurs pre

matureU
,
and is not followed by a contraction of

the auricle It is thought that the vcntrieufar con

traction is caused by the same impulse that caused

the preceding auncular beat That is, the impulse

arising in the node first excites the atinclc, then
re enters the junctional tissue, which has now re

covered from its refractory phase, and passes

downwards to the ventricle This is spoken of as

reciprocal rhythm
When the impulses anse m the ventricle the

QRb complexes have the characteristics of those

caused by ventricular extrasystoles (p 19f) The
auricular rhythm is usually undisturbed but oc

casionally it is abnormal, for when a senes of ra

pidly recurnng contractions anscsm the ventncle,
the impulses may pass along the bundle m a ret

rograde fashion and activate the aunele to the

exclusion of the normal impulse In other words,

the ventncle then sets the pace, and the auricle

follows In such instances the P waves are inverted

and succeed the QRS deflections, or are buned in

the ventricular complexes as in the nodal type

mentioned above

in AunicUL-XR Flctteb

There are two forms of this disorder, pure and

impure flutter In both ty^pcs the aunele beats

Fia 176 Top (racing, auncular tachycardia
middle tracing nodal tachycardia, bottom trac

ing, ventncuUr tachycardia (Kindness of Dr
John Hepburn )

at the phcnomonally rapid rate of from 250 to 400

beats per minute, but m pure flutter the rhythm

13 regular, in impure flutter it is invguiar Flutter

differs from paroxysmal tachycardia m the fol

iomog particulars

(a) The auncular rate of beatmg is usually

muchgreaterthan that seen in paroxysmal taeby

cardia

(b) The disorder is of much longer duration,

pervistiBg unchanged for months or years, though

it IS sometimes transient

(c) The \cntncle fails as a rule to follow the

rate of the aunele, s state of relative heart block

becomes estabhshed as a result of the compara

lively long refractory phase of the functional

tissue

(d) It IS produced by the passage of the im
pulse oxer one or more cireular pathways—circus

motement (p 19S)

Auncular flutter may become converted to

paroxysmal tachycardia

In pure flutter the rhythm is remarkably regu

lar (tig 17 7) The lengths of the auncular cycles

Fio 177 Pure flutter with a ventneuJar extra
systole (Kindness of Dr John Hepburn

)



198 CIRCULATION Seclton III

\’ar} no more than ft few thousandths of a second
over comparatively long penods In impure 6uUer
this constancy of cjcle length is not seen and
\arj-mg degrees of irregulantj occur In flutter

the auncular walls do not completely relax That
IS, though the proportion of active to inactive

fibers vanes dunng the rapid beating, at no one
time are all the fibers in the relaxed state

In the electrocardiogram, therefore, the level of

the tracing between the P waves lies for the most
part above the isopotcntial hne, only touching

the latter for an instant The level of the tracii^

13 continually changing and the electrical changes

of the auncle are carried over to alter the form of

the ventricular complex On the other hand, the

fibers arc never all contracted at the same time,

so that auncular systole as well as diastole is in

complete

The ventncle rarelj keeps pace with the racing

auncle, the refractory phase of the conducting

tissue being longer as compared with that of the

auncubr muscle As a consequence, a state of

relative heart blocks develops and an aunculo

ventricular rhythm of 2 to 1, or less frequently,

of 3 to 1 or 4 to 1, becomes established Some*

tunes there is vanable block with 2 to 1, 3 to 1,

4 to 1, and occaeionally even greater intervals

occurnng m the same stnp of record Should

the ventncle respond to each beat of the auncle,

as occasionally happens, senous circulatory dis

turbances follow, ventncular diastole is so short

ened that the v entnelo receives a greatly reduced

load of blood The output of the heart may be bo

reduced as a result that loss of consciousness re

suiting m death may follow

IV AuRictruiR Fidrillatiok

This condition so far as fundamental causes are

concerned may be looked upon as an advanced

stage of flutter The auncular muscle w the seat of

mcomplete contractions which recur at a fre

quencj of from 400 to 600 per mmute So incom

plete are the contractions and so rapidly are they

produced that the individual beats are ecarcely

distinguishable from one another The auncular

cavity 13 never emptied of blood and its wall is a

quivenng sheet of muscle Auncular fibrillation

is the most common of all the senous cardiac

irregulanties, being associated, according to

Fio 17 8 Auricular fibnllation, lead 2 (after

Lewia, ui 60 to 70 per cent of all cases of cardiac

failure m hospital practice It is most frequently

seen m mitral stenosis and in thyrotoxicosis (ch

67), but sometimes occurs m the absence of mjo
cardial disease

Only a proportion of the auncular impulses

pass through the A V bundle and activate the

ventncle The rcbtively long refractory penod of

the conducting tissue shields the ventncle from
the bgh rate of the auncubr beating The arterial

pulse, nevertheless, is usually considerably faster

than the normal (100 to 150) though it may be

normal or even slowed Tliose impulses which

reach the ventncle do so m a somewhat haphazard
manner, and indeed one of the most characteristic

features of fibnllation of the auncles is absolute

irregubntj in the rate and force of the ventneu

b» beats These features are expressed in the

terms cordis “complete irregulanty of

the pulse OT “perpetual arrhythmia
,
which were

applied to the condition before its true nature

was rec(^nized A proportion of the heart bents

are frequently so weak that they fail to cause

pulse ID the radial The apex beat is therefore

much more rapid than the pulse The former, for

example, may be J 50 and the bttcr only 60 or 70

The difference is called the pulse de/icil With

treatment and improvement m the condition of

the cardiac muscle, the pulse rate therefore may
increase

The venous pulse in auncubr fibnllation is of

the ventneubr form, a waves are absent being

represented by a senes of rapid vibratory waves

if waves) Sirrubrly in the electrocardiogram,

small rapid undubtions replace the P waves

(fig 178)

Tub v«DERi.riNa processes concerned in

THE PRODOCTION OF FLUTTER AND FIBRILLATION

or THE AURICLES ' Tkt ciTcus movemenl theory ver

»«» lAr tfteoni o/ numerous separate pomls o/eic«<a

htm The observation that fibrillation could be

induced id animals by electrical stimulation has

led to a imich clearer undersfandiog of auncular

fibnllation and flutter in man Lewis emplojung

faradization as the method of inducing fibnllation

studied the subject intensively and applying the

results of the fundamental work of Alajer

of Mines and of Garrej conceived that the excita

tion wave followed a circular pathway through

the auricular muscle—the so called etreus viove

menl That is to say, the wave starting at one place

took a devious course through the cardiac rauseul

ature, returned to the point from which it started

and re entered the path which it had previously

traversed Mayer induced a circus movement in

the umbrella of the jellyfish (Medusa) by creating
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a local block and appl} ing a stimulus to one aide

of the blocked region (fig 17 9, 1,A) The contrac

tiOD wa% D which resulted was forced as a re«ult of

the block to take a unidirectional course, and after

completing the circuit of the disk of tissue re

turned to the region of the block winch bj this

time had disappeared If the tissue from which

the wave had been initiated was again excitable

1 e ,
had passed from the rcfractorj st ate, the w ave

circled the ring a second time, then a third time,

and so on repcatedlj \Micn, on the other hand,

the di«k was stimulated in the absence of a block

a contraction na\c set out in both directions and
the two waves meeting, after having completeil

half the circumference of the strip, were siippres

sed at B (fig 17 9, II) That is further progress

of the waves was arrested for each came to a
region of tissue which, being occupied by the other

wave was refractory

Alines and Carrey linked up Ma>er3 observn

tions upon Mcdu«a with the fibrillation of canliac

tnu'cle Mines 6howe<l that a similar circular mo
tion of the contraction wave could lie induced in

the cold blooded heart Muscular rings cut from

the auricles of large r'i>8 were emploscd Garrej

thought that he had refuted the prevailing belief

at Ihnl time namelj, that fibrillation of the aun
cle was due to the initiation of impulses frommul
tiple foci throughout the auricular muscle—as

proposed onginallj bj MclVilliam Garrey found

that if 1 c cut a «mall piece from the Cbnllating

auricle the severed tissue at once cca<ed to fibril

late art event which he contended could not occur

if numerous points of excitation existed, but such
would nsturalh result if the impuhes travelled

over a circular pathwaj from which other parts

of the auricle were excited Be induced & rirculat

Ntg o.fitirsctMa vane ra laeige aaintfar fierps «r4

from turtles ventricles

Evidence was obtained bj Lewis which fieeined

to show that the impulses in the fibnllating auricle

travelled in the natural rings of muscle encircbng
the openings of the vena cavae
The theorj of circus movement has been verj

widelj though not universallj accepted Brams
and Katz contended that if a circus movement is

responsible for flutter and fibrillation more than
one circulating wave must exist They base this

conclusion upon the observation that if after

experimental flutter or fibrillation has been estab

hshed the auricles (or in the case of venlncular

fibrillation, the ventricles) are separated from one
another b^ crushing between them the rapid beat

mg per“ist3 with little change in each of the sepa

rated parts ''cherf, as a result of his failure to

ahoh«h auricular fibrillation by clamping or

ligaturing the auricular muscle in the path of the

supposedlj circulating waves was one of the first

fl92S) to throw doubt upon the existence of a
circus movement A little later Andrus and Carter

concluded, from their experimental results in

which fibrillation was induced by a single indue

tion shock applied to the auricular appendax that

the waves did not ongmatc and travel in a nng of

muscle

The most recent and convincing evidence

against the circus movement theorj has been
Bccurol b> Prinzmetnl and his aa«ociates They
mduecd auricular fibrillation bv the application

of aconitine to the auricles of dogs and observed

the auncic bj means of high speed cincmatog

raph> They saw no indication of a circus move
meat Two tjTies of oclivits were observed (s>

contractions and relaxations of microscopic or

minute segments of mu«cle, which thc> term the
' t/ acttniy, and (b) stronger contractions and

relaxations of macroscopic or larger muscle seg

ments which appear upon the background of the

inmimcrnble ‘M contractions This tjpe of

movement ihej have designated the L ce/in/y

Both t>pe3 of nctivitj arc heterorhjthmic and

utterly chaotic and apparently arise from nit

mcrous discrete ectopic foci

The Actions of the Cardiac Glycosides, such as

Dtffi/a!is, anti ej Qutntdme upon Ftbnllaiion

and /'/utter, and in Heart failure

Dioitaus belongs to a cla*s of drugs known ax

the cardiac g/ycosidcs, which al^o includes stroph

anthin ouabain (G strophanthin from gratus)

and squill Digitalis in therapeutic dosage exerts

a threefold effect upon the action of the heart (a)

It increases the force of the ventricular contrac

tion both of (he failing (h>7>odysaiQie) heart and

of the normal myocardium as shown for the 1*0

lateil papillary muscle of the cat b> Cattell and

Gold This IS the drug s most valuable property

Ouabain and stropfiantfim have a simifar action

(b) It depresses A V conduction and (c) it stimu

lates the vagus, a reflex efl'ect through the carotid

emus and the vagus center (Heymans and as^oci

ates)

These last two effects cause slowing of the

ventricle xn fibrillation and flutter, but exert no

significant effect upon the rapid auricular rate of

sinus tachycardia The depression of A V conduc

lion shields the ventricle from the Cbnllating

Fio 17 9 (Modified from Lewis ) Blick = con
traction wave Descnption m text
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auricle the Ticaker imputes fail to reach the
ventricle the pulse therefore becoming slower and
more regular In therapeutic dosage the drug has
little or no effect upon the rate of the heart if the
auricular rate is normal In overdosage the drug
may cause complete blockage of impulse conduc
tion ID the A V bundle It used to be thought that
digitalis was of value onlym fibrillation or flutter

but it has been shown conclusively mthin the last

two decades that it strengthens the ventricular

beat and is of the utmost value in cardiac failure

whether or not either of these arrhythmias are

present The digitalis glycosides have been shown
to be useful in converting superventricular iachy
cardias back to normal sinus rhythm This is

probably mediated largely through the vagus
effect but it is not at all clear why vagus tone
should affect ectopic auricular foci

Certain effects of the cardiac glycosides upon
the metabolism of the myocardium have been
demonstrated which help to explain their bene
ficial action upon the cardiac contraction (a)

They increase the oxygen consumption of the

heart (b) They increase the util ration of glucose

and of lactic acid (c) They cause a partial restore

tioD of the adeno^inetriphosphate and pbospho
creatine contents of the failing myocardium in

which these energy neb phosphate bond metabo
lites are depleted In overdosage these drugs

themselvea cause depletion to the extent of 50 per

cent or more of these materials

The action of digitalis and other cardiac glyco

sides appears to be mainly in improving the

utilization of chemical energy by the myocardium
rather than by increasing the total amount of

energy liberated though the latter probably also

occurs

The cardiac glycosides exert no beneficial effects

upon myocardial insufficiency due to anoxia in

thyrotoxicosis or m vitamin Bi deficiency The
reason for this is unknown
Qcinidine (an isomer of quinine) also exerts a

threefold action in fibrillation (1) It depresses or

abolishes vagal tone and so lengthens the refrac

tory period of the auricular mu«cle and decreases

the transmission rate This action upon tbe vagus

13 therefore opposite to that of digitalis (2) It acts

directly upon the auricular and ventricular mus

cle lengthening the refractory period (by from

50 to 100 per cent) and Blow^ng the transmission

rate (3) It depresses conduction in the junctional

tissues—a direct action The abolition of the

fibrillation of the auricle and the restoration of

tl e normal rhythm was bel eved on the basis of

tl e circus movement tl eory to be due to tbe

lengthening of the refractory period of the auncu

lar muscle and as a consequence to closure of Ibe

gap of excitable tissue between the crest and tail

of the wave (see fig 17 0) In other words the

head catches up to the tail (Osier) But however

fibnilation is produced we know at any rate that
quinidine restores the normal auricular rate and
thus acts upon this arrhythmia in a manner d f

ferent from that of digitalis In the restoration of
the normal auncular rhythm by quinidine fibnlla

tion u frequently converted first to flutter

The different effects of quinidine upon the heart
interact in a complicated manner For example its

action upon the ventricular rate will be the re

suitant of the following three effects

(1) Rapid auricular beating tends automatically
to depress conduction through the A V connec

tions Therefore when the rate of the auricle is

reduced by the drug A V conduction is increased

(2) The reduction in vagal tone also increases

A V conduction

(3) The direct effect of the drug upon A V con

ductiOD as stated above is one of depression

As a matter of fact (1) and (2) frequently over

balance the last effect (3) and some increase in the

ventricular rate results

Quinidine in overdosage produces severe toxic

effects among which are aunculoventricular block

extrasystoles paroxysmal tachycardia and even

death os a result of ventneular fibrillation Tbe
return of the normal auncular contractions under

quioidioe treatment is sometimes though rarely

followed by tbe dislocation of an intra a iricular

thrombus and death from embolism Complete

atandslill of the heart has also been reported as a

result of the paralysis by tbe drug of the emo
auncular and aunculoventricular nodes and other

tissues capable of impulse initiation Procaine

amide has an action closely akin to qumidme It

appears to be less effective on the aur cutar ar

rhythmiaa than quinidine but being less toxic

than qumidme it may be given intravenously It is

most useful in converting ventricular tachycardia

back to normal rhy tbm by intravenous adminis

tration It is also used orally m suppressing fre

queot ventneular premature beats

V Venteicuuar Fibbillatiov

Hie ventneular muscle may pass into a state of

rapid tremulous and mcffectua! contractions

closely Bunilar m nature to the condition just de

senbed as occurring in the auncle In animals

ventneular fibnilation may be imtiated by direct

efcctncalstimuhtion of the ventneular muscle as

was first shown by Ludwig m 1850 Mechanical

stimulation of the ventncle especially by pnekmg

the tissue in the A V groovi Lgation of a coro

narj artery (Porter) or certain chemicals and

drugs ui excess eg digitalis or calcium chlonde

may induce fibnilation Levy found that chloro

form anesthesia renders the hearts of expenmen

tal animsls (cats) highly susceptible to fibnlbtion

A mere touch of a finger or instrument the stimu
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lation of a scnsorj ner\c, pcction of the \ag» or

their panljsvs b> atropine, maj 'et the \eQtnclc

fibnilatmg The heart beha%cs as though fcd«»i

tized by the anesthetic and read^ at the least

provocation to fibnllatc Adrenaline was found

to greatly enhance the effect of chloroform—

a

fact which indicates the danger of adrenaline ad

ministration while a subject is under the effect of

this anesthetic Fibnllation maj aJoo ensue spon

tancouslj under chloroform, and Levj found that

the condition is more lihelj to supervene when

the anunal is pa«sing from deep to light anes

the«ia Cjclopropane, like chloroform, has the

effect of sensitizing the heart to the action of

adrenalme in inducing ventricular tachycardia

and fibrillation, but these cardiac irregulanlies

are rarely seen under ether anesthesia Qutnidinc

reduces the susceptibility to fibnilation dunog
cyclopropane anesthesia

The effects of ventricular fibrillation un^o the

circulation are incomparably more senous than

those of the corresponding auricular condition

This IS evident when the importance of the t«o

mu«culaturcs m the dynamics of the circulation

are compared (p 244) In fibrillation of the lower

chamber the propulsive force of its contraction is

practically abolished and the circulation comes
to an end, death follows inthin a fen minutes

from CTperioents upon animals it U boheved
that many instances of cardiac failure in patients

under ehlorofonn are due to fibnilation of the

ventnclcs This is generally considered to be of

sudden onset, but it has been shown that when
the condition is induced in animals by chloroform
rtf IT tfrequentA usderea' m graabaiVy X sodfary

evtrasystole first occurs, which is followed after a
tune by coupling, tnpling, and later by short runs
of extras) stoles Longer paroxysms of rapid beat

mg follow Finally as the tachycardia becomes
more rapid it merges into fibrillation

Wlien fibnilation is induced suddenly as by
electnc shock its development may be somewhat
different According to Wiggers and his associates,

only the first contraction is a true premature beat

,

(hose which follow are caused fay re entry of the

excitation wave These investigators, who induced

ventncular fibnilation in dogs by the application

of single strong induction shock to the ventncle
late in systole, recognize four stages in the de
velopment of fibrillation In the ^rsl or vndutatorjf

tlage, which lasts for only a second or two the

contractions are rapidly repeated but do not fol

low the same course over the surface of the ven
tricle, the electrocardiographic defiections show
considerable vanability in form In the second

stage of contmlsire incoordinolion, which lasts for

from 15 to 40 seconds, the contractions are more

frequent and involve smaller areas of the ven
tneular muscle The contractions of different

areas of the muscle are out of phase so that the

ventricle appears to be pulled about convulsively

The tktrd stage nf fremufous tncoordinalten lasts

for 2 or 3 minutes, the surface of the muscle is

broken up into independently contracting areas of

ever decreasing size which arc out of phase with

one another Thus, a tremulous appearance is

given to the ventncles The final stage of atonic

fibnilation develops when the developing anoxia

of the eardiac muscle causes weakening of its

contractile force This stage appears usually

withm from 2 to 5 minutes following the first stage

and IS marked by weak contractions or wavelets

which travel only a short distance over the ven

tneular surface It ends in complete cessation of

all activity

Ventncular fibrillation in man may result

from

a) Electnc shocks—electrocution lightning

stroke

b) Chloroform or cyclopropane anesthesia

c) Coronary occlusion and other causes of

severe anoxia

d) Trauma to heart or chest wall

e) Ventncular paroxysmal tachycardia m
which fibnilation may be a terminal event

0 Toxic doses of digitalis or quinidioe

g) \anous diseases during the death agony

The fundamental factor or factors leading to

fibnilation of the ventncles have been tbe subject

of research by several investigators Kebar and
Hooker have found microscopical tissue changes

to tbe dogs heart, m which fibnilation was in

duced by electnc shock There al«o occurred an

increase in potassium in tbe outffowing fluid per

rtieen' tfdnragii tfite liesrtf lUey- tfftfrnyunVr tfihr

fibnilation to a leakage of potassium from tbe

cells and an unbalance of tbe potassium ion The
addition of potassium to the perfusion fluid brings

the fibnilation immediately to an end and restores

tbe normal beat According to Is ahum and Hoff

the essential condition for the onset of fibrillation

IS the establishment of a block or blocks of the

conducting system in a heart whose automaticity

13 eiraultaneously stimulated, either factor alone

IS ineff^ective They found that the rapid injection

of a concentrated solution of L^Cl throws the

ventncles immediately into fibrillation This does

not occur if the injection is made slowly, for then

automaticity instead of being stimulated is de

pressed, block of the conducting svstem occurs,

but fibnilation does not ensue Thus they bebeve

that the two eosential elements in the production

of ventncular fibnilation are mtraventncular

block and automaticity of the ventricles Yen
tneular fibnilation, (hough usually fatal is not

mvanably bo for rare instances have been re

ported in which the ventncles after fibnllating for
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a bnef penod resumed their normal rate and re

covery occurred Two methods, chemical and
electrical, have been used m attempts to restore

the normal rhjthm to the fibrillating ventricles

Hooker has shown the efficacj of an e?icess of

potassium m stopping fibrillation and of calcium
in restonng the normal beat in the hearts of dogs
subjected to electric shock AOS per cent solution

of KCl is injected under pressure into the carotid

toward the heart, so that it reaches the coronary

system This stops the heart UTien a 0 023 solu

tion of CaClj is then introduced by the same
route, the normal cardiac rhythm in a successful

experiment, is restored Hooker and his associates

showed that defibnllation of the dog’s heart can

be accomplished and the normal beat restored if a
countershock, consisting of an alternating current

of about one ampere, is passed through the heart

In fibrillation due to anoxia (e g cau«ed by
coronary occlusion) the heart may be defibnilaled

by either of these two means but the heart muscle

IS usually unable to develop a forceful contraction

owing to the oxygen lack Wiggers has modified

Hooker’s procedure by sending into the heart a
senes of shocks (3-7) of about one second duration

and one or two seconds apart He recommends that

when fibrillation follows coronary occlusion

cardiac massage should be practiced while the

countershocks are being given, in order to id

crease the blood flow to the ventricular muscle

In fibrillation due to electrocution or other cause,

the eountershocks ma\ bo applied through the

chest wall although much stronger currents (20 to

30 amperes) will be required

A number of reports have appeared m the

literature of human lives saved when patients

suddenly developed ventricular fibrillation In

these cases the chest was rapidly opened and cir

culation restored by manual compression of the

heart until defibnllsting counter shock equip

ment could be obtained The increasing number of

such reports points up the necessity that all

physicians learn the technic of thoracotomy and

cardiac massage It has been well established that

unle«s circulation can be restored in less than 4

minutes, irreparable cerebral damage will have

occurred, and even though heart action might be

restored, a decerebrate patient will be the result

JWWIW'aAjw,
Fig 1710 Radial tracing showing pulsus alter

nans (After Mackenzie

)

D. Alternation of the Heart. Pulsus
Alternans

This IS a condition in which every second wave
m a pulse tracing is of relativ ely small amplitude
This peculianty of the artenal pulse is due to

alternate vanations in the strength of the ven
tticular systoles, and to a smaller quantity of

blood being ejected into the aorta dunng the

weaker beat Figure 17 10 shows a typical sphj g
nvogram of this condition There is is a rule Mile
or no difference m the lengths of the mtennh.
between pulse beats ^\Tien a slight difference

does exist, the interval succeeding the «trong

beat 13 then longer than that following the weak
beat It will be remembend that in the bigeminal

pulse, which might in some instances be confuted

with alternation, there is inequality in cvcle

lengths (p 19G), but the longer intcnal follows

the iffoi (premature) beat Furthermore m
alternation the ventncular rhythm does not

share, or does so V ery rarely, in any irreguhnty

of the pul^c intervals which may occur in the

artenal tracing The electrocardiogram, for in

stance, shows no discrepancies m the length of

the intervals between the R waves Tlie «light

variations m the pul«c intervals are attnbuted

by Lewis to a slower rate of transnus-sion of the

weaker pulses to the penpherj )Mien records

are taken simultaneously of the apex and the

artenal pul^e, it is sometimes found that the

weak beats of the former coincide with the strong

beats of the latter This diecordance between

apex and artenal beats is explained ujmn the

assumption that those mu«cle fibers which con

tract dunng the weak apical impuNes though lc«s

numerous arc actually more effective in ejecting

the blood than tho^e causing the stronger thrusts

at the apex {see. Theory of Alternation, below)

The appearance of alternation in the electro

cardiogram (eg, alternate variations m the

height of the R wav e) is rare Ulien this so-called

efeefneof atifrnatvm docs occur the larger deflec

tions sometimes corrc'pond to the weaker puL-e

boats But, it will be recalled m this connection

that the deflections of the ilcctrocardiogram are

determined by the balance of the ticctncal forces

developed dunng the cardiac contraction rather

than upon their total value Dcctncal alterna

tion may occur without alternation of the pul->e

Sometimes it is not possible to detect pubus

alternans by palpation of the puNc, the vana

tionsm strength of the puLt beat being too slight

to he perceptible, but it is clearly rcvciletl in the
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kite<l bj means of a blood pressure armlet *1116

pre'!«ure m the armlet is raised graduallv , when

it IS found that at a certain Ic\ cl the weaker beats

are eupprecced, but the stronger beats gel

through The pulse at the wnst 13 then prectselj

half the ordinarj rate The pressure during the

weaker beats ma> be as much as 25 mm Hg be

low tliat dunng the stronger, but usuallj the

pressure diSerence is not more than 5 or 10 mm
Ptrsistent alternation of the heart when tho pulse

IS slow or of normal frequency is usually mdica
ti\c of gra%e ebsea’se of the myocardium Alter

nation sometimes also occurs at rapid rates of

beating eg, auncular fibrillation, paroxysmal

tachy cardia etc
,
hut it is then of le«5 senous

sigmficance

Theobt or altehvatios The ‘all or none
law states that the cardiac muscle responds maxi
mally to an}’ stimulus that is capable at all of

evoking a response It is apparently difTicutt to

reconcile this principle with the varying force of

the Ventricular contractions in alternation unless

It be assumed that dunng the weak heat a smaller

proportion of the heart fibers respond than during
the strong beat This is the prevailing view
The heart it is thought must be in what has

been called a hypodirnanne stale in order for

alternation to occur That is the heart muscle u
so depressed that only* half of its fibers have re

covered from the previous contraction before the

impulse arrives These fibers atone contract and
when the next impulse arrives they arc still re

fractory, but those which had not previously con

traeted have recovered their irritability and now
respond In this condition all beats are weak but

equal Should a ventricular extrasy stole occur in

aueh n heart the long pau«e which follows shifts

the balaoce between (he refractory and the non
refractory fibers and precipitates the alternating

rhythm After the long pau«e of the premature

beat a larger proportion of fibers have had time to

recover anti arc therefore able to respond to the

impufro The nett impulse however finds the

muscle in n partial refractory etatc > e only a

small proportion of (he fibers have by this time

recovered They only can respond—a weak beat

results This small proportion of fibers when the

next impulse arrives will in turn be refractory

but the larger proportionwhich had not previou«ly

contracted will now respond—a strong beat re

suits 60 the alternating rhythm is perpetuated

the fibers which responded dunng one contraction

fail to contract at the next beat and conversely

(hose which had failed to respond to one impulse

respond to the next

E Irregulanlies Due to Vormtions in >agal

Tone

I StNUS Arrhtthuu (fig 17 11, I)

This IS a condition in which rhythmical vans
tions in the rate of the whole heart occur sym

ebronously with respiration It is due to altera

tioss in the strength of the vagal inQuence upon

the pacemaker (S A node) as a result of the re

epiratory excursions, the heart rate moreasing

toward the end of lospiration and slowing toward

the end of expiration It is a youthful irregulanty

Fig 17 11 T sinus arrhythmia 77, sinus bradycardia III amo auncular block (Kindness of Dr
John Hepburn )
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being very common id children, and may be con
sidered a phjsiological phenomenon That it la

entirely of vagal origin is shown by the fact that
It IS abolished by atropine It also disappears when
the heart rate increases as a result of exercise,

fei er, etc
,
but is enhanced by deep breathing

II Phasic Irreoulariit

In this disorder periodic slowing of the heart

occurs for a few seconds quite independently of

the respirations It also is a vagal effect eince it is

abolished by atropine The manner of ita produe
tion 19 unknown It occurs in convalescence from
acute fevers, and sometimes during the adminis
tration of digitalis

III SiN0s Bradycardia (fig 1711, II)

This IS a persistent slowing of the whole heart

due to increased vagal tone influencing the sino

auricular node The rate may be as slow as 40 per

minute Bradycardia of this nature occurs in ap
patently healthy persona, many of whom are

athletes

IV SiNO AOTictiLAR Block (fig 1711,111)

The entire heart (auricles and ventricles) misses

a beat at regular or irregular intervals The condi

tion thus differs from A V block in which ooly the

ventricle misses (p 192) A complete set of waves

IS therefore dropped from the venous or electro

cardiogiaphic tracing, and thearterial pulse inter

mits Since the condition is temporarily abolished

by atropine and may be induced by stimulation of

the vagus, it is probable that the missed beats are

due to the action of the nerve upon the S A node
Sino auricular block sometimes results from

digitalis administration

V Apbicot-oventricular Block

Defective conduction between auricle and
ventricle due to heightened vagal tone is oc

casionally seen, it is abolished by atropine
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18
ESTBtATION OF VOLUME OF BLOOD FLOW, VELOCITY
OF BLOOD FLOW, VOLUME OF ORGANS, CAVITIES

AND REGIONS: CIRCULATION TIME

Our knowledge of tlic modus oporandi of the

circulation has progres'od no faster than ad

\anccmcnt of methodology that lias gnen an

swera to certain problems

Volume Flow of Blood

The most important measurement in the

circulation is that of the ^olume flow of blood

through the aorta or through anj \atal region or

organ This is so because tfic blood flow is most

pensitn e to a change m dilation m a vascular bed

If the blood pressure is doubled, the blood flow

might also double but doubbng the moan bore of

a vascular bed might increase the blood flow by
16 times In the past, advancement of flow

methodologj has been slow and limited m large

measure to dences applicable under highly ab-

normal conditions Tn use, the animals have been
exposed to so much in«ult by anesthesia, surgery

and trauma that the measurements do not neecs

sanly hsv e resemblance to normal values j e

,

the relative importance of factors regulating flow

can be quite different More recently, progress

Jias been mijeh toots Tspid hecause oi methods
applicable to the nonnal circulation in the rest

ing and unaaestbetized active states.

VisuALiiATioN (btoan ORAViMvt.) Dirccl tn

fuo visualization with the aid of a microscope

of the components of the microcirculation (ter

xnmalartenes artenoles cspillanes venules, and
very small veins) offers a means for studying
qualitatively the peripheral circulation and con

trol of blood flow in vanous regions 'When capil

lanes artenoles or any of the above vessels are

Qbserverl to decrease in diameter, they are as

sumed to have constricted and thus to decrease

flow However, interpretation is always difficult

for the apparent change in flow could arise from
decrease in perfusion pressure enlargement of

other already patent vessels opening of other

drainage vessels, or increase m pre«suTe in the

surrounding tissue Despite this such obierva

tions have contnbuted greatly to our knowledge

of the circulation Direct microscopic and high

speed photography have been used in tbe frog

skin, bat wTng, rat mcsoappcndix, dog omentum
lungs of the opcn-chcst dog, transparent viewing

chamber of the rabbit’s ear, bulbar conjunctiv a

and skin of humans, and pinl vessels of the brain

llirough a transparent vjcinng chamber Change

in small terminal artenea (and artenoles?) has

been visualized in the coronary circulation of the

heart of the closcd-ehest dog and m humans with

cindphotographj following injection of contrast

meilium directly into the coronary arteries

Progress u<iing the latter approach has been very

rapid m the last few years so that gross encroach

ment by an atheromatous process on the coronary

arterial lumen can be detected Future com
parable advancement might permit detection of

early small Ie«ion3 and study of factors which

affect their growth

Venous dbaisaoe One of the oldest simplest

and most satisfactory means of determimng blood

flow IS to collect and measure the outflow from a

cannulated vein drairang a particular organ The
rate of flow can be read from a graduate, or from

the change in « eight o! s colhcting coatainef on

a «cale directly read or indicated by a strain

gauge mounted under tbe collecting container

It can be indicated by causing the venous blood

to enter the bottom of a closed chamber and

with a bellows m the chamber recordmg the m
creasem pressure or \ olume of di-splsced air as tbe

fluidleveln^es orby recording in an open chamber

the changing height of a float nding on top of the

fluid For very low rates of flow
,
drop recorders

are used m which each drop shorts a pair of con

tacts in an electrical system or interrupts a

photocell light beam In all cases, the blood is

generally returned to the cuculation by some

form of atraumatic pump that does not cause

fiigzuficant hemolysis of the red cells Such col

leebon of venous drainage has its modern counter

part considered m more detail m the next 'cction

m which total venous drainage in perfusion sys

tems applied to humans and animal- is collected

and metered before its return to the body In
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general, this approach has the advantage that it

does not interfere mth the nervous control of the
blood vessels which is the case when metenng is

done on the artenal side It has the disadvantage

that it generally measures only a portion of the
artenal inflow since most organs have multiple

venous drainage channels

Perfusion ststfms fob use with isolated

ORGANS (within OR WTTHOUT THE BODY), WITH
REGIONS OF THE BODY, AND WITH THE WHOLE
BODY For manj investigations and to permit cer

tarn surgical procedures, it is desirable to have
controlled perfusion of an o^an, body region, or

the whole body at constant controlled flow rates

and/or at constant perfusion pressures which are

the same or different from the prevailing aortic

pressure Over the years a i ery large number of

such systems have been devised Because of their

practical use to the surgeon, the development of

pumps or pump-OYjgenator systems for mam
taming blood flow at a constant rate or constant

pressure has been rapid Such pump sj'stems have

been used to perfuse many isolated organs and

to perfuse m the unanesthetized as well as the

anesthetized animal, the vessels of an extremity,

the brain, liver, kidney, and the coronary vesscb

of the heart Such mechanical pumps serve also

as temporary replacement for the left ventncle,

right ventncle, and the whole heart, le, the

whole body including the coronary artencs is

perfused with a pump The mimmal entena that

must be satisfled m such artificial systems arc

the blood must be maintained at a constant tern

perature, preferably near body temperature, it

must be suitably oxygenated, the pH of blood

should be maintained at approximately a normal

level, the blood flow rate should be adjusted to

that which normally exists without a pump, ex

cessive trauma to the red cells must be avoided

To minimize hemolysis, valves to direct the flow

are generally avoided, and blood is moved through

rubber or plastic tubing by multiple fingers or by

a continuous roller over the tubing

The use of such sy stems for bypass of the nghl

heart, left heart and whole heart is shown m
pnnciple m figure 18 Id, B, and C
For the nght heart bypass, the systemic venous

return is prevented from entering the nght

atnum and nght ventncle by special fenestrated

catheters passed through the nght appendage

and tied m the supenor and infenor venae cavae

The collected blood flows by gravity into a

reservoir from which it is pumped through the

pulmonary artery The coronary venous drainage

which under this arrangement continues to enter

the nght atnum and fill the nght ventncle, can
by an appropnate catheter be made to dram into
the same venous reservoir, thus insunng collec

tion of total sy’stcmic venous flow This type of

bypass (1) permits measurement of coronary
venous flow and coronary A V oxygen and
therefore, presumably gives an index of total

coronary flow and myocardial oxygen usage, (2)

permits hemodynamic studies on the left or nght
heart separately, (3) permits operative proce

durcs on the nght heart in the presence of a dry

field

For the left heart bypas-s, the pulmonary
venous return is prevented from entenng the left

ventncle by a clamp between it and the left

atnum It is drained by gravity into a reservoir

from which it is pumped into the aorta Since the

left ventncle is now mechanical with a constant

output, this arrangement (I) permits study of

those factors which regulate the vascular volume
and the aystemve venous return especially the

state of the venous system and activity of the

nght ventncle (this can be determined from

observation of the height of blood in the reser

voir), (2) permits operative procedures on the

left heart with a dry field

For total heart bypa«s, the systemic venous re

turn 18 prevented from emptying into the right

ventncle and is drained by gravity into a reser

voir from which it is pumped through some form

of o'Qgcnator to a second reservoir from whith it

18 pumped by a second pump (set at the same

flow rate) into the aorta To obviate filling up
of the left ventncle from bronchial flow drainage

into the pulmonary veins and left atnum, a con

dition which is not prevented by this procedure

a catheter ls in‘«rted into the left atnum Ini

tially, the blood was oxygenated by passing it

through a donor human or animal in which tlie

lungs oxygenated the blood, later, the bloo<i was

passed through autogenous lungs M itli present

technical development of artificial blood oxygen

atora, this is not necessary and, after pruning w ith

blood, an artificial pump-oxygenator system can

support the circulatory system for some time

After about 30 romutes of whole body perfusion

physiological problems arise and postoperative

recovenes may be poor This will be considered in

a later chapter

Vanous expedients have been used to pcrfu«c

an organ or region (fig 18 ID) (1) Tlie simplest

airangemeot is to connect the peripheral end of

the artery (which feeds an organ or region) to a

reservoir at an appropnate elevation so that it

drains by gravity The flow rate is read from
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graduations on the rcscr\ oir or from one of the

flow meters (dc«cnbcd in this chapter) which is

mtcriTO'-cd (2) Air axpan^ion chambers arc used

nluch permit constant pressure perfusion In

the~e, the ponpheral end of the arterj of an
orgin IS connected to an air chamticr, the lower

portion of which lontmns blootf cxposcil to the

de«ired pres-urc m the chamber Flon into tlie

organ is mdit itcd bj one of the ajipropnale

blood flow meters intcrpo-'cd Utwetn the orgm
and chamber Tlie supplj of chamber blood for

mfusion is replenished bi letting it flow into tlie

chamber from a con\cnient arten under the

ammal s own blood pressure (3) An end of a

pump IS connected to a local arterial source and

the other end of the same pump to the artcrj of

the organ or region lieing supplied Either the

perfusion prc'surc or flow rate can be \anod
separatelj (4) Tlie output side of a pump can be

connectwl to a blood air resciapir m which the

air pressure IS maintained constant at an> desired

perfusion pressure level and who«c outlet is con

nected to the organ being perfused

These approaches obvnouslj ha\ e the important

advantage that the} enable the investigator to

stud} aeparateh the peripheral factors in the

organ or region that regulate flow

SIevmxow RECORDEHS (fig I8J2) Because of

the imposed resistance to flow, mo«t mean flow

recorders arc not suitable for use m the path of

venous flow but arc acceptable m the arterial

^istem where a small drop in pressure across the

meler is not so important Tlie tjpes that have

given much information regarding the operation

of the cardiovascular system include the me
chamcal stromulir, bubble flow meter, rotameter,

and turbinometer Their present operation is ex

tensive In use, thej have the disadvantages that

the} require anesthesia, injection of anlicoagu

lant, in'crtion between the cut ends of the \c«wl
in which flow is being measured, and their re-

sponse time IS slow , the fastest (the rotameter)

being of the order of 90 per cent complete m 1

«econd Despite tins, and although artenal flow

IS high!} phasic, these devices have been most
helpful

A Mechanical $tr(muhr Tlie stromuhr of

Ludwig IS one of the oldest and best known It

consists of an ingoing and an outgoing cannula

which are inserted, re«pectiv el}
,
into the proxinial

and distal sections of a divided arter} Tbe blood

flowing from the artcrj mto the mstrument en-

ters a small pear sliaped flask of known capacity

filled with oil Upon the entrance of the blood, the

Dll IS forced over mto another flask of identical

6KC but which has previously been filled with

blood The entrance of the oil forces the blood m
turn mto the pcnphcral section of the artcrj

The position of the flasks can be reversed bj

rotating through a semicircle and the procc«'i of

filling and croptjmg rojicatcd, or bj appropnate

means the flow can be automaticallj reversed in

direction through the flasks From the numfier of

fillings of the flasks during the penod of ob«crva

tion, the volume of blood flowing m a unit of time

IS reoililj calculateil

B Rotameter Tins device onginallj ifevelopetf

for commercial use was first ailaptcd in 1942 to

quantitation of blood flow Basicallj the device

consists of a vertical transparent tube with

tapered bore within which the height of a float is

delcrmined bj tlie rate of flow Hith upward

flow through the tube the float is lifted until it

reaches a height determined bj a balance of the

downward force (weight of float minus weight of

displaced fluid), and the upwaitl force (pressure

drop across the float tunes maximal cro»3-«ec

tional area of float) Ks flow increases, the balance

is altcreil, and the float n«e3 to a new poiition at

which the increase in the annular onflee is large

enough to reduce the pressure drop across the

float to that existing at the previous flow level

The position of the float maj be read visuallj
,
or

for continuous recording, the v ertical position of

the float is detectwl by an induction mechanism

It IS pi^iblj the best method for continuous and

accurate quantitation of mean blood flow m the

aorta and arteries Flow quantitation is with an

error of ±5 per cent

C Turbinomeler The turbinometer consists of

a turbine of known capacitj per revolution whirh

IS dnven by the Bowing blood etream In the

turbine u a rotating magnet which mduce® a

recordable ^signal in an adjacent cod and which

indicates the number of turbine rotations Be

cause of starting fnctional resistance to turbine

rotation, the turbinometer docs not turn with

less than 400 to 500 cc blood flow per minute an<l

the pressure drop across it m operation is quite

high Consequentlv , it is Used for measuring

rather large flows and is used exclusively m the

aorta

D Bubble flow meter Afean rate of blood flow

in arteries has been measured by timing vtouaUj

or photoelectncallj the passage of an injected

air bubble through a glass tube of known length

and volume which is placed between the cut enda

irf the vessel through which flow is being meas

ured Because of the rcsLstance to flow from the

long (I meter) tube used the device cannot be
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OirrGEKATOR

TOTAL HEART-LONG BYPASS

HCAD

Fio 181

used in veins However for quantitating flow m tenes or veins has been determined by several

the smaller artenes it ls mexpensue and easy to typra of thermoatromuhrs which operate on the

use and has a Uncai calibration cun e pnnciple that when a circuit is formed of two

E Thcrmoslromuhr Mean flow through ar wires of different metals and one of their junc
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tion-s IS at a higher temperature than the other,

an electromotne force is produced in the arcuit

The tno thermal junctions arc mounted in a
plastic slceie, and the proper temperature dif

ference is created by a high frequency or direct

current heater This is either snugl> fitted around

an intact ^essel or is inserted between the cut

ends of a \cssel so that the flowing blood is in

close contact with the thermocouples and heater

A part of the heat is earned away by the flowing

blood, hence the rate of cooling of the thermal

element depends ujion the rate of blood flow

Since the cross section of the vessel is held con

stant, volume of flow is related to the differential

temperature of the two junctions provided en

vnronmental factors do not alter this relationship

However, several external and internal factors

other than rate of blood flow influence sig

mficantly and unpredictablj the flow readings by

altering the relative rates of heat loss to the

environment at the two junctions or the heat

distribution between the junctions so that its

reliability is questionable

Phasic flow METEns (ria 18 3) These dc

Fici 1824 Full scale «ectionol view of 0400
cc per minute rotameter constructed of lucile or

plexiglass showing tapered flow chamber, metal

Ooat with soft iron upper rod extension, float rest

at rero ow and coil for detecting float position

Holt IS shown m position it would occupv in

middle of flow range (After Shipley and tVilson

I’roc Soc I xpor Biol A. Med ,
1051 78,724)

Vices faithfully record the phasic or moment to

nmment changes m artenal and or venous flow

dunng a cardiac cycle The differential pressure

and pendulum types must be used with heparin

and inserted between the cut ends of a vessel,

the electromagnetic and sonar flow meters are

used to measure blood flow in intact vessels m
unanestbctized active animals, and the former

has been used m anesthetized humans
A Differential pressure jlcm meitrs By intro

ducing a device between two points in a flowing

stream, a pressure difference is created which

vanes with the velocity of blood flow The ways
of creating the pressure difference are illustrated

(fig 18 3a) Of these, only the onfice meter and
Pitot tube will be considered

The onfice meter maVes u«e of the velocity

with which blood is flowing The bteral pressure

difference is determined between two regions

above and below a region of constnction (the

onfice) in a flowing bloodstream the cross sec

tional area of which is constant Because of the

higher stream velocity just below the constnc

tion, the downstream lateral pressure is lower

The pressure difference is proportional to the

flow

With the Pitot tube method the difference in

pressure is determined in two tubes inserted into

a vessel, one directed upstream, the other down

stream In the tube pointed upstream the energy

of movement is added to the existing potential

energy (pre&sure on the wall) and a liiglier pres

sure IS thus recorded in the tube In the tube

pointed downstream, the kinetic energy of move

rnent n deducted from the potential energy

(pressure) The pressure difference is entirely a

(ttoctimx of the velocity of flow at the two points

In the past, for these two types of flow meter

the pressure difference which is proportional to

flow has been optically recorded by a diffcrcnti'il

manometer Tlie manometer is a rubber mem
brane optical pressure manometer except that

the rubber is v ery thin and a chamber filled with

saline surrounds the front surface of the mem
brane for application of the downstream pres

sure Membrane excursions are recorded by light

passing through a glass window m the outer

chamber to a small mirror mounted on the mem
brane Recent replacement of the optical dit

ferential manometer by an electrical sy stem and

amplification has improved the fidehty of dit

ferential flow meters

Until recently mo«t of our information regard

mg phasic blood flow in the aorta, venae cavac,
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Fio 18 2B The Poller elcctroturhtnomctcr (After Sarnotl, Circulation Kcs
, 1053, 1, 724 )

I

Constaolan wire

Upstream or cold

*niermocoupIe'

Pirection of flow

j^icKrome "heater

Downstream or hot

"Thermocouple

- -Slot to admit artery

Copper wire

•SaKelite Block

Rubber cov'crm^

1:1 , -ji
' Lead wares to

Galvanometerj

Fig 18 2C Diagram of direct current tbermortromuhr (Gregg Coronarj Circulation in Health and
Veaso, Lea A Febiger, Philadelphia, 19M )

and various artenes has come from the u«e of

the c two flow meters Both are quite ‘iatisfactora

The onfice meter causes a considerable pressure

drop, the Pitot meter does not
,
hence, the former

13 adequate for arterial flow, the latter for \enous

Sow The question has been raised whether the

onfice meter, bj imposing resistance to flow gices

a correct phasic flow curve m an arter> such as a

coronaOj m which blood temporanly reverses its

directum of flow dunng a portion of the carchac

cjile However, recent expenments m the au

thOT's lalwraton have shown that flow curves

are «mular with the onfice meter and with an

electromagnetic flow meter in which no resist

ante to flow is impo«ed bj the meter

B Pendulum Jlow meters In pnnciple fir-t de
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Fig 18 3 Phasic blood flow meters A Schematic drawing illustrating the principle of the orifice

meter and the Pitot tube (after Brecher Venous return Grime & Stratton, Inc , New \ork 1955) R
Schematic diagram of the bristle flow meter cannula utilizing a subminiature vacuum tube and flow
sensing element (after Brecher, t enous return, Grune A Stratton Inc

, New York, 1955) C Sonar flow

meter principle (Franklin €t of
,
Am J Physiol . 19M, H, 809) D Electromagnetic flow meter pnnciple

B Electromagnetic flow meter probe

stnbcd m the 15th century, a email pendulum. At least two successful type? are m use In one

paddle, reed, ivirc, or bnstle which is introduced tjpe, the electromagnetic pendulum flow meter,

into a blood \e«sel is denated from its resting the pendulum is made of ferro magnetic matenal

position bj the flowing blood, the amount ol de which mo\cs m an induction field Tlie induction

\iation being proportional to the \tIocity of flow ch inges arc then amplified In a second type, the
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bnstlc flow meter, the bloofUtrcam deviates a

small bn'tle, one end of which is tn'ertefl into

the blood vessel ami the other end is att ichcil to

the plate pm of a submmnturc vucvium tube

(fig 18 3B) Wien the bnstle )s dovnalcfl bj the

flowing bhxHl, the electron curnnt from cathode

to anode vanes m proportion to the distance be

tween them which is determined by the degree

of deviation The cleilncal signal is amplified

‘nic>'e two tv pcs of dcnccs have the adcantages

of emallncss and compictiu'^s, good frequency

and scn«iti\itv, minimal resistance to flow, low

drift and equal response to forward and backward

flow A big drawback is that the pendulum or

bnstle arc ver^ sensitive to position changes

(gravitj effect) as well as to flow

C Sonar and tkclromagndic flow melerg Tlic

optima! flow meter for phj siologicil investiga

tion would be made up of a miniiture sensing

agent which is mounted chronicallj on the ex

tcrnal surface of intact blood vessels It would

record instantaneous flow for extended pcnoils,

week? to months without change in calibration,

and would have sufficient scnsitivitj and fre

quenev response to monitor flow in arteries and
venous trunks Two different tjpes of flownicter,

the ^onar and electromagnetic, liavc been dcvel

oped in the attempt to salisf> these demands
(figs 18 3CandD)
An electrosomc meter has been used to measure

flow la the artenei aorta and vena cais and to

measure left ventricular diameter of unincsthc

tued dogs Earlier models were developed bj

Kalmus with some miniaturization b> Hemck
In principle, the transit time of «ound moving
downstream is determined b^ the velocitj of

sound m the motionless medium plus the veloc

itj of the medium The transit time of the sound

upstream is determined bj the velocity of sound
in the motionless meebum minus the velocity of

the medium Thus the difference m transit tune

of the ultrasonic waves upstream and downstream
13 proportional to the velocity of the medium In

practice, banura titrate crystals are mounted at

diagonallj opposed positions near the end of a
lucite cylinder divided longitudinally and this is

clamped about an artery Bursts of ultrasonic

waves (3 megacycles per sec) emitted by one
crystal passthrough the vessel w all and diagonally

through the stream of flowing blood to reach the

opposite crystal Bursts are emitted at about

12,000 per sec with direction reversal at 800 per

sec The difference m transit time of the ultra

sonic waves is converted mto a direct current

voltage, amplified and recorded By turning off

the ultiasomc puke generator, the flow beam
mclics a position which is the same as that fol

lowing temporary mechanical occlusion of the

vessel Tins device appears to be u«ab]e on both

artery and vein

Tlic electromagnetic flow meter has been used

for pulsatile flow recording in the aorta and ar

tenes of the dog and man A number of different

types have been produced, some commerctail}

In the author’s hlroratory
,
the Kohn type some

wliat modified has been used This was first

crudely clesigned 24 years ago In pnntiple an

electromotive force or voltage is induced in a con

ductor moving through n magnetic field at nght

angles to the lines of force In biological use blood

moving w ithm nn intact bloo<l v essel eerv cs as the

conductor and the induced voltage which is pro

portional to the blood velocity is picked up by a

pair of electrodes positionecl against the vessel

wall, perpendicular to the magnetic field and to

the direction of blooil flow The flow meter which

IS encased in plastic constats of a rtuiuature elec

tromagnet made up of coils of wire mounted on

stool laminations, a slotted plastic tube mto which

the vessel is )n«ert(H), two electrodes and wires

for enc^mng the clet tromagnet and for leading

off the induced v oltage (one millionth v olt) w Inch

13 amplifievl and recorded In use, the probe is

implanted around an intact blood vessel by tern

poranly decompressing and forcing the vessel

through the longitudinal slit m the probe Its

mam advantages are its ability to measure mean

and phasic flow m unopened large and small ves

scls of chrome animals, its linearity of calibration

and its high frequency of response The flow beam
can be made to approximate the zero flow posi

tion by elcttromc zeroing” or repeated mechan

ical flow zeros can be easily obtained ev en in the

exercising dog by temporary (3 to 4 see ) inflation

of a rubber pneumatic cuff just distal to the flow

meter

Fick prihcjple Much of our mformation con

ceming blood flow, especially the output of the

heart is derived from the use of methods based

OQ the Fick principle To employ the Fick pnn

ciple to determine blood flow through the whole

body or an organ, it is necessary to have a sub

stance that is either removed from or added to

the blood dunng its period of flow through the

vessels under study The amount which is added

or removed from the organ by the blood is equal

to the difference between the amount brought

into the organ and the amount earned aw ay from
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the organ The amount of the substance m the

blood IS exprcs-jed as the %olume multiphed by
the concentration Thus Q = Fi X Ci — F« X Co
in which Q = amount of reference substance

picked up or released b> the organ Fi = blood

flow into organ, Fo •= blood flow out of organ.

Cl « concentration of reference substance m the

inflowing blood, and Cc = concentration of ref

erence substance in outflow blood Since the in

flowing and outflowmg \olumea are assumed to

be the same, the equation becomes

Co - Cl AC

A lor cardiac output with oxygen and carbon

dioxide Measurement of the output of blood by
the animal or human heart has been calculated

from the difference between the oxjgen content

of the muted ^ enous blood and that of the arterial

blood and the total oxjgen consumption It must

bo evident that if the quantitj of OTjgcn which

a unit of blood debvers to the tissues (or takes

up from the lungs) is known, together with the

total quantit) of oxygen consumed over a gi\cn

penod then the volume of blood which bad been

engaged in the carnage of this quantity of gas

can be calculated To take an example The ar

tensl blood contains about 10 \olumes of o\>gen

per 100 cc It gives up, let us say 6 volumes to

the tissues, i e
,
the mixed venous blood coming to

the lungs contains 13 volumes per cent The ar

tenovenous (A ox>gen difference is, therefore

6 volumes per cent If the total quantity of ot>

gen consumed per minute is found to be 250 <c

then the cardiac output is

(Total Oj consumption

per minute)

250 (Output per minute)

19 _ 13
“

4 10 Jitere

(Arteriovenous 0> difference)

The oxjgen consumption must be measured

ver> accurately for several minutes Tliesrteno

venous ox>gen difference should be obtained si

multaneously and must be based on blood from

anj artery and mixed venous blood since the

quantity of oxj'gen contained in venous blood

from different regions is grosslj different depend

ing upon the vascular bed from which it drams

Ev en the ox> gen content of blood m the supenor

vena cava differs from that in the infenor vena

cava by 1 to 2 volumes per cent Mixmg of the

blood occurs m the right vcntncle and is generally

complete by the time the blood reaches the pul

monary arterj where sampling is made
TTie cardiac output can be calculated in a simi

lar way from the total carbon dioxide elimination

and the arteriovenous carbon dioxide difference

(COi in mixed venous blood less COt in arterial

blood) However, the vaganes of cardiac output

calculation on this basis are such that the mcas
urement is generally ignored Tlie unreliabihty of

the Fick method when carbon dioxide is u«ed is

related to the fact that small changes m ventila

tion strongly influence carbon dioxide storage bj

the bodj and a steady state is hard to reach

The direct Fick method was first cmplojed m
man in Germany in 1929 by Forssmann, who
experimented upon him«elf, and a little later bj

Klem Coumand and his associates estabhshed

the safety of the procedure and stimulated wide-

spread utilization of the method The technique

of cardiac catheterization has been described in

detail by Cournand, Sosman, and Dexter A sam
pie of mixed v enous blood is drawn from the pul

monary artery by means of a urethral catheter

(No 7 or 8) passed up an appropnate arm vein

The introduction of the catheter is guided by
X ray visualization (fluoroscope) A sample of

arterial blood is obtained by artcnal puncture

The blood samples can be analy zed for their oxy

gen contenU and after the total oxygen consump-

tion has been determined m the usual way, calcu

latioD of the cardiac output is made from the

formula already given The oxygen contents can

be measured with the Van Slykc apparatus or

for more rapid determination a photoelectric

method has been developed which is only slightly

Ie<3 accurate than the Van Shke (fig 18 5A)

Blood for analysis is drawn through a cuvette

which IS transilluminated by a constant intensity

light source The light passing through a 628 filter

falls upon a photomultiplier tube This method

has a high degree of accuracy and has proved

only ehghtly less accurate than the Van Slyke

procedure

The method presupposes that the oxygen con

sumption and the A V oxygen difference are ob-

tained simultaneously and are constant during

the time of measurement Both cardiac and respir

atory cyclic changes in the loncentration differ

ence of oxygen and the flow rate are capable of

introducing laige errors m cardiac output calcu

lations These changes do not appear to occur to

any significant decree in man under normal cir

cumstances

A potentially serious error of the Fick apphea
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tion an'os from storage in, or liberation of, gas

from the bodj including the lungs This nould

occur when the relation o! aerobic to anaerobic

metabolism of the bod> is altered and, thus, the

leiol of blood oxjgen would be altered without

relation to blood flow Thus, the Fick calculation

IS dubiou'lj related to cardiac output as the or

gamsm goes into or comes out of an anoxic state

or in the presence of congenital heart disease with

c>anotic episodes In the latter instance, the

«liunts lietween the pulmonarj and sj-stemic cir

cults induce rather large errors in calculation of

systemic flow Special formulas ha\e been dc

\cloped to calculate the \olume of blood flow

through such «hunts

Cardiac output detenmned by tlie Fick

method probably has an error of ±10 per cent

when\ery carofullj done Hoi\e\cr, itistobcre

membered that cardiac cathctenzation giiTS nsc

to considerable apprehension and may in itself

abnormally increase the cardiac output \alues

fl for cardiac output tntA foreign gates Most
of the early figures for cardiac output were based

on the Fick pnnciple using a foreign gas For

this, the lungs are used as a gas aerotonometcr

to measure the gas tensions of mixed i eaous blood

and, hence, its gas content A subject breathes

an inert foreign gas 0 ^ •
one uhich becomes dis

sob edm plasma but does not combine with homo
globiQ, lipoid or other constituents of the blood)

If the rate of gas absorption by the blood, ita

aUeolar tension and its stability m blood are

known, then the quantity of blood which has
passed through the lungs can be calculated

Flow

rate of gas absorption

alveolar concentration of gas X blood

solubility

This 13 the pnnciple upon which a foreign gas

method IS based Nitrous onde (NjO), elhji lo

dide (CjHjT), and especially acetylene (C»Hj)
ha\ e been used m the past The mam difficulty

of the method is that eqmlibnum between alve

okr air and the venous blood must be effected

before recirculation Onginally, it was felt that

the circulation time was 25 to 30 seconds, and
hence, that a re<pirstory mixture could be left

m the lungs for that length of tune without e\

posure to recucukted blood However, the cor

rect figure for circuktion tune is much shorter,

10 to 18 sec , which is often an insufficient tune
for equiLbnum to be established, hence, the figure

for resting cardiac output of 2 2 hters JI* per

minute establishwl by this method is often lower

than the normal figure and, at times, gro^ly in

error Recently nitrous oxide has been used to

estimate not only cardiac output but the instan

tancous capillary blood flow since it is so soluble

that it IS immediately pickc<l up by blood enter

ing the capillary bed of the lungs (fig 18 4A)

If ft subject is in an airtight cliamber and takra

and holds a single breath of Is jO for 8 to 10 sec

,

the chamber pressure falls at a rate which mdi

cates the rate of absorption of the gas by the

blood and, consequently , the rate of pulmonary

capilkry blood flow or cardiac output Rccircula

tion IS not a problem dunng this short time The
instantaneous rate of blood flow can be calcukted

since the rale of N *0 absorption, the alv eokr gas

tension and its blood solubility arc known

C For regional blood jloic Of the methods con

sidered, except for the electromagnetic flow meter

and sonar techniques, measurements of volume

of blood flow passing through the Bplanchmc bed

or kidney cannot be made dirccth even in ex

penmental animals without destructive «urgjcal

procedures or uophvsiologieal interference with

function Tlie Fick pnnciple has been used to

determine mean blood flow m man and animal

through the liver, and kidneys as well a« the

coronary and cerebral circuktion The introduc

tion of V enous catbetenzation has made it possible

to obtain blood issuing from the hepatic vein in

intact animals and man, thus permitting the de

\elopment of methods of measuring flow on the

basts of the Fick pnnciple Bromsulphalein (BSP)

has proved especially useful here because it i»

takim op by <fi6 iiver^wiffi retnarkabiV effiiaency

Of the total remov cd from the blood each minute,

when the plasma BSP concentration is mam
tamed by constant intravenous infusion below

2 or 3 mg per cent, no more than 5 per cent can

be attnbuted to escape through extraspknchmc

poriak For practical purposes, therefore, the

hepatic removal of BSP equak the rate of infusion

03 long as the plasma level is constant The

spknehme blood flow may be calculated by di

vidmg the remov al rote by the difference between

BSP concentrations m penpheral artena! and

hepatic venous blood The flow v alue is generally

referred to as the estimated hepatic blood flow

emce sampling is made in only one of «everal

hepatic veins A number of other substances such

as Bose Bengal and I*”, have been used jn the

same way to measure spknchnic blood volume

Sinukrly, the blood flow through the human
kidney can be determined Diodrast, when m low
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„
L«« Diagram illustrating the principle of measurement of pulmonary capillary blood

flow (DuBoia.J Cun Invest , 1957, 36, 1566) Rtghl Graph indicatiDg typical nitrous oxide saturation
curves obtained in determining coronary flow per 100 grma per left ventricle per minute in dog Upper
eune from carotid artery, lover curve from coronary sinus by catheter (Gregg, Coronary circulation in
health and Disease, Lea & Febiger, Philadelphia 1P50 )

concentration in the plasma, undergoes virtually

complete clearance, i e
,
it is removed from the

plasma in a single passage of blood through the

kidney This substance is excreted largely by the

tubules, only a small fraction (about 16 per cent)

being filtered through the glomerulus Knowing
the amount excreted in the unne within a tune,

and fbe plasma concentration, the quantity of

blood that has passed through active renal tissue

can be calculated For example, if 600 mg of

diodrast are excreted in the unne per minute,

and each milhliter of plasma contains 1 mg

,

then to deliver 600 mg ol Diodrast, GOO cc oi

plasma went through the kidney, or with an

iiematocnt of 40, about 1,000 ml of blood flow

Diodrast can be used in a similar waj to estimate

renal blood flow

Mean blood flow has been successfully deter

mined through the coronary circulation with ni

trous oxide mhalation and through the cerebral

circulation with nitrous oxide or krypton inhala

tion It is the only method available for such

studies m man (fig 18 4B) In u«e in the heart

or bram, several simultaneous artenal {an> or

terj) and venous (coronary sinus for the heart

and the internal jugular vem for the bram) sam

pies are drawn from the beginning of NiO in-

halation (mixture of nitrogen, 64 per cent, NjO,

15 per cent, Oi, 21 per cent) to the time of its

equilibnura in the bloodstream or during demtro-

genation after previous inhalation of the nitrogen

nuxture Continuous simultaneous samples can
also be drawn from the artery and vein for analy

eis The flow per umt of tune through these organs

is equal to the amount of the substance taken up
by that organ in a given time divided by the

difference in concentration of the substance in

the artenal blood and venous drainage of the

organ to the same time penod The flow is deter

nuDcd by dividing the mtrous oxide uptake bj

Its artenovenous difference m the brain or left

ventncle The denominator m the Fick equation

IS found by computing the integrated difference

between the concentrations ol in artenal

and venous blood dunng the penod of equilibra

tion with a low concentration of ls»0 The con

centration of gas in the tissue at the time of cqui

libration {the numerator in the Fick equation) is

unobtainable directlj and is assumed to be equal

to the product of the venous blood concentration

of the gas (after cquilibnum is wtablished) and

a partition coefficient (1 0 in case of the heart

and 1 3 for the brain) When the equation is

multiplied by JOO, units for blood flow are ob

tamed which arc expressed as cubic centimeters

of flow per 100 grams of heart or mjocardium

As compared to direct measurement of cerebral

and coronary flow with a rotameter, the method

shows a reasonable accurac} and, in humans, has

furnished almost all of our information regarding

the cerebral and coronary blood flows

Ikdicatob dilution PRivapLE The principle
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IS bised on obsenation of the rate at which a

known quantity of matcnal introduced mto a

vessel or heart cantj is diluted by blood flow

through the %c'wel or cavitj In the pnnciplc as

onginally apphed by Stewart and modified by

Hamilton, it has been shown that the a\emBC

rate of blood flow can be stated

where F » ai crage rate of flow
,
E = total quan

titj injected, C * instantaneous concentration

of the injected material From this relationship,

it IS possible to determine the ai crage flow rate

m almost anj canty or \c<<sel of reasonable sue

if the amount of injected matenal is known and
if the concentration time function ran bo occu

ratelj detemimed

For good quantitation, howc\cr, \anou3 pre

cautions are necc«sary The procedures an<l indi

cator substances used must cause little discomfort

or injury, minimal \olumcs of added «olution or

volume of blood should be removed for anal>'«is

In addition, the indicator should eta> inside the

blood ve«els between the points of injection and
samphng (such loss would be calculated as an
increment of flow), the indicator should not dif

fuse into or out of red cells dunng its passage

Dilution of the indicator in the cauty or vessel

can be determined in the same cavity or a small

distance downstream in the \ es<=cl. or far removed
from the injection site In all cases, and especially

the first, the injection must be made almost m
'tantaneously, and m most sites, the injection

should be made with «special apertures in the

catheter tip so that turbulence is induced and
mixing IS immediately complete and samphog is

on an accurate dilution basis This in itself leads

to certain difSculties when the injection is made
mto the systemic circulation It has long been
known that rapid intra arterial injection is fol

lowed by some hemolj’^is which hberates \aso
active substances This gives nse to a vasodila

tion sometimes of considerable magmtude m the

organs denving their blood from the rcotncle,

aorta or artery in question, so that the quantity

to be measured is altered at the v cry moment it

IS measured Thus although the methodology
may give correct fioirs they are too hi^ Hiis
obstacle IS difficult to circumvent

A Indicator substances A variety of indicator

substances have been used to modify m a quan
litative way, the optical electneal, thermal, and
radioactive characteristics of the pas«ing blood

(1) The optical density of the blood has been

altered by the injection of plasma and dyes such

os brilliant vntal rwl, Evans blue (T 1824), Cardio

gFC^ and Hic 1743 The latter two dyes are es

pccially useful since they have a high extinction

value around the isobestic point of reduced oxy

hemoglobin at 805 mp and, therefore, they do

not require constancy of oxygen saturation of the

blood as do the other dyes Thus, with their use

the blood flowr in cy anotic patients or in the veins

of normal subjects can be determined Of couf'e,

constancy of hemoglobin quantity in the light

path IS required dunrrg the rt^stration of each

dilution curve (2) The electrical conductivity of

the blood has been changed by mjection mto it

of hypertonic salt solution (fig 18 5B) It is cnti

eally important that calibration of this method

be done mth exactly the same blood and injection

solution who«c mixing is actually recorded Fol

lowing ealt injection the increase m electrical

conductivity is due partly to the mcrease in so-

dium chlondc concentration and partly to rc<l

cell dilution (3) A thermal dilution technique has

liccn employed m which cool (IS to 22® C ) so

dium chlonde or 5 per cent glucose has been m
jeeted One must be veiy careful of the obvious

possibibty of heat exchange between the cold

injcetate and the warm tissues of the central cir

culation (4) Changesm radioactmty of the blood

have been induced by the injection of radioactive

inorganic P®, radioactive lodmated •serum albu

nun, organic radioactive iodine DjO, potassium*

chlonde, Rb»* chlonde and 4 lodoantipynne (!'")

B Indieolor detectors For recording contin

uously the different properties of artcnal blood

nfucfi are changed by sueb injections, four tyqics

of detector are used One type is inserted directly

into the bloodstream through the vessel or cavity

wall in a needle or catheter this is used to indi

cate changes m conductivity (conductivity cell),

in temperature (thermistor), and m the optical

density of the bloodstream to the nght ventncle

A second type of detector encloses a segment of

unopened vessel monitonog changes in conduc

tmty or optical density of the bloodstream using

a photocell In a third type the blood is pushed

or polled through an mdwelhng tube, after which

it IS discarded or mixed or analyzed or returned

to the body by vein or artery (fig IS 5A) This

IS the most widely used and follows optical

changes and radioactive emanations of the blood

The changes m optical density and radioactivity

concentration are detected by having the blood

flow contmuously, m the first ca^e, by a photocell

or photomultiplier tube and, m the second case

by a continuous scanner Analysis can also be
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IiG 185 Lefl l^t^v<iiii;^hQiMngpnnc»p^o!lhedensUometeru$6dtodetefmtneinstsnt%nioutcat
diae output and continuous blood Oi saturation Rtghl Principle by which change m blood conduetKit\
in a ventncular cavilj is used to detetnnne dvasloUc ventneuKr volume and stroke volume

made vnth the Beckman spectrophotometer and determination of cardiac output in the unnnes
counters on muUipte indniduat samples taken thetwed human Jn this approach ft tracer P\a
every second Tlie /ourth tjpe, eastesfc but era tenal (Evans Blue fi;e, TJS24) ihai BfBxes itself

pineal, IS applied to the external mtact sktn to to the albumin of the blood plasma is introduced

obtain a cune of radioactivitj or transiHurmna mlo the large veins near the supenor vena cava
t!on 0/ the pinna of the ear for opacity changes and the diluted material that issues from tlie

This tjTe IS obviously subject to many uncon heart is continuously sampled at a peripheral

trollable difficulties for much unrelated tissue is arter> (radial) This Wood is drawn at a constant

interposed between the detector and aream which rate through fhft cuvette of a densitometer which
flow is to be measured gives a continuous record of the changing optical

C Vies The various approaches have been densitj of the blood induced b} the mjeeteef dj c

used m a \anet} of situations fn generaf, the The dje dilution cune is plotted at one second

conductivity method haa been used (or detec mtervaU as the logarithm of deflection against

mining cardiac output and diastolic volume of time and the straight hne dov.n«lopc is extrap

the heart the thermal, dje, and radioactmly olaled to 1 0 mm deflection The average height

methods for cardiac output and flow m artenea of this plot, calculated by area per unit of time

and veins In addition, the radioactivity method is then converted to an average conrcnlnilion of

has been applied to the fractional distnbution dye m nuHigraras per cc by means of the tail

of cardne output to various organs of veiy small brationcurve and this value is used in tlie formula

animals (as well as large animals) For this, si lor calculaling the cardiac otrtpiA

multaneous measurement of the flow fractions to Most work with indicators deal* vvith what

the organs is based on the pnncipfe that for a happens when a ‘ slug" of indicator is mtroducfxl

short time (6 to 60 sec ) after a single intravenous as rapidly as poosiWe A vartation of thn prof e

injection of any foreign substance, the organ dure la to giv’C a constant rate of infusion of the

reservoir for its dilution >3 ‘ki large in rcJation to tndicator, and to observe its rnsultiint plateau

the inficrw rate of the substance that it docs not Eirpcnraent and theory demonstrate, however

appear in the venous circulation and, consc that such an equilibnum concentration or plateau

quentlj, its extraction ratio js 1 Tlie substance is a very dubious possibility (fig 18 C) This i»

IS, therefore, dustnbuted m the same manner as because recirculation of the indicator prevents

the cardiac output Although sound jn pnncjpJe, attainoient of a plateau, and the curve mast be

the accuracy of the method has not yet been gin to rise, becaase of this, before it has stopped

established It would be expected to furnish only nang toward the cquihbnum level Ontheother

very rough values because of the adesthc“iit and band, recirculation is easily detettwl with the

trauma associated with the determination of the “slug" injection technique

irotopc content of the ipdindual organs Ibe indicator dilution technique i^pMiallv d\ e

Hgure 18 G illustrates the pnnciple npi^Mid to dilution, ja a standard procedure for mcasunng
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Fig 18 6 CoDcentration curves resultiogfromeontmuous infusions of brilliant vital red (BVR) and
rapid injection of T1824 (Evans Blue) both started at zero seconds Short horizontal lines and figures
denote the expected concentration plateau levels of the continuous infus on on the bag s of instan
taneous injection (I) or the measured fiow (M) plotted on three logantbtnic decades (Hamilton el al
Am J Physiol 19o3 I'o, 173

)

cardiac output Its accuracy ls about the <mme as sarj to immobihze the subject because of the

that of the Fick procedure It has the added ad prepuce of an mtracardiac catheter cardiac out

vantages that cardiac output can be determined pul jneasuremeats can be made during violent

from only a few heart beats and it is not neccs cxerose on a treadmill
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Plethysmography This is based upon the

pnnciple that if the venous return from an oi^an

IS occluded, anj change m \olume of the part

which results dunng the period of occlusion must
represent the amount of blood which has entered

the part dunng that penod This change m \ol

ume presumably approximates tlie normal inflow

into the organ if its \enous outflow had not been

occluded, since the major portion of volume in

a V ascular bed is on the \ enous side and becau'e

it can take up laige volumes of blood with mini

mal change in pre««ure Still, the time during

which the vein is compressed and, cQn‘=e(iuently,

the duration of the observation must obviously

be brief, for interference with the venous flow

will quicklj slow the bloodstream and give a

fallacious result In u'e, an organ with its blood

vessels intact is placed in an airtight chamber

At the point where the vea'els enter and leave

the chamber, a 'oft matenal, e g ,
«pongc or tow

packing «mtared with vaseline, is used to form a

hermetic seal but does not compress the vessels

A tube leads from the interior of the chamber to

a tambour and recording apparatus The excur

Bions of the latter arc calibrated to represent

cubic centimeters of blood To estimate the blood

flow, the vein vs suddenly clamped and the in

crease m volume of the organ recorded over a

short penod This method has been adapted by

Hewlett and Van Zwaluwenburg and others, to

the estimation of the volume flow m the human

hand and forearm The chamber is filled with

air or fluid A narrow cuff encircling the upper

arm is cmplo) ed to compress the veins (fig 18 7)

A number of vanations of this tj pe of plcth^ smo

graph, for the finger, toe and leg, on the same

pnncipib fiavc 6ecn aWgntaf AbmnSy laraswAfi’

able doubt has been thrown on this classical

method of measunng inflow by Gaskell and Bur
ton, who found that the very act of collectmg

blood in the vessels of a part (foe or finger) bydis

tending the veins by change in limb posture, re

duced the rate of arterial inflow and this was as

cnbed to a v em vasomotor reflex from vein to

artery However, Greenfield and Patterson found

no evidence for this in the forearm in which in

flow was unaltered m the presence of venous back

pre«sure sufficient to increase the resting forearm

volume by 2 per cent

Although no entirely satisfactory method is

jet available, ventncuhr volume in systole and

diastole has long been determined bj some form

of plethjsmographv It is not necessary to occlude

the inflow or outflow since the heart induces by

its contraction change m its own volume (fig

18 8) The plethj'smograph or cardiometer is ap

plied around both ventricular cavities m the iso

lated heart, heart lung preparation or the open

chest dog Changes in external volume of the

ventncles create «ma]] pressure changes within

the cardiometer which are recorded and calibrated

against ventricular volume Under special cir

cumstances it is used to determine ejehc changes

in nght and left ventricular volume separatelj

The change m volume of the left ventricle alone

can be recorded in the opea-cliest dog bj shunt

ing the sjstemic flow around the nght v'entncle

similarly, nght ventncular volume change can

be followed where there is total cardiac bj^pass

u«mg a heart lung oxygenator and m which the

only blood supplj to the heart is through the

coronary arteries which eventually dram into the

nght vcntnclc and leave the left ventnclc un

iiihfvigeif

r,a IS 7 D..E,am «ho«ini! Ilmlell mJ A»n Zialwsobutg • method tor eelimatjng the rate ot

blood flow in the arm (After Hewlett and \ an Zwaluwenburg )
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QpuiTiTnE on empiric methods There are

a number of methods using sound pnnciplcs but

which, because thc> must be applied m a bio

logical cn\nroninent rather poor for their opera

(ton, gi\e qualitatue or directional trends or

which achieae their degree of aalidit^ from ron

stants den%ed bj comparison wnth a pnmar>

mctliod

A The baUtslocardiographic tnelhod Thia

method for determining cardiac output was ongi

nated b> Henderson manj jears ago and bas

been elaborated and modified in recent jears by

Starr and his colleagues The cardiac output is

calculated from the record made bv tlie rctoil of

the bodi causerl b} opposite!) directed moie

ments of the heart and bj the impact of the

blood during sj-stole It in\oUes the basic pnn
ciple that “e\erj reaction has an opposite and

equal reaction " The apparatus or lialfistocanho

gnpli consists of a table suspended m different

waj-s and liraced to prc\ent anj but a hontontal

mo\emcnt m the long axis of the bodj (fig

18 9A) The patient lies fiupmc on the table with

his feet braced against a footboard Tlie mo\e
ments of the table are opposed b) a strong «pnng
and magnified greatlj The normal ballistocardio

gram shows three principal waves H, I and J,

inscribed dunug sj'stole Tiie stroke \oiumc u
calculated from the areas of the waves I and J,

and by applying the following formula

Stroke volume - '^\/[{ -f AC^
where 1 and J are the areas of the w aves so desig

naied, A is the Aissaeter cJ She suvia^ ff^ulalr^
from age and surface area according to Barett s

data) and C the duration of the cardiac cycle,

the mmute volume is obtained by multiplying

the value of the stroke volume by the pulse rate

Different correction values are needed to apply

to such calculations to make them match the

accepted cardiac output values obtained simul

taneou«lj m normal and disease states

This method should not be used for cardiac

output Such calculations of cardiac output from

ballistic waves must be on an empirical procedure

which cannot give valid values emcc, although

the usual ballistocardiogram represents move-
Dients along the longitudinal axis of the body,

the blood ejected from the two ventricles moves
simultaneously m several directions (3 dunen
sioas) after leaving the heart Since the amplitude

of the deflections is influenced by the rate of

blood acceleration, variation in pattern should

reveal changes in force of ventricular contraction

It*>hou]d, therefore, bo possible to recognize em
pineal relationships between different types of

cardiac dysfunction and characteristic ballisto-

cnrdiographic patterns

B V ray kyinographi/ An indication of possible

directional changes in ventneubr blood volume

has been obtained in vanous ways The area of

fcliadow on X ray film dunng diastole has been

used as a cross section of the whole heart, and

a fairly accurate nomographic, chart of the rela

tion of this heart shadow to cardiac v olume has

been worked out for the anesthetized dog Plani

metric measurements of a cro«s section of either

the right or left \ entncular cav ity during sy stole

and diastole have been made from successue mo
tion picture frames following injection of contrast

medium into the right ventricle through a cardiac

catheter or into the left ventntlc by retrograde

calhctenzition by way of tlie carotid arteries and

the aortic vahes Except in the first instance

thc«c methods have never been validated against

a direct measurement Hence interpretation of

results With their asc should be made with great

caution unless the change in size of the cardiac

wlliouette is very large

C Pulse presure From the time of Erlanger

and Hooker, a large amount of experimental work

has been apphed to the development of the po«si

bility that the product of heart rate and the sys

temic pulse pressure to an organ (and especially

in the case of the central aorta to the body as a

Fio 18 8 Schematic drawnng showing cardiac

E
lethyamograph A rubber cuff secures the ebam
er to the base of the heart at the A V ring Pres

sure volume changes are tapped from the small
outlet and recorded as id figure 18 7
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Fia 18 9A Schematic showing the ballislocardiograph and typical ballistocardiogram (Modified
after Rushmer Cardiac Diagnosis B Saunders Company Philadelphia 19M) li Principle of ^Tiit
ncj gauge as applied to a ventncle As the mercury filieu ruEfiertube changes in length its electrical re
sistance IS altered (\Miitney J Physiol 1953 121,1) C \ enable ind ictancc gauge u«ed to measure a
ventricular dimension (Rushmer Circulaljon Res 1954 2 14) D Sonar pnnaph usoii lo measure a
%entricular dimension (Rushmer Circulation Res 1956 4,684)

whole) might quantitatnelj represent the blood

flow through that organ To do this effectively,

one mu-st know the volume of blood required to

expand the artenal tree as the pulse wavepasses

out over the artenes and the volume of blood

which drains out of the artenoles during ^stole

Such pressure volume curves should be linear,

it possible, but at least must be constant among
animals or individuals The distensibihtj of the

four main divisions of the artenal free (aortic

arch head, viscera and legs) and the effective

pressure change m each area brought about by

Uie pulse wave have been labonouslj determmed

in animals and the arteriolar outflow dunng sys

tole calculated from Poiscuille’s law (see ch 15),

on tlie basis that it is the product of the prevail

ing pressure and flow
,
with the assumption that

the artenoles do not change m diameter In dogs

the pulse contour method gives results wliich

compare reasonably well with tho^c obtained si

multaneously with the Fick dye injection, or

rotameter method However, there arc many
circumstances m which the values are poor, such

as in the presence of high aortic diastohe pres
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sure, and foUov\nDg prolonged \enous stasis ^Vhj

the distcnsibititj of the artcnal sjstcm vanes

spontaneous!) under circumstances sucli as the«e

and other*, js not knoivm In humans the attempt

has been made to “calibrate” the distcnsibiliiv

of the subject’s artenes before an cxponmental

in\cstigation bj fir«t making an actual cardiac

output measurement with the fick or d>e dilu

tion teclinique This is not helpful for it assiimca

that thereafter artcml distcnsibilitj will not

change, a highly unhkclj assumption

A Pklftyvno^aphy Two tjTies of plcthj'stno

graphs, the clectncal impedance and the mcrtur>

rubber strain gauge (IMiitnej gauge, fig 16 9B)

haie been used 6ueec«sfull) for indicating the

blood flow through the extremities of man or

animal In principle, the ekctncal impedance

plethj smograph measures the change m electnta!

conductiMtv of an extremitj induced b) Ibc

changing number of ions brought to the fcgmenl

b) the heart action, i e ,
the eloctmal impcxlanee

is a function of the volume of the part \\ilhout

venous octlavion, this represents volume pul«a

tion of the extremitj, with occlusion, the inflow

of blood For tlic \^^lltnev gauge, a delicate nib

ber tubing is filled with mercurj and scaled at

each end with insulated wires It is wrapped

around a finger or arm of man, or the aorta, left

or nght ventricle of the uoancsthctized dog
Lengthening of the gauge reduces the cross

sectional area and increases llic length of the

mercurj column producing a corre«ponding m
crea«e m electrical resistance The gauge forms

one arm of a Wheatstone bridge An index of

ventricular cros8-«ectional area has also been ob
tamed in active unanesthetized dogs b> measur
mg the change m inductance of a vanable m
ductance gauge implanted in a venindc (fig

18 9C), by the change m transit tune of sound
waves across the cavitj (fig 18 9D), and by the

Use of an electromagnetic principle

A tlnrd tjTie of plethj smograph utilizes a
photoie]] to detect vascular changes bj the ab
sorption of light from transilluminated skin

Light from an illumination source enters the skin

and scatters, the resulting variations in the photo

electric current caused by changes in blood flow

can be recorded Blood flow in skin areas, not

accessible bj other means, can be estimated by
this method The amplitudes of the photoelec

tncally recorded cutaneous pulses mav be cah
bratecl bj use of a ‘ filter ’ and correlated with

finger blood flow measured by other metbods.

However, the volume pulse depends on the re

lationship between artcnal inflow and veiunts

outflow and, at best, is only a qualitativ e measure

of actual blood flow

B Itolope clearartce A “mall amount of radio

active ion {NV‘ or I‘“) is injected into a tissue

such as muscle and the rate of clearance from

Ibc orea is then followed b> a counting device

There is doubt that this measures blood flow

since, in some instances, the rate of clearance

docs not parallc! the blood flow <imult3neousIj

measured

C Thermal mtthods Devices xuing the pnn
ciple of heat clearance Imvc been widelj used to

indicate directional changes m blood flow in a

localized area of «kin, muscle or internal organ

or through part or the whole of an extremitj

One type of device consists of a thermocouple

or thermistor (connected in senes with a ref

crence thermocouple or thermistor) mounted in

the end of a hjpodermic needle The needle h
inserted a vanable distance into the ti'sue and a

constant «ourtc of heat is used to rai«e the

temperature of the test thermocouple 2 to 3* C
above tissue temperature Tlie temperature dif

fertnee between the tost and reference junctions

IS csscntiallj detenmned bj the heat output of

the healer and bj the carrjing awaj of the heat

bj the blood flow The more rapid the blood

flow, the smaller will be the junction temperature

difference A venation of this arrangement is to

supply a vanable amount of heat to the test

junction at a rate just sufficient to maintain a

email difference in temperature between the heat

«ource and the reference junction Vs blood flow

through the tissue increases progressive!) higher

rates of defn erj of heat will be requirecf to mam
tain this constant temperature difference be

tweeu heat source and “heat smL ” The ‘rate of

flow” will follow the magnitude of the eleetnc

current supplied to the heat source

A «econd tj pe of device has been much used in

recent jears to measure blood flow through part

or ail of an extremitj It is based on the the«is

that when the limb js in a water bath, the WocmI

flow IS equal to the amount of heat given out to

the water, divided b> the temperature dif

ference of artcnal and venou* blood, times the

specific heat of blood However, the arteno

venous temperature difference is not measurable,

and there is no guarantee that the ingoing and

outgoing temperature reach water bath tempera

ture A variation is to circulate the water and to

measure the heat exchange from the volume of

water flow and tempemture difference As with

the thenaal needle, an index of blood flow can

also be obtained bj setting the calonmeter water
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temperature below mouth temperature and then

measuring the amount of current necessarj to

keep the bath temperature constant

This approach has been found \er^ useful and
has given much \aluable information despite the
facts that there is no good waj of cahbrabng the

deflections against Ioiowti blood flows, zero flow

IS difficult if not impossible to obtain, in the case

of the needle, the surrounding tissue is not nonoal

and in addition to capillary flow, the device may
be affected by flow m nearby veins

D Oxygen electrode When a very small nega

tive voltage is applied to a metallic electrode in a
solution contaimng dissolved oxygen, there is a
reduction of the oxygen at the electrode surface

resulting in a small flow of current through the

electrode At such a voltage, the oxj gen is re

duced as quickly as it reaches the electrode sur

face and a straight line relationship exists be

tween the oxygen concentration and the current

that flows In use, a platinum wire protrudes

through a fine glass tip inserted mto the skin,

mercury makes contact between the platinum

and the circuit It la assumed that the electrode

13 in contact with a number of capillaries and

that as blood flow increases, it will indicate the

nsmg oxygen tension in the tissue This has been

used to indicate blood flow m the skm, skeletal

muscle, and myocardium It is at best a qualita

tive indication of tissue blood flow and has most

of the disadvantages of the thermal methods

Slood Velocity

Of the two measurements, \oluine flow of

blood m nulhhters per minute and the velocity

of flow in centimeters per second, the former is

probably more important The major function

of the circulation is to supply the metabohe needs

of the tissues and volume flow is closely related

to this, whereas measurement of velocity of flow

alone does not necessarily tell us anything about

the blood supply to the tissue Despite this,

knowledge of the flow velocity is highly im

portant to an understanding of hemodynamics of

the circulation. Flow velocity measurements have

been made under duect vision, by use of the

vanoua flow meteis that have been described, by

observation of movement of injected substances,

and finally, by determination of the differential

pressure withm an unopened and unrestramed

vessel

VisDAUZATioh There is a natural tendency to

a.ssume that when one actually 'ces the move-

ment of blood within a vessel, this must supply

the most certain evidence However, when this

IS done, one tends to be impressed by the move
ment of the red cells and not by that of the blood

as a whole Even if this were not so, there is not

necessarily any relation between the observed

vcloaty and volume flow For example, in the

presence of local constriction in n vessel without

constnction in other areas, flow velocity will in

crease, but flow will decrease In the presence of

general as well as local constnction, velocity and
volume flow will both decrease

Flow sietehs By insertion mto or application

on to a blood ves«el of almost any of tbo flow

meters described, one automatically measures

the velocity of flow since the meter insures a fixed

diameter through which the flow occurs This is

because V = v/rt*, where V = velocity in

miUimeters per second, “v" volume flow of blood

m millihtera through the meter per unit of time,

and ‘ r” the radius of the vessel For example, if

a large rotameter is used to quantitate aortic

flow and the flow is 3,000 ml per min
,
vessel

diameter is 24 cm
,
then the velocity approxi

mates 12 cm per sec

Movemevt or injected biaterials Various

noteworthy atferopts have been made to follow

cyclic changes in velocity in the unopened vessel

by recording the movements of vanous injected

foreign malenals such as air bubbles dyes and

X ray opaque fluid This is a difficult technique

since the moving front of the injected material,

le, the difference of optical density between

blood and the contrasting medium, is often dif

ficult to detect This is because the velocity is

not the same at different pomta along the radius

of the blood column the flow being much greater

ID the axial part of the stream than toward the

periphery
,
and also because the flow is not always

unidirectional This gives the mean or average

velocity which is denvTd from the flow indicated

by mean flow meters It, of course, ignores very

large fluctuations in velocity which occur dunng

acardiaccycle The moment to-moment orphasje

velocity 13 recorded by those pulsatile flow meters

whose frequency of response is sufficiently rapid

to follow it

Differential presstoe velocity The in

stantaneous blood velocity has been dctcnnvned

in the aorta and artenes from the instantaneous

pressure difference between two points located

along the axis of flow or along the ves'cl (ch 15,

fig 159) Such pressure gradients have been

measured by simultaneous recording of artenal

pressure at the two points either with individual

pressure manometers or by use of a double lumen



Chapter 18 BLOOD FLOW 225

catheter attached to a differential pressure strain

gauge In the double lumen catheter which has

been used in the aorta of humans, the lateral

opening of one catheter tip opens at a point about

5 cm from the other From the pressure gradients,

velocity curves and flow curves have been cal

tulatcd which agree well wnth tho^e directly

measured A consideration of this highly technical

approach is beyond the *copc of this section

A rough approvimation to mean linear aortic

V elocitj m man can be made from the use of the

cardiac output and the cross Fcction of the aorta

of a man of this size in a cadaver Tlie velocity

in centimeters per second

cardiac output

cross sectional area

Cireiilaimn Time (C.T.)

Bj this IS meant the shortest time which a
particle of blood talcs to go from one point m
the circulation to another It is obvious that

there are as many circulation times os there arc

vessels or regions in which to make the measure
ment Circulation time is, however, most often

determined for a portion of the circubtion, such

as, from the right to left side of the heart

The circulation time of a particle of a substance

can be accurately determined if it is injected

instantaneously into a blood vessel, if it moves
'at the same rate as the blood stream and if ite

arrival further down the ve»el is accurately de

tected Practically, the situation is much more
complicated When a reasonable amount of a
substance is injected, its arrival time is so spread
out at the downstream detection point that de
tection IS difficult If the circulation time is made
across an organ or a major portion of the cir

dilatory system, the spreadout is even greater

In addition, if all the blood channels between the

two points are not approximately uniform m
length and diameter, only a part of the blood wjU
pass from pomt to point at the rate indicated by
the measurement Despite these considerations,

measuremeats of circulation time can be senji

quantitative

The clinical methods for estimating circida

tion time use injected substances, such as, de
chohn and ether that signal their amval by
effects on special receptors, such as, the tongue
With deehoiin, the normal range of arm to tongue

Glitter taste) time is S to 17 seconds, with ether,

the normal arm to lung Or^tient first smells ether)

is from 4 to S seconds For greater precision m

Fio IS 10 Schematic diagram illustrating the
relation between circulation time volume flow,

and the volume of the vascular bed

exponmentai mvcstigations, the«c classical meth

ods have boon super'Cded by the injection of

dtfs and radioactive tracers whose arrival is

easily and objectively detected by densitometers,

conductivity cells and isotope counters The mam
techmeal difficulty is the proper calculation of

the average transit tune In a symmetrical curve,

the mean (average of all transit times), the mode

(time coonlmate of the peak), and the median

(lime coordinate which halves the area) all com

cide Cut as the curve becomes asymmetrical,

and particularly as the terminal portion stretches

out moTc m time than the initial part, the three

measures depart more and more from each other

The mean circulation tune (MCT) it takes all

dye to pass is computed as the center of gravity

of the curve (fig 186}

The significance of a change m circulation time

is debatable The circulation time between two

points m the vascular system is equal to the

volume of the vessels between the two points

divided by the flow (fig 1810) The vahdity of

this relationship has been checked in glass models

and mathematically From this, it is obvious that

a change in circulation tune could be due to a

change in volume of the vascular bed between

tbe point of injection and sampling, as well as to

change m flow Smee change m flow follows any

vrasomotor change, and since the resultant re

distribution of pressures causes local volume

change, both numerator and denominator of the

ratio for circulation time (volume over flow)

change simultaneously They generally change m
tbe same direction, and so the eirculatioD tune

could be a very poor mdicator of blood flow,

volume of blood or vasomotor change

Volume of Organ, Vessel, Cavity and Region

Information is not abundant concermng re

gional blood volume, and the alterations that

occur in normal humans and animals Available
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information is based largely on some fonn of

calculation, on the use of some form of plethj-s

mography, and on the use of the dilution tech

mque
Calculation For example, the blood volume

of a single capillary maj bo denied from meas
urement of its length and diameter by micro

scopic inspection Calculation of the total cross

sectional area of the capillarj bed m man is

based on the fact that the same volume of blood

going through one part of the \ oscular bed, such

as the aorta, goes through the total capillary bed,

1 e ,
cross ‘sectional area of aorta times a\erage

velocity in the aorta = cress sectional area of

the capillary bed times the average \elocit> in

the capillanes Since the aortic veloatj and
cross section and capillary velocity (bj inspec

tion) can be detemuned expenmentally, then

cross section of capillanes =

cross Eeetioo of aorta X aortic velocity

average capillary velocity

pLETHTSiioanAPHV The plethjsmographsused

are those already described to determine volume

flow, but the> arc used without local venous oc

elusion These have been used successfully on the

heart, liver, spleen and vessels of animals Di

mensional, cross sectional or po«sibly directional

change m volume have been obtained in un

anesthetiicd active dogs mth the use of some of

the vanous gauges prevnouslj desenbed, for the

heart cavities, large artenes and veins, the im

pedance plcthj’smograph, sonar cardiometer,

strain gauge arch, Rhitnej gauge and mutual

inductance coils ha\ c been used
,
for o^ans, there

are u«ed the sonar cardiometer, impedance

plethj smograph and WTutnej gauge Rlost of

thc«e techniques are not applicable to man except

under unusual conditions However, deterinina

tion of variations m blood distribution in man

can be made to some extent using plethysmog

raphj For example, changes in quantity of blood

in the lower extremities are determined by meas

unng the volume of the legs after occlusion of the

circulation b^ appljsng pre^-^ure cuffs to the

thighs and inflating them to a pressure greater

than artcnal Changes in the quantity of blood

m the trunk are determined b> recording simul

tancouslj the trunk volume mth a plethjsmo

graph and determining an> change m pulmonary

air volume by a spirometer Venations in av ei^e

blood volume in the heart are established bj

j
o«timating the heart volume bj X raj Values ob-

taineil bj these techniques are admittcdlj rough

but are helpful m establishing large directional or
qualitative shifts m blood distnbution resulting

from change of position, fainting, injection of

drugs, etc

The plethj'smograph is also used to measure
the pressure volume charactenstics of the dis

tensible venous sjstem m a limb segment The
pressure m a congestmg cuff on the limb proxi

mal to the plethjsmograph is increased 30 mm
Hg bj increments of 5 mm Hg and the corre

spending increases m limb volume mth each

pressure nse are recorded The effective venous
pressure can then be plotted against the volume
in a graphic representation of the volume of

blood that the venous sjstem mil accept mlh
a given change of effective venous pressure Veno
constnctioa or \ enoclilation would result in lesser

or greater distensibihty, respcctiv elj
,
of the ve

nous bed Thus an alteration m venous volume,

determined bj this method, implies a change in

venous tone assuming that the volume of a blood

vessel vanes directly with the effective intra

vascular pressure, if other factors are controlled

Dilution technique Provided certain condi

tions are fulfilled, the volume of a vascular com
partment (cavity or vessel) can be measured m
man and animal bj analj-sis of a dilution curve

obtained at the outlet of the compartment after

rapid injection of an indicator at the inlet to the

compartment The blood content can be cal

culated from the follovnng equation C Q
(60/T) where C - the cardiac output per minute

Q, the quantitj of blood, and T, the circulation

tune Thus, the volume is represented bj the

product of cardiac output and mean transit time

of the indicator particles, both values being

automatirallj available when cardiac output is

quantitated with the dilution techmque as de

senbed earlier in this chapter

Calculation of a central blood volume from

the cardiac output and mean transit time ob-

tained following the injection of the indicator

has been used expenmentally and clinically for

many jeara Its accuracy has been established

mathematically by perfusion expenments, by

model 8j stems, and xn nto In the latter, the

above measurement in the anesthetized dog was

compared to the determination of the actual

amount of blood in the heart and lungs by in

jecting cells tagged with Cr*‘ and then calcubt

mg the local blood volume from the total radto-

actmtj in the blended homogenate of these

organs

This 13 the only method presentlj available

which can be used to quantitate regional blood
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TABLE 18 1

liegxonaX dijCnbufion oj blood tolume

\tscalir CompsrUnent
|

Site of tajcciton
:
StteofSuapfe

1 Systemic venous

blood volume and
right Bide of the

heart
|

Femoral
^

vein

Pulmo
nary

valves

2 Right side of the

heart

3 Systemic venous
,

volume (1—2)

Supenor
vena

cava '

Pulmo
nary
valves

4 Lungs and left side

of the heart

Pulmonary
artery

Aortic

valves

5 Pulmonary artery to

brachial artery

Piilmonarv

artery

Brachial

artery

6 Left atnum to bra

chial artery

7 Pulmonary blood

volume (5 — 6)

Leftatrium

1

1

Brachial

artery

dutnbution m man In addition to central blood

volume, it has been used for cardiac volume,

ej'stemic venous volume, and other areas For
example, the aj-stemic venous blood volume can
be derived from a dilution curie recorded at the

right atnum after injection into the femoral veto,

the cardiopulmonaiy blood volume by injection

into the right atnum and sampling at carotid

artery or aorta Since, however, in practice a
major precaution is adequate muang at the sites

of sampling and injection, in most instances some
what more accurate results are obtained bj

combinations of volumes in nhich adequate m«
mg IS reasonably assured The following table

indicates how this may be accomplished
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BLOOD PRESSUBE MEASUREMENTS

The dc\ olopment of adequate methods and the

OAOrcoming of instrumcnta) obstacles arc the es-

sential preliminanes to the solution and consid

eration of problems dealing mth the circulation

One must discuss the \anous dev^ces and pro

cedures that have been used to stud\ tbe circu

lation and to point out their icspcttnc ments

and shortcomings Indication mil be made of the

degree of adequacj and tbe principles upon xvinch

a limited number of these devices operate Such

consideration should reieal the proper basis for

the mtcrprctation of the present and 6ub«cquent

studies of the circulation

Of the three principal attnbutes of the circula

tion, blood pressure, flow and blood \olumc, the

pressure is most eaailj dotenmned and recorded

Zlleasuremeots in both man and animal arc direct

and indirect

Direct Blood Pressure MeastiremenU

In the direct approach, a catheter or needle is

inserted mto a Aes«el or heart ca\ity and con

nected to a hydrostatic column of fluid or to a
special dence The pressures thus obtained haAC
been quantitated and studied m almost all parts

of the cardiomscular system of animal and man
Direct pressure measurements ha-ve Aalue in de

tennining certam aspects of function of the cucu
lation They should not, howeier, as is pomled
out elsewhere, be used as an index of change

m flow through or volume of a blood vessel or

heart ea\ity Whenever a change m >010100 is

empincally deduced from a change m pressure

potentially actiie changes in cahber are ignored

which are known to occur in every vessel except

the capillaries

MEANS or PRE'sstJiiE PICK UP Most of tbesc

approaches have been v,orked out in acute ex

penmentsm anesthetized animals, but techniques

are now widely used in chronic animal prepara

tions andm humans without anesthesia, and both

at rest and dunng phy sical activity

In techmquea used only on animals, various

r^ons of the circulatory system are made ac

cessible by a previous operation "so that pressures

can be determined atraumatically and repeatedly

oxer many months Tlieec include the carotid

loop (cxtenonzation of a carotid artery m a tube

of skin) in tiic dog and rabbit cardiopexy m the

dog (attachment of the apex of tbe heart to the

che«t wall ju«t under the skin to permit easy ac

ccss to the left xcntncle), an indwelling sihcr

tube with one end sutured to tbe exterior surface

of a xessel or cardiac cavity and the other end

sutured just under the skin an mdwelhng poly

nnyl tube filled inth hepsnn with one end pene

trating a xes^el or cardiac cavity and the other

plugged end protruding from the «bn In the

last instance, the tube is connected directly to

the appropriate pressure transducer,m the others,

a needle and/or catheter connected to a pressure

transducer penetrates the vessel or cavity

A number of techniques are also applicable to

both normal man and ammal without previous

preparation Needles and catheters can be passed

into many accessible veins and artenes For the

right side of the circulation one procedure is to

float ’ a polyviny 1 catheter with a balloon tip

down the jugular vein into the right ventricle or

pulmonary artery without benefit of fluoroscopy

The standard procedure, however is to pa'S a

catheter under fluoroscopy no the jugular vein

(dog), or on arm or leg vein (human), mto the

venae cavae and their venous tributaries from the

liver and kidney, or into the nght anum, right

ventncle or pulmonary artery

Various techniques have been used in man as

wellaainanimalsfor direct measurement of pres

EUres ID the left heart which is not normally ac

cessible A catheter pas-sed fay the nght heart and

impacted m a branch of the pulmonary artery, is

presumed by some, to give an approximation to

Ae pressure in the venous end of the pulmonary

capillanes Other approaches melude transbron

cboscopic and transesophageal entrance for pres

sure recordmg from the left atnum, left ventncle

and aorta, a percutaneous needle approach

through the antenor chest wall for left > cntncular

prepare retrograde femoral arteiy cathetenzation

of tbe left ventncle through the aortic valves.

231
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transeptal left atnal puncture In the latter tech

nique, the left atnum is punctured by a retract

able needle introduced through a cardiac catheter

passed up a leg vein, the tip of which is positioned

against the interatrial septum

MeASUBEMEVT of ^ONOeCILtATOSY OR
NEARLY NOVOSCILLATORY PRESSTJRES A Vertical

column of fluid^ ith attached milhmeter scale, and

with some form of anticoagulant between it and
the %essel whose pressure is being tapped is the

only device needed to determine the pressure m
most intravascular pressure regions To measure

the pressure, the column is filled fromasidetube,

and the column is then allowed to «eek its own
level bj drainage into the vessel (fig 19 1) For

the low pressure regions such as the venous gs
tern atnum and pulmonary arterj , the column

IS saline solution for higher pressure as m the

artenes the column is filled with mercury to keep

it short This is generallj in the form of a "U ’

tube To minimue the pressure fluctuations the

tubing between the mercury manometer and the

vessel is constneted to dampen the oscillations

By plaang a float with a wntmg point on top of

the saline or mercury, the venous or arterial blood

pressure can be continuously recorded Such a

fluid manometer is the basic instrument for pres

sure recording and most complicated pressure de
vices are calibrated against such pressure mdi
catois Very often, complicated pressure devices

are used when this simple arrangement would

suffice For measuring intravascular pressure in

artenoles, capillaries and venules, cerebrospinal

fluid and extravascular pressure m the tissue

space m skm, muscle, kidney, subcutaneous tis

sue, etc , water or saline manometers are u«ed

m which little or no fluid enters or leaves the

tissue space This is very important for the addi

tion or removal of even small volumes of fluid

may grossly affect the absolute pressure level ob
tamed Tins consists of a small hypodermic needle

attached to a horizontal glass capillary tube par

tially filled with stenle saline to a reference line

Eveept for the water monometer, the rest of the

system is filled with air Upon msertion into the

tissue, the pneumatic bulb is compressed, and

the meniscus is returned to the reference line

when the pressure in the manometer equals the

tis«ue pressure A correction must be made for

the capillarity of the system This system may
also, of course, be used to determine venous pres

sure

Since the pressures in veins and extravascular

spaces change slowly, they can be accurately in

dicated visually with these two simple fluid ma
nometer systems When the mercury filled ma
nometer is applied to an artery, a pressure is

recorded which is a rough mean of the existing

intm arterial pressure but which does not nor

mally exist as such To accurately measure the

widely fluctuating pressures dunng systole and

diastole, in the nrtenes and in the ventncuhr

cavities, or to continuously record electncally or

photi^^phically the«e, as well as nonoscillating

pressures more compbeated and sophisticated

instrumentation is necessary

Measdreuent of pressure pulses The pat

tem of variation of pressure occurrmg with each

heart beat (but not the pressure values) can be

recorded from the surface of the accessible large

artenes and veins without mterference with them

In artenes, a crude representation of the pulse

can be made by applynng the pnnciple that the

relatively minute natural excursions of an artery

are increased by applying a button with such a

tension that the extra artenal approximates the

mtra artenal pressure This amplified excursion

of the vessel wall is further magnified by me

diamcal levers In artenes, a more precise indica

tion of the pressure pulse pattern is obtained by

foDowmg the v otumetnc change m diameter of the
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arterj bj mcansofacupsj'stcmplaccdovcrit An
open cup or receiver is firmly pre«s«l to the skin

o\er an artcrj euch as the carotid and connected

bj tubing to a higblj scnsitne pressure recorder

For registration of the venous pulse, the pabent

IS placed in the recumbent position to neutralise

the ellects of grant}
,
and a cup receiverw applied

snugly ov er the ngh t supraclav icular fossa or over

the internal jugular bulb at the margin of the

sternocleidomastoid muscle, or over the eupra

•eternal notch In turn, this is connected bj an
air s}'stera to a sensitive pressure manometer

Apparatus and requisite techniques for regia

tenng pressure curves m n proper manner have

improved rapidlj m the last fen years because

of mercasmg interest in cardiac catheterisations,

chief improvements he in the use of expedients

for givmg greater amphfication, ficxibilit) and

ease of operation The *!implc principles involved,

honever, arc unchanged, and the classical curves

of Wiggcrs and others, using older optical ma
nometers, have not been improved upon

Basicallj
, all t}*pc8 of pressure apparatus m

voUe measurement of the displacement of some
tjpe of elastic membrane which is moved bj

generation of prenurc in a vcs-'cl or cavitj In

one group of manometers, an c<«entiaU} nondis

tensiblc conduit (needle, lead tube, cannula or

catheter) is filled with fluid and connected to the

membrane outside the bod}
,
this, in turn, is con

nected to a form of amphfication and recording

IQ the other, a micromanometer membrane or

its equivalent is mounted m a catheter tip at the

pressure source, and the catheter serves onl} as

a conduit for mres to the amp!if}ang and record

mg as<5embl} (fig 19 2) The detection and trans

mission of the movements of the membrane can

take place b} mechanical, optical or clectncal

means, or b} a combination of these pnnciples

Owing to their tccbnical imperfection, purel}

mechanical s} stems are now on!} of historical

interest Prctt> much in the same categoiy are

manometers which combine optical and clectncal

8}'S(Cm3

Manometers mlh fluid filled conduit A Opli

eat manomders (fig I0£) In the case of the opti

cal t} pc of manometer (which was largel} used

until rccentl}), the entire g}stcm consists of a

stiff rubber or metal membrane of minunum di

ameter connected to a fluid filled conduit of high

clasticit} and of minimal volume, and which is

inserted into the source of pressure vanation

Movements of (he membrane induced bv pres

sure change arc recorded bv reflecting from an

Pio 19 2 Externally recording pressure gauges Left principle of the classical optical method for

determining biolopeal pressures A flexible short, nondistensible lead tube offering little damping ef

feet, connects to the pressure source Centerfc/t,capa«tance transducer, center strain gauge trans
ducer, and right, catheter mounted inductance transducer
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attached muTor a weightless beam of light as a
lever to give rapid response with adequate sen

sitivnty A number of different forms of such

manometers have been developed and widely

used

B EUclncal transducers The common feature

of the methods dependent on electrical pnnciplos

IS that the movement of the manometer mem
brane is transformed into electrical energj which

IS then transferred to a recorder In practice, the

transformation of the pressure impulse is effected

by a piezo-electnc effect, or by a change in capac

itance, resistance and inductance The piczo-elec

tnc prmciplc which depends on the difference in

potential occurring in certain crystals exposed to

mechanical pressure, is little used since stationaiy

difference of crystal potential cannot be mam
tamed and constant pressures cannot be accu

ratelj measured

For most present day determinations of bio-

logical pressuas, the pressure fluctuations in a

cavity or vessel are transmitted as in the optical

manometer through a long noodistensible cath

etcr filled with fluid This activates an electroiuc

pressure transducer in which movements of a
stiff membrane with minimal Quid dispbcement

and high frequency produces a change m capaci

tnnee, resistance or inductance

One of the first of the electronic pressure trans

ducers was devised by Lilly (1942), in which a

stiff metal membrane separated from an electrode

by a very small air gap, formed a condenser

Movements of the membrane relative to thcelcc

trode vary the capacitance which is measured by
a radio frequency circuit This device is rather

temperature sensitive and has considerable zero

pressure dnft (fig 19 2)

The electronic transducer m most common u«c

today is the resistance wire strain gauge Strain

sensitive wire responds to a cliange in pressure

with a change in the resistance to flow of an elcc

tnc current A membrane is displaced by in

creased pressure in a chamber attached to the

pressure source (fig 19 2)

Manometers uousTEn in an empty CATncTEH

TIP In this type of gauge, the pressure sensitive

clement is mounted in the catheter tip, the cath

cter contains no fluid, serving only as a conduit

for wires leading to an araplificT Inductance pres-

sure gauges of this type are coming into use in

which the vanable mutual inductance betwwn a

pair of coils can be altered by changing tl» posi

tion of an iron core within its magnetic field If

the iron core connected to the center of an elastic

membrane is mounted between two coils, move

ment of the membrane movra the core withm the

cods, changing their inductance Change m m
ducfancc, raomtored by an appropriate bridge

circuit indicates the extent of membrane displace

ment (fig 19 2) This instrument was first devised

by IVettcrer and has been considerably modified

and improved by others Tlie strain gauge pnn
aple has also been applied to a micromanometer

mounted m the end of a catheter In this, a strain

wire wrapped around a metal reed with multiple

longitudinal slits is stretched by the pressure

source

Both the inductance and strain gauge type of

micromanometer faithfully record the pressure

pattern but arc difficult and expensive to build

Inductance gauges have been ueed m animals and,

at tiroes, in humans, but their use has been Lmited

because it has not been possible to determine ac

curatcly the zero pressure with the Wetterer type

Although the strain gauge type does not have

this disadvantage and has been used with «omc

patients, its initial expense is more, and it has

the added drawback that no way has been found

to disconnect it from its catheter which wears

out first

Amplification anp becordino The signal

from the vanous pressure transducers (except

the optical manometer) is ampLfied electronically

to dnve a high frequency galvanometer or o«cil

loscope The devTces used to record the pressure

pulses arc the optical manometer with camera,

the direct pen writing galvanometer, the optical

galvanometer, and the cathode ray o<ci]loseopic

camera Many types of pressure transducer am
plificr combinations are available commercially

In terms of ascendmg order of frequency of re

spouse, (he systems may be graded as follows

the direct wnting galvanometer, the optical ma

nometer, the optical galvanometer, and the oscil

lo'cope However, no ideal system exists at pres

ent For any specific application the combmation

of traasducer, recorder, and amplifier, is a com

promise of sensitivity, stability, convenience of

use, and frequency of response

FREquENCT or mvnometer svstems The ac

curacy with which a manometer svstem records

change of pressure without lag and with correct

phaatc relations depends on its natural frequency

Reasonably gootl reproduction of a wave form

can be recorded by such a system which has uni

form response to the tenth hannomc of its funda

mental frequency M ith a heart rate of 240 beats

per mmute, the pulse frequency is 4 per second,

and its tenth harmomc is 40 cycles per second



Chapltr 19 BLOOD PRESSURE MEASDRE^^ENTS 235

With such a frequencj
,
rapid changes in pressure

are fairlj well recorded

The frequency response characteristics of the

entire sj-stem of transducer, amplifier, and gal

vanometer must be detormincd rather than that

of a component part, since the net frequenej is

limited b> the loTVTst component of the system

The frequenej of a manometer wnth a fluid filled

conduit IS goicmed by its efTectivc mass and the

elasticity of its membrane, i c , frequency is m
creased by a decrease in the mass to be moi'cd

by the pressure and by a decrease in the size and

distensibilitj of the membrane In the ease of the

optical manometer, this is the sole determinant

of frequency response since the rest of the sj'stem

13 a weightless light beam r\hich docs not affect

the frequency The normal frequency of such

manometers is 120 to IGO double vibrations per

second In the case of the other tjqxis of manom
eter with a fluid filled conduit, the frequency

la often limited as well by the tjpe of recorder

u«cd and may \ary from 5 to 100 ejelea per sec

In the manometer m nhich the catheter ts used

only as a conduit for wires, the basic frequenej

la generally higher than m the other tj pes and
IS determined solely by the charactenstics of the

membrane at the catheter tip since there is no
fluid space central to the membrane
The fact that a recording manometer system

has an adequate frequency and sensitivity does

not insure that the recorded pressures arc free of

artefacts Impact of a cardiac cavitj or vessel on
the side or tip of the catheter \cry often leads to

very large artefacts m the recorded pressure

curve, which invalidates a goodly portion of

records taken in catheterization laboratones for

diagnostic purposes In the manometer with a
fluid filled catheter, this tjpe of artefact is max
imal and, despite all precautions, it is very often

impossible to obtain techmcallj perfect records

The response characteristics of such curves can

be somewhat improved by ‘ critical damping"
through mechanically constncting the conduit

Q^tem However, this is not to be recommended
since it 13 almost impossible to maintain a fixed

degree of dampmg and slight increases m it

completely deform the pressure curve In the

pressure manometers m which the membrane is

mounted m the catheter tip, the phasic pressure

patterns invariably are excellent and artefacts

are almost nonexistent This is the pressure ma
Dometer of the future

Btakdard zero reference pi^e for fkes-

SDRE iiLAsrREMFNTS The Rumcncal value ob
tamed from pressure measurementsm the cardio

vascular system depends, of course, upon the

horizontal plane to which zero pressure is referred

M(^t commonly, this has reference to the as

eumed level of the center of theatnura The exact

level IS casj to establish m the open-chest animal

or human, by adjusting the needle or catheter

end attached to the recording manometer to the

level of the midpoint of the atnum This is zero

pressure When the clicst is closed it is difficult

to determine precisely the proper zero pomt of

reference and to obtam comparable figures m
different subjects or m a senes of measurements

It 13 not surprising, therefore that many different

reference planes or levels have been used Pos

siblj , the one closest to the truth is that desenbed

by Winsor and Burch The reference level or

heart level used is an axis running transversely

through the thorax at the point of junction of a

plane passing cross sectionallj through the fourth

intercostal space adjacent to the sternum witii

a frontal plane passing midwaj between the pos

tenor surface of the body and the xiphoid process

of the etemum Honzonts! planes passing through

this axis are the zero pressure reference levels to

be used for that particular position of the patient

This honcver,measun?s the intravascular pres

sure against the atmospheric pressure as a refer

eoce Most vessels are imbedded in tissues which

have a significant tissue pressure that is either

lower (m the thorax) or higher (m the abdomen

and skeletal muscle) than the atmospheric pres

sure For precise quantitation, the intravascular

pressure should be measured against the extra

vascubr or tissue pressure which is around the

vessel The terms, effective, transmural or net

pressure, have been introduced to indicate the

pressure difference between the intravascular and

extravascular pressure Precise determination of

extravascular pressure is unreliable and the arte

facts are especially large m measuring ti‘««ue

pressure in solid organs, especially the heart, and

least m recording pressure surrounding the great

vessels and the heart Intrathoracio pressure is

taken as an approximation for the latter, but

even here, calculation of transmural preesure

must be made on the basis of the immediatelj

contiguous mtrathoracic pressure since regional

mtrathoracic pressure is quite vanable

Indirect Blood Pressure Measurements

Human

Although the blood preesure can be determined

in man by the insertion of a hollow, wide bore

needle into an artery and connecting it with a
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suitable manometer such a method is usoallj

reserved for human cardiopulmonarj diagnwUc
nork Coniemence and safetj demand that any
method for general clinical use must be indirect

The principle employed consists in balancing air

pressure against the pressure of the blood in the

brachial artery and then estimating the former

by means of a mercury or an aneroid manometer

The instrument used for this purpose incl ides a
fiat rubber bag covered by an undistensible en

velope of cotton fabric The cavity of the bag is

connected a length of rubber tubing «ith the

manometer and by another tube « ith a hand bulb

or small pump By this means the bag can be in

flated to aD> desired pressure A small valve be

tneen the bulb or pump and the bag permits the

escape of air and the reduction of the press ire as

required The uninflated rubber bag (usually re

ferred to as the cuff or armlet) which should be at

least 12 cm wide is wrapped snugly around the

upper arm just above the elbow The bag is then

inflated until the air pressure within it overcomes

the arterial pressure and obliterates the arterial

lumen The pressure is increased a little beyond

this point and is then cautiously reduced again *

by the release of the valve until the arterial pres

sure just overcomes the air pressure and blood

escapes beyond the cuff into the peripheral ecction

of the arterv At this instant the pressure in the

bag IS read from the manometer Since the air

pressure practically balances the sjstolic arterial

pressure the manometer reading must indicate the

value of the latter It is essential to the method

that the manometer reading be taken at the in

slant when the blood escapes beneath the cuff

One of the three methods the palpatory csctl

lalory or auscuUaiory may becmplojed todcicr

mine the Litter In all three procedures the value

for the lateral pressure in the brachial artciy la

obtamed whereas direct methods which entail

the introduction of a straight unbranched can

nula or a large bore needle into an arter> mcas

ure the end pressure The latter is greater because

it includes not onlj the lateral pressure on the

elastic arterial wall but also that derived from

the conversion of the kinetic energj of the moving

blood column as it meets the obstruction as well

as an increment of pressure caused by the re

fleeted wave from the obstruction

A The palpatory method In this method the

examiner takes the moment that the p il*e is felt

* Should deflation be earned out too rapidlj the

mercunal type of clinical manometer shows a
I considerable lag d le to the time required for the

air above the mercury column to reach atmos
phene pressure The rate of deflation should not
exceed from 2 to 3 mm ilg per second

at the wnst as the index of the sjstolic pressure
This method is now rarely used since it lacks ac
curacy It assumes that the first escape of blood
beneath the cuff will cause pulsation in the pe
npheral arterj but there is no evidence that the
amount of blood which escapes beneath the cuff

when the artery first opens is sufficient to produce
a pulse wave detectable by the finger Definite
pulsation may not occur until the cuff pressure has
been lowered 5 to 10 mm below the point w hen the
artery first becomes pervious This method there
fore give* readings that are too low Another dis

advantage of the palpatory method is that the
diastolic pressure cannot be measured satisfac

(only

B The oecillalory method In this method a
tambour or capsule covered wnth a very delicate

membrane or a second bag connected with the
cuff la used to pickup and magnify the pulsations

transmitted from the artery to the upper edge of

the latter The pulsations are made to appear as

oscillations of the indicator needle on the clock

face dial of an aneroid manometer Pressures are

marked by figures on the dial as the cuff is inflated

or deflated the needle moves to indicate the ap-

plied pressure at the moment At pressures exceed
ing systolic the oscillations are minimal but as the
pressure is gradually lowered and the pulsations

pass beneath the cuff a sudden increase in their

amplitude and duration occurs This is the cn
tenon of systolic pressure The oscillations show
little change in magnitude as the cuff is deflated

further until the pressure has fallen to the d as

tolic level at which they suddenly become smaller

At this instant the figure on the dial to which the

needle points is noted

C The auieullatory method This procedure is

the one generally employed clinically Itwasintro

duced 10 1905 by the Ru°sian physician Korotkow
Certain sounds heard dunng auscultation of the

bree^ial artery beloK the cuff are taken as the

entena for the systolic and diaatohc pressures

Under ordinary circumstances if a stethoscope is

placed upon the bracb al or any other artery no

sound can be heard the flow of I lood along the

atenal channels being maud ble If however the

artery is compressed by the manometer cuff so as

to completely arrest the flow of I lood for a mo
ment a «harp light tapping sound in rhj thm with

the heart beat will be heard when the pressure in

the cuff is again released and falls just sufFcientlj

to permit the artenal lumen to open and allow a

jet of blood to pass beyond As the pressure in the

cuff IS progressively lowered the sound undergoes

s senes of changes in quality and iQlen«ily

Four phwes of the sound each having its dis

tiuetive character may lie heard m succession in

the normal individual as the pressure is gradually

reduced from about 120 to 80 mm of mercury or

leas The«e are given below with the average pres

sure* at which they arc normally heard
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Sounds of Korolktytc

Phase I Sudden appearance of a clear, but

often faint, tapping sound growing

louder during the succeeding 10mm
ITg fall in pressure

Phase II The sound takes on a munnunsh
qualilj during the next 15 mm fall

in pressure

Phase III Sound changes little in quality but

becomes clearer and louder during

the next 15 mm fall in pressure

Phase IV Muffled quality lasting throughout

the next 5 to C mm Ilg fall After

this all sound disappears

The beginning of the first sound is taken as the

index of siistolic pressure As it is quite faint at its

cojnmencement it maj not be caught at this time

by the ear of the inexperienced, or if the ob‘<ervcr s

heanng is distracted bj other sounds The sound

then nnli not be picked up until the pressure has

dropped below the level at which it could lie heard

in quiet surroundings, and the reading of the sjs

tolic pressure will be too low
The pressure at the time of complete disappear

ance of the fourth ’Ound is taken as the index of

the diastolic pressure This sound coincides with

the moment that the blood escapes beneath the

snnlet in a continuous stream rather than inter

mittently

It should bo clearly understood that arterial

blood pressure cannot be measured with precistoa

by means of aphj gomanometera It is attended by
inaccuracies dependent upon the presence of nor
mal arih> tbmia and respiration and the resistance

of the tissues of the part To compensate for tbe

latter, a rule of thumb is that the indatable arm
bag should be approximately 20 per cent wider

i^tsa rdtf arm otameter, or appixrxnicatoy IScm
for adults, 8 cm for children le^'s than 8 years, 5
cm for children less than 4 years, 2H cm for

children less than 1 year Despite use of such cuffs,

a mean error of ±8 mm Hg may be expected id

individual readings of systolic and diastobc pres

sures In the arms of people with much fat tissue

the error is further exaggerated in subjects with

well defined airbythmias, deep breathing, or with

an abnormal arterial wall, the errors are still

larger Variations in the resistance of the arterial

wall in different individuals, as a result of sclerotic

changes or simple hypertonus of tbe muscular

coat, give readings that are too high Repeated

compression and decompression just before the

actual detennination is made may soften tbe

artery or remove any spasm of its walls siifficjently

to reduce this source of inaccuracy Though lower

readings as a rule are not obtained in a normal

individual by repeated readings in others with

apparently normal arteries the reading obtained

after the third or fourth trial may, as a result of

the reduction in tone of the vessel wall be lower

than the initial observation b> several millimeters

rlmmafs

Tlic«e mvolie placing a cuff around a carotid

loop in tJic dog CV^n Lccr*um), or around the

tail or foot of the rat and detecting the onset of

blood flow under the cuff as its pressure is low

cred In the dog this is done with the ausculta

tory method, in the rat, the \olumc of blood pass

tng into the tail or foot when the cuff pressure

<{raps beJon sistolic, is insufficient to cause an

audible sound The first blood flow under the

cuff and, hence the xolumc change, is detected

in the tail bj noting the onset of \olume change

in a small water flited plethysmograph just be

jond the cuff, or bi lianng the expandmg tad

press on a carbon button causing a change m
tone pitch m ear phones In the foot, the increase

m \olume with the lowenng of cuff pressure la

indicated hy the sudden decrease m current flow

from a photocell which reeenes light through the

foot

Use of Simultaneous Measurements

of Pressure, Flow, and \oIume

In addition to the direct information supplied

by blood pressure measurements, knowledge of

Its association with other phenomena la the cir

cubtion, such as blood volume and blood flow,

has contnbutod greatly to advancement m this

field Some reference has already been made to

this lelationship in chapters 15 and 18 As has

ttvif poasfSs^d 1iiffp.c110J.13J ^nnyssune jnpA?

urements in the aorta have enabled calculation

of the patterns of flow velocity even in the aorta

of man, and the use of such a principle when the

pressure pick up is mounted m a ngid sleeve or

vessel, has permitted, in ammals, not only pat

terns of flow velocity but also absolute values

for phasic and mean flow Pressure detenamation

has been particularly useful m estunatmg the

contractility of the heart muscle and the dis

tensibibty of the ventricles, arteries and veins

Because of its extreme importance, consideration

of this subject will also be found m chapters

14 and 20
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THE HEART AS A PUMP

Functionnl Analam>

Knowledge of the functional analomj of car

diac contraction is C3«5ential for an understanding

of cardiac action Actualh, the two \entncles

ha\e different anatomical and functional clinrac

tenstics The energj relea5ed dunng sj^tole of the

heart represents the combined effects of \anou3

bundles of m>ocardia} fibers Tlio contribution of

each bundle depends not onlj on its contractile

power but also on its anatomical orientation

mthm the cardiac walls

Strccttoe Four \al\e nngs of denscconnec

tne ti«suc jom to form a fibrous «ke!eton of the

heart The atna and artena! trunks are attache<i

to the superior surface of this fibrous skeleton, to

Its infenor aspect are fastened the artenoAenous

(A V) Aalves and ^entncuIar chambers The
atnal musculature is tbin and arranged as bands

radiating from the sulcus tcrminalis The atna
ha%e two muscular sj stems, one common to both

atna and encircling them, the other arranged at

nght angles and independent for each atnum
From a functional point of \new, the ventricular

musculature has tiro groups of m.i Ocardial bun
dies, the spiral muscles and the deep constrictor

muscles (fig 20 1 ) The superficial spiral muscles

which anse from the mitral and tncuspid nogs
co\ er verj thml> almost the entire surface of both

ventncles to a depth of about 1 mm Tbej course

dtagonallj around the surface of both ventncles

to conveige at the apex where they are strongly

twisted and where thej make up the full wall

thickness Thej penetrate to the mtenor of both

ventncles to form there its inner thin lajer of

spiral muscle and the lower third of the inter

lentncular septum They spiral upward in re

vepse directions to form the papillaij rouocles

from which fibrous tendons (chordae tendmae)
attach to the valve leaflets (A V valves) The
inner and outer spiral muscles follow obhgue
directions about 90” apart since thej spiral in

opposite directions As thej contract, the oblique

traction bj the outer lajer is opposed bj tension

m the oppiKite direction bj the inner lajer Tbe

net result of their action is a shortening of the

ventricular eavntics longitudinallv rather than a

rotation of the ventncles Interposed between the

thin exterior and mtenor «!pira! muscles are the

heav'j coastnetor muscles which make up the

basilar two thirds of the septum and lateral wall

of the left icntncle In the nght lentncle the«e

deep circular fibers from a tliin middle lajer but

its contribution to thickness is small compared to

that of the inner and outer spiral laj'cre Because

the left ventncular wall contains a large mass of

iircularlj arranged constnetor fibers its contrac

tioR would be expected to result predommantlj in

a rcduceij ventncular diameter with minimal

shortomog from apex to base whereas in the nght

vcntncle with its dominance of spiral muscle

the ventncleshould shorten inth little movements

of Its lateral wall

Role or the PERiCAnniun The pericardium is

a double-walled sac containing a fen cubic centi

meters of serous fluid which gives a smooth lubn

cated surface for the heart’s movements A1

though Its potential volume is larger than that

occupied bj the normal heart in diastole, still

after moderate enlargement of the contained

heart, the mterpcncardial ^ac pressure rises

greatlj with small volume influence Thus, in

case of left ventncular stress and enlargement

such as occur in hiTjertension, the peneardium

restrains disatohc expansion especiallj of the

nght vcntncle, and therefore, limits nght ven

tncular work This protects the left ventncle

from owrload and the pulmonarj circulation

from congestion The peneardium also protects

i^inst tncuspid or mitral valve regurgitation at

high ventncular filhng pressures However, con

gemtal lack of a peneardium is not uncommon in

animals and humans who hve to a npe old age

without evidence of cardiac distress

Atrial and vzvtkicular blood volusie In

man the atnal capacities are slightlj greater than

those of the corresponding ventncles, thus as-

Eunng the presence of sufficient blood to fill the

ventncular cavities completelj In the dead hu
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SUPERFICIAL BULBO SPIRAL SUPERFICIAL SINO SPIRAL

DEEP BULBO SPIRAL DEEP SINO SPIRAL
Fio 201 Demonstratjon of the Buperficial and deep Tentncular myocardial bundles (Robb and

Robb, Am Heart J 1942 23,455)

man heart, the right atnum has 163 cc the nght end of ejection Njhn was the first to demonstrate

ventnele 137 cc the left atnum 140 cc the left that the diastolic volume of the human heart

yentncle 120 cc under working conditions is about 540 cc
,

of

Such tn vilTO measurements are of limited in which about 140 cc is ejected by the two yen

terest and do not gi\ e information as to thedm tncles The difference, 400 cc
,
is an estimate of

tolic volume of the ventricles dunng life or the the volume of blood which is normally available

portion of the diastohc volume which is expelled at the end of sjstole for refilling the two ven

nor the portion which remains in the ventnele at tnelcs However, what fraction of this is in the

the end of each heart beat It is now well-estab- atna and what fraction is m the ventneles is not

lished that the heart is not completelj emptied of known Observations in dogs indicate that the

blood dunng vcntncular contraction i e
,
a resid nght ventnele and left ventnele both emptj in a

ual vcntncular volume of blood remains at the fractionate manner, ejecting 40 to 45 per cent of
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their end diastolic \olumc with cich stroke and

retaining a residual volume of 55 to CO per cent

The stroke volume in the resting untrained hu
man approximates DO cc On the basis of the dog,

this would give a diastohc volume of 130 cc m
the human v entncle As j et, prcci'c ob^rvalions

have not been made in humans although attempts

have been made to do so for the nght ventricle,

and it does appear that this volume is increased

la coDgestno heart fadme

PATrenx-s OF vENTRicoum EirpTtiso Tradi-

tional concept has it that the ventricles eject

blood pnmanlj bj shorteiung of the longitudinal

axis accompamed b} a rotational action com
parable to a wringing out of a wet rag Direct

measurements, however, of changing ventnele

dimensions in unanestbetiscd dogs bj ctncBu

orographic tcchmqucs mth contrast media, b>

intraventricular gauges and bj external resistance

gauges, indicate that the left ventricle resembles

a cjlmder with a conoid apical segment The
cjbndncal portion is made of a strong cuff of

deep fibers between thin lavers of spiral muscle

The conoid section is made pnnunly of clo«el>

viovco spiral muscle entering and leaving “the

vortex" Left ventricular contraction involves

pnmanlj a reduction lo transverse diameter Tlus

action accounts for most of the power and volume
of the ejection since the contained volume dc

creases with the square of the radiusm a cylinder

There is relativel> little rotation or shorlemng
of the longitudinal axis AU this would be ex

pected Since the bulk of the fibers is circularly

arranged

By contrast, nght ventricular ejection of blood

can be effected by three means (1) Longitudinal

shortemng of the chamber, i e base moving to

ward apex is the most obvious movement This
might be expected since the inner and outer layers

of spiral muscle makmg up most of the nght ven
tncle arc oriented at about 90® from each other

Hence, simultaneous contraction of the two layers

of spiral muscle produces Eborteoing along the

longitudinal axis of the nght ventricle chamber
(2) The right ventricular chamber is roughly

tnangular in shape being bounded by a convex
septal well and a concave free or lateral wall which

enclose a crescent shaped area between them The
free wall of the nght ventnele moves towan] the

convex surface of the septum This movement
although shght could be extremely effective in

moving blood, and it would ojierate hke a faellowa

used to kindle a fire, i e
,
since the sides of the

ventnele or bellows are large compared to thar

enclosed space, shght movement toward each

other should cause displacement of a large v olume

of blood (3) Contraction of the left v entncle must
produce a greater curvature of the septum, and

thus,5iQccthisisattached to the nght ventncular

lateral wall, traction on it will add to the bellows

action The action of this or the other factors has

not been quantitated That it can be a potent

mechanism, however, is borne out bj the observa

tion that right ventncular ejection can be mam
tamed when the free nail of the right ventnele

has been almost completely destroy ed by cautery

m the dog or by coronary occlusion in man
The reduction m diameter and circumference

neccs^ry to eject the stroke volume is different

in the two vcntncles because of their shape and

manner of contraction but they are small m both

eases \Sith preeent methodology, it is not po«si

ble to quantitate the extent of myocardial fiber

shortemng associated with ventncular ejection

of blood However, some rough estimates are

instructive Under normal ciroumstaocca tlie

veatnclw function at rebUvely lai^e diastohc

and aystohe dimensions since po««ibly half their

contained volume is not ejected with each con

traction If the left ventnele is regarded roughly

as a cylinder which ejects approximately half its

contained volume of 33D cc then the diameter

can decrease from 5 2 cm to 3 0 cm ,
and the cir

cumference from ID 5 cm to 12 1 cm
The nght ventnele has some 'cmblance to a

segment of a sphere, and a small shortening of its

fibers Will eject a brge blood vxilume If its vol

nine is also 130 cc
,
and half is ejected, the diame

ter will decrease from 63 cm to 5 1 cm , and the

arcumfercnce from 19 8 cm to 16 0 cm The
average shortemng of the nght and left ventnele

walls might be estimated as 20 per cent and 2o

per cent of the diastohc sue The extent of myo-

cardial shortening also vanes greatly for the same

volume of ejection depending on the size of the

cavity or the fiber length before ejection takes

pbee It takes a much emaller reduction m fiber

length of a larger sphere or cj hnder to eject the

same volume. For example if in a heart enlarged

by congestive failure of the circulation the nght

ventnele contains 500 cc blood, then ejection of

60 cc will decrease the diameter from 9 8 cm to

94 cm
,
or by 04 cm

,
and the circumference

from 30 8 cm to 29 5 cm
It would be expected that the shortemng of

muscle fibers of the lateral wall of the nght ven

tncle at different depths would be similar since

the wall IS so thin In the left ventnele, however,

the circumferentially arranged deep constrictor

fibers form a cuff of muscle making up most of
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the muscle wall which is so thick that the inner

layers near the endocardium have a much smaller

radius and circumference than the outer layers

near the epicardium With the on«et of contrac

tion, the inner lay ers must shorten more than the

outer layersm ejecting a particular \ olumc Thus,
presumably, no two layers of the myocardial

fibers shorten to the same extent during ejection

Pressure and Volume Events of a Cardiac
Cycle

It IS important to consider the means by which

the heart caiities are able to pump the necessary

volume of blood from the systemic veins to the

arteries and to impart to it a pressure sufficient

to cause a continuous flow of blood through the

capillaries The sequence of events can be con

sidered in terms of atnal, ventncular, and artenai

pressures, and of variations in the volume of and
means of emptying the cardiac cavities The
events of the cardiac cycle for both left aod nght

hearts are depicted m figure 20 2 Terminology

and symbols given to the various phases of the

cardiac cycle by ^\lggcr8 are used The curves

are synthesized in part from records obtained

m dogs In the mam, however, pressure values and

temporal relations are based upon pressure pulses

obtained from all four cardiac chambers, pul

monary artery and aorta, by direct needle punc

ture at the time of thoracotomy m human sub

jects clinically free of cardiovascular disease The

schematized volume curve is based on recordings

of volume of both ventricles in which a catdiome

ter has been placed around the ventricles up to

their A V junction in the open chest dog No
adequate recordings of moment to moment

changes in volume of a ventncular cavity dunng

a cardiac cycle are yet available

Sequence of events Ventncular contraction

begins at “1”, and almost instantly closure of the

mitral valve occurs as the ventncular pressure

curve exceeds the left atnal pressure curve The

"c” wave in the atnal curve begins at this time

and IS due to the nsmg pressure in the ventncle

which IS transmitted through the closed AV
valves which bulge into the atnum It marks the

onset of the left ventncular isometnc contrac

tion penod which consists of a slow and then a

rapid phase of pressure nse The isometnc con

traction period in which the ventncle is a dosed

cavity
, ends at “2 ’ the moment at which the

ventncular pressure exceeds the aortic pressure

.The aortic valves are forced open as indicated by

fthe onset of the pressure rise in the aorta, and

blood 13 discharg^ from the ventncular cavity

From the moment that the aortic valves open at
“2 until they close at “i ventncle and aorta

are common cavities and, consequently, their

pressure pulses have a sunilar contour Ventneu
lar volume starts now to decrease The penod of

maximum ejection lasts until the peak of the

aortic pressure pulse and is followed by a penod
of reduced ejection which is completed at the be

ginnmg of the incisura (3), a point which is often

difficult to identify on the records This is the end
of ejection of blood and of v entricular systole The
ventncular cavity still retains more than half its

ongina! disatolic volume Dunng protodiastole

(3 to 4), the pressure within the ventncle con

tiQues to decline and this phase ends at the mo
ment of aortic valve closure (4), i e

, at the bot

tom of the incisura of the aortic pressure curve

Isometnc relaxation (4 to S) then follows At this

time, the atnum and ventncle arc relaxed and the

left ventncular cavity is completely closed off

from the atnum and aorta and only partially

filled

Dunng the preceding ventncular contraction,

the left atnal pressure undergoes a temporary

abrupt decline os a result of an artefact imposed

by cardiac movement As blood, howev er, pours

into the cavity of the left atnum from the pul

monary veins, the atnal pressure nses contmu

ously to the end of the isometnc relaxation penod

forming the “V” wave This atnal blood which

has accumulated dunng the previous ventncular

contraction is now transferred to the ventncle

Ventncular filling begins at the time the intra

ventncular pressure drops below the mtra atnal

pressure and the A V valves reopen (5)

The penod of rapid ventncular filling, i e the

early diastolic inflow penod is marked by a con

tiDuous decline in ventncular pressure and in the

“V” wave of the atnal pressure curve Inflow into

a ventncular cavity is regulated by mechanisms

operating m both its systole and diastole Since

no blood enters the V’cntncles until it has passed

through the atna, it is important to know their

means of filling It is not possible to measure flow

into the atna, but since they are continuous with

the venae cavae without intervening valves, vena

caval flow should indicate atnal flow Cav al flow

into the atna shows three phases It is reduced

nearly to zero dunng atnal contraction Dunng

ventncular diastole inflow is considerable but

the volume of atnal inflow is greater dunng ven

tncular systole when the A V valves are closed

and no blood can enter the ventncle. than dunng

ventncular disatole when A V valves arc open

and atna and vcntnclcs form a common cavity
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TIME ISECONOS?

0 02 04 06 08 I

Pig 20 2 Scbematization of tbe sequeDfial cardiac eveiifs relating pressure volume changes to the
pboEo and eJectroeardiograms vpper irannffS, Jigbt and left heart pressures, middle iractvps, phono
cardiogram and ventricular volume, and bottom iraeinfft, electrocardiogram \ertieal lines correspond
temporally to tbe following I, onset of isometnc ventncular contraction and closure of A V valves,
2, end of isometric contraction and opemog of semijiinar valves

, 3, incisura or end of ventncular ejection
and ventncular systole, 4, closure of semilunar valves and onset of isometnc ventncular relaxation,
5, opening of A V valves and onset of rapid ventricular filling, and 6 and 7, slow ventncular filling or
diastasis, ending with atnal contraction
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Atnal inflow dunng ventricular contraction is

particularly effective m the presence of tachj

cardia m which the tune available for diastolic

inflow IS shortened The pistonhke downward
movement of the atrioventricular junction during
ventricular sj-stole enlarges the atna. and yena
ca\a and attracts blood to them The filling of

the atna dunng ventncular sj’stole depends on
the quantity and pressure of blood available in

the venous reservoir and the vigor with which

ventncular sj-stole moves the A V junction Thus,
^entncu!a^ myocardial contraction is a very im
portant means of actively filhng the atna dunng
sjstole and, therefore, in determining the extent

of \ entncular filhng dunng the rapid filling phase

Finally, attention is directed to the dashed and
abruptly dipping line representing an alternate

decline of the ventncular pressure and which, at

times, indicates a negative intraventncular pres

sure has developed Such a dip in the pressure

curv e of V entncular relaxation, although recorded

for manj j
ears and considered an artefact, is now

given more credence since (1) it can be recorded

with a micromanometer (which is supposedly un

mune to artefacts), (2) recent expenmental evj

dence indicates that the relaxing ventncle can

develop suction under certain artificial expen

mental conditions For example, m the beating

mammalian heart, a moderate volume of fluid

can be drawn into the ventncular cavit> in the

absence of a positive ventncular filling pressure

and in the presence of an empty ventncle or one

with some sj-stolic residual volume The time

available dunng which suction could act is ap

proximately 0 1 sec
,

i e
,
the earlier part of the

rapid inflow penod The quantitative contnbu

tion of the ventncle to ventncular filling under

normal conditions is still unknown and, hence, the

physiological significance of diastolic suction for

the return of blood to tlie heart cannot be evaJu

ated Wjggers, in summanzing the problem, states

‘ crucial evidence is still required that the small

remnant of elastic recoil still operativ e at the end

of relaxation can create sufficient suction to be of

significance in filling the normally beating heart

Dynamically it must be shown that the con

cordant declines of atnal and ventncular pres

sures are due to a more rapid rate of venlncBlar

relaxation than of filling from the atnum ”

Diastasis, or the period of slowed ventncular

filhng, begins when the atnal pressure begins to

nse dunng diastole (6) The end of diastasis (7)

,13 marked by the onset of atnal contraction (“a”

’wave) which is reflected in the ventncle since the

atnal and ventncular cavities are now continuous

The dynamic interval of atnal systole lasts until

the peak of the atrial contraction wave while the
mflow phase that follows ends at the onset of

ventncular isometric contraction and completes
the cardiac cycle

AtriaIi coNTRAcrioY The dynamic importance
of atnal contraction on ventncular filling has been
much debated The older view that the chief

function of the atna is filling the v entncles is not
now acceptable since it is known that such fill

iDg occurs chiefly dunng the earlier portion of

diastole when the difference between atnal and
ventncular pressure is maximal However, in

hearts slowed by vagal stimulation to separate

atnal and ventncular contraction and in hearts

with 2 1 or more block, it can be demonstrated
that atnal contraction has a small but sigmficant

effect on the ventncular volume curve obtained

with a cardiometer

Pressure and time values of dynamic and
ELFCTRICAL EVENTS AND THEIR TEMPORAL BELA
TIONSHIP IN THE LEFT AND RIGHT HEART For fuIl

details ongina) articles should be consulted How
ever, certain features are obvious The following

table gives the approximate figures for the dura

tion of the chief phases of the cardiac cvcie « f the

left heart when the heart rate approximates 70 per

minute in the human

StcoDdi

Atnal systole 0 11

Atnal diastole 0 71

Ventricular systole (to 0 27

tal)

Isometric contrac
j

0 06 (right

tion penod
j

ventncle 02)

Ejection period
|

0 21

Ventricular diastole
, 0 56

(total)

Protodiastolic period
j

0 02

isometne relaxation 0 05 (right

period
{

ventricle, 02)

Rapid inflow period
j

0 16

Diastasis I 0 23

Atnal systole 0 10

A Pressure pufse tafues Aortic pressure

throughout the cardiac cycle is uniformly higher

than in the pulmonary artery The peak aortic

pressure dunng systole of 120 mm Hg is approxi

mately five times that of 25 mm Hg m the pul

monary artery, the relative end diastolic pres

suresareflOmm HgversusIOmm Hg.therela

live pulse pressures are 40 mm Hg versus 15 nun

Hg The diastobc pressurt m both cavities is
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quite JoR mth a gmall prc«!sun? gradient from the

left \entncle (5 mm Hg) to the nght ventncle

(2 to 3 mm Hg) The atnal pressure \*aIuos are

onlj a few mm Ilg and arc uniformlj somewhat
higher m the left atnal than in the nght atml
cur%e

B -tsi/ncAronisms of presxure puisa Wliile

dj-namic merits on the two sides of the heart are

generall> similar, there is considerable asjm

cUroaism and some difTercnce in duration of parts

of the cardiac cjcle The on«ct of contraction of

the nght atnum precedes that of the left atnum
while the onset of contraction of the nght \cn

tncle follows that of the left aentncle Hight

\entncular ejection beings earlier and is com-

pleted later than left acntncular ejection

C FUclrocardtognm ttrsu9 onset of pressure

crents In man the intciaal lietween the onset of

clcctncal and mechanical acti\it> in the left

atnum (n«e of P wa\e aersus on<ct of n«e of

atnal A wa\c) is of the order of 0 00 «cc , for the

nght atnum, the intmal approximates OOS «ec

For the left acntncle, the internal bcUeen the

onset of aentncular dcpolanzation (Q wave) and

onset of left ventneubr contraction (on<ct of

pressure nse) approximates 0 04 sec , for the

nght ventncle, the interval is about 0 05 sec The
T wave has a vanahlc relation to the end of s>s

tole but tcnninatcs usuallj before the incisura of

the aortic pressure cune

The Movements of the Heart ^al>cs

The chief factor concerned in the opening and

closing of the valves is, ss already indicated (p

242), the difference in pressure upon thciropposite

surfaces Some additional features of the vahnilar

mcchaai'’nis must non be considered

The ATniovE>TRicOLAn valves (TUJcexpro

AXD MITB.VL) The vfllve leaflets or cusps, three

in number on the nght and two on the left side,

are attached bj thezr bases to the fibrous nngs

surrounding the atnoventncular openings Their

free margins are connected through delicate

tendons (chordae tendincae) to the papilbrj

muscles which prevent inversion of the valves

into the auncle during ventricular systole The
chordae tendineae are tightened at the com
mencement of s) stole by the contraction of the

papilbiy muscles The leaflets are composed

main]} of a double layer of the endothebal lining

of the heart, strengthened by a few connective

tissue fibers. Their attached bases are thicker

and contain more connective tissue, Bmall blood

vessels and delicate strands of smooth muscle

The latter, howev er, play no part m v alve closure

which IS effected, as mentioned above, in a pas

sue manner

A The mechanxim of ralre closure According

to traditional concept, an advancing gush of

btooii thrusts the A V valves widely open during

early vcntncular diastole During atnal systole

the leaflets do not ho back against the \ entneu

Inr wall but occupy a midposition as a result of

two opposing currents The inflowing blood press

ing upon their atnal surfaces keeps them open,

while eddies reflected in the reverse direction

from the vcntncular walls stnke their \ entneu

lar surfaces and tend to close them Tlius Ihcv

float m a position of delicate balance ^Nlien

as 0 result of the fall m intra atnal pressure at

the end of atnal svstole, the incoming jet is di

immshcd m force and finally ceases, the back

e<ldies persisting for a bnef space and being unop

po«e<l, approximate the valves or bnng them

gently into apposition (fig 20 3) The fact that

the first heart sound has been found to be signifi

eantly delay crl m the aliscnce of atnal systole

supports this V lew that normally the atnov ent

ocular valves are closed or nearly so, liefore

ventncularsystole They arenot, however, firmly

closed This is effected by the n.«e m pressure in

the ventncle when it rontraets Dean has shown

by attaching a hair to the septal leaf of the valve

ant) recording its mov'ements that il vcntncular

systole does not follow ahno&t instanth upon the

cessation of the flow of blood from the atnum

the vahesstart to reopen Ininstance« therefore

in wbicb vcntncular systole is delayed, that is

when theA Vjatcnalisprolonged, the reopening

of the valves proceeds for an appreciable time

Then, when vcntncular contraction occurs a

small amount of blood regurgitates into the

atnuzn before the valves are swung closed by the

A B

Fio 20 3 Two diagram.? showing mechanioros
concerned in valve closure A, showing relations
of papillary muscles and chordae tendineae to
vaire flaps B partial closure due to eddy forma
tion (after tVlggers, 19ol

)
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nsiDg intraventricular pressure The backward
flow of blood through the onficc maj then give

nse to a murmur just preceding the first heart

sound (presystolic murmur)
These concepts have been derived mainlj from

observations and direct photography of valve

action m isolated hearts and from correlation of

heart sound with mechanical and electrical events

of the cardiac cycle However, cinefluorographic

observations of the motions of the mitral valve

cusps by means of attached radiopaque markers

m intact anesthetized dogs, showed the edges of

the valve cusps to be only slightly separated dur

ing ventricular filling Since in both instances, it

IS not possible to rule out certain experimental

artefacts, at present no choice can be made be

tween the concept of wide valve excursion in

isolated hearts and restricted valve movements

in intact animals

The SEUiLUNAB VALVES The dimamicsofaGrtic

and pulmonary closure are essentially the same

m principle as those described for the A V valves

The valves form three small pockets open toward

the arterial lumen Back eddies which arc set up
during the ejection phase of systole prevent the

contact of the valves with the arterial wall

When ejection ceases the centnpetal currents

carry the valves into apposition and firm closure

IS eSected by the higher pressure at this tune

upon their artenal surfaces

Heart Sounds

Methodoloot The sounds produced by the

heart during a cardiac cycle consist of waves of

greatly varying frequency To pick these up a

simple form of stethoscope is used in which a

Fig 20 4 Schematic diagram illustrating the

recording of heart sounds The signal from the

microphone goes through an amplifier to give it

the necessary amplitude to dnve a recorder

small bell or disk placed over the chest conducts

the sound waves through rubber tubes to ear

pieces Because of the intervemng tissue, the

mtensity of the sounds is generally decreased and
some components are accentuated and others

depleted The stethoscope itself does not amplify

sounds accurately or conduct them accurately to

the car, the sire and shape of the end pieces and
the pressure exerted affecting the auditory char

aetenstics of the sounds Despite this the sounds

heard thus by ear gi\ e more practical information

than IS obtained by any other approach The
heart sounds have also been picked up by a micro

phone applied to the chest wall over the heart,

amphfied, and the frequency selectively filtered

before it reaches the ear or is conducted to a

loudspeaker This is didactically helpful since

many can listen simultaneously, but it docs not

give a better appreciation of the sounds as they

actually occur

Graphic registration of the heart sounds has

been used to give a permanent record for study

and to permit precise relations to be established

between them and the events of the cardiac cycle,

as recorded by other graphic methods such as

the electrocardiogram and intracardiac end mtni

vascular pressure curves As already mentioned

this provides an accurate method of measuring

the duration of ventricular systole In the classi

cal direct method heart sounds at the chest level

are conducted by a stetboscopie bell by means of

a short rubber tube to a sound recorder the

coarsest vibrations being allowed to escape

through a lateral opening The recorder consists of

a very fine rubber membrane mth attached mir

Tor whose movements are recorded on photo

graphic paper Einthoven introduced an indirect

method in which the sounds picked up by a

stethoscope fastened to the chest were trans

mitted to a microphone the movements of the

disk of which produced changes in a simple

electnc circuit recordable by a stnng galvanom

eter (fig 2) 4) With the development of crystal

microphones and proper vacuum tube amphfica

tion, a number of devices are available coimner

cially m wluch the heart sounds are converted

at the che^t level into electneal variations which

are amplified and recorded by high frequency

oscilli^phs In this electronic apparatus, the

lower frequencies have generally been severely

attenuated or filtered to resemble the effect of the

human heanng mechanism with a stethoscope

The records are used to increise the acumen of

clinie«< auscultation, the advantage is mainly in

appreciating the timing and relation to each other
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of heart sounds and murmurs But in the matter

of increase in perception of faint munmirs, phono

cardiograph} docs not compare mth the remark

able scnsitivit} and 'cleclmt} of the human car

For obvious reasons, «ounds picked up from

the surface of the thorax are not a true rcpresen

tation of the actual vibrations of the cardiac

valves and walls Tims, attempts have been made
to move the pick up device closer to the «ourte

of «ound b> placing microphones in the i^.opha

gus, b} suturing microphones to the mjocardium

in expcnmcntal ummab, b\ appljing suction

microphones directly to the surface of the human
heart, and finally

,
by introducing the microphone

into the cardiac chambers them'-ehes Tlic Utter

technique aids in locating the site of proiluction

of normal heart sounds and serves as a valuable

diagnostic tool in disease states m locating the

ongin of abnormal sounds and murmurs How
ever, u«e of data obtained therebv must be tern

pered by knowledge of the fact the enthetcr

mounted device may itself, through the motion

imparted to it in the cardiac cavities, produce

sounds which are recorded as naturally oecomng
CjIAJIlCTtBISTICS OP BEIRT «oir.os T«o dis

tinct sounds are heard by direct au«cuUation and

occasionally a third is also audible dunng & car

disc cycle A fourth sound is revealed by graphic

mcthwls The fi«t two sounds occur mainly dur

mg ventricular systole, the other t«o sounds take

place dunng vcntnculsr diastole (fig 20 2)

A Origin of heart sotindt and hmc relationr

These vibrations arising in the heart are funda

mentally the result of sudden displacement of

blood (acceleration) or abrupt stoppage of blood

(deceleration)

The temporal realtions of human heart sounds

to central hemodynamic events are illustrated

schematically in figure 20 2 The large vibrations

of the first sound begin with the rapid nse in in

traventncular tension and by the begimung of

ejection they have already reached a maximum
The beginning of the second sound coincides with

the trough of the incisura of the aortic pressure

The thud sound occurs near the end of the rapid

inflow phase of diastole of the ventricles The
fourth sound begins near the middle of the ainal

pressure wave and extends to the isometnc phase

of ventncular contraction

B First heart sound The first sound is of reia

tiv ely long duration, soft in quality and low m
pitch The second sound is shorter, sharper and of

higher pitch These characteristics are best imi

tated vocally by the syllables "lub" and 'dup"
separated by a bnef pause The two heart sounds

mark the beginning ond end of ventricular systole

and the determination of the interval between

their commencements (as determined by the

phonocardiogram) is a reliable method for amv-
ing at the length of ventncular systole m man
The pause between the end of the second sound

and the beginning of the first coincides with

ventncular diastole

The first sound is fieard most clearly and at

maximum intensity over the 5th left intercostal

space, 1 c
,
with an area centered over the 'apex

beat ” Here the mitral element of the sound

prwlominate^ Any abnormal sound produced at

the tncuspid valve is detected by listening over

the lower end of the sternum

The principal factors entenng into the produc

tion of the first sound are (1) the closure of the

atnovontncular valves and the tension «et up
in the valve leaflets and chordae tendineae as the

intravcntncular pressure rises (valvular element),

(2) the rush of blood from the ventncles and the

shock Imnsmitted to the vvalls of the aorta and

pulmonary artery (vs«eulBr element), and (3)

contraction of the ventncular muscle Vibrations

set up by the atna) muscle at the end of its sys<

tolc may sometimes contnbuto to this sound

The vibration of the valves is the most uspor

tant clement of the first sound Some have

claimed that the first sound is sot prolonged into

the ejection penod, and therefore, the impact cf

the blood upon the walls of the large vessels can

not contnbutc to the sound But the ob':efvation3

of Stmub and of Onas and Braun Meneodez
indicate that the first sound does extend beyond

the isometnc penod and that the vascular element

13 an important component Of the three, the

muscular element appears to add least to the

sound Dock has questioned whether the ventneu

lar muscle produces a sound at all He recorded

the sound vibrations by means of a phonocardio

graph applied to the surface of the heart and
reported that no sound was produced when the

empty heart contracted, valve action being

abolished Although he concluded from this that

the normal first sound contained no muscular

element, evidence from other sources is strongly

opposed to such a conception Wiggers and Dean
previously had recorded sound vibrations from

an isolated strip of myocardium It has also been

shown that when free mov ement of the v ah es of

the beating heart is prevented, the booming char

acter of the first sound still persists

Phonocardiographic records from the chest ov er

the heart show, as a rule, no vibrations before the

onset of ventncular contraction thus indicating
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that the presjstolic apposition of the valves is

silent The sound commences 0 008 second before

the peak of the R wave of the electrocardiogram

Its duration is about 0 18 sec Sometimes, how
ever, the phonocardiogram records a few smaU
presj-stolic vibrations which are attributed to

auricular sjstole, occasionally a faint sound is

heard at this tune

The record of the first sound is composed
cluefly of a senes of from 9 to 13 vibrations, and
has a duration of from 0 9 to 0 16 sec Tliese are

of small amplitude to start with but nsc to a
“crescendo ' which reaches its maximum at the

end of the isometnc penod and is followed by a

“diminuendo” of about the same duration This

mam senes of vibrations is sometunes, as men
tioned above, preceded by a couple of «mall m
troductory vibrations which occur before the

ventncular pressure nse These are possibly of

atnal ongm The mam senes is also followed by

a few final vibrations, vanable in number The
vibrations are in general irregular, which places

the sounds in the category of noises rather than

of musciat tones The frequency is low vaiymg

from 83 to 110 per sec

C The second sound results from the vibrations

set up m the blood column and artenal walls as

the aortic and pulmonary valves are placed under

tension following their closure The duration of

the second sound is about 0 10 seo It commences

about 0 09 sec after the summit of the T wave

of the electrocardiogram The average frequency

IS about 50 per sec It is heard best over the

pulmonary and aortic areas—the upper part of

the sternum adjacent to the 2nd left intercostal

space, and the 2nd right costostemal junction

respectively

I) The third heort sound Sometimes a faint

third sound is heard m normal hearts which fol

lows the second sound by about 0 08 sec and lasts

for about 0 04 sec It is heard at the apex and is

commonly found m young adults Thayer found

it present in 65 per cent of normal individuals

It may be made to appear or is intensified by

procedures which increase the venous flow into

the atna, e g ,
exercise, recumbent position, etc

The sound was first de«cnbed by Gibson and

independently by Herschfelder, «e\-eral explana

tions have since been given to account for it

(1) Some have considered it to bo due to the

asynchronous closure of the aortic and «cmilaiiai

valves, but the interv al between it and the second

' sound is too great for the acceptance of this ex

J planation (2) ^^^lltc considers that it is due most

probably to the opening snap of the A V valves

or to the vibration of the ventncular walls as

the blood nishes into the ventncle (3) Another
view 13 that the sound is simply due to prolonged

after vibrations of the aortic valves which have

become separated from the earlier vibrations as a
silent interval None of these explanations is

entirely saisfactory in all instaces

E VaruUvmstnihetniejmtyoJthekeartsounds

It is the general bchef that the first sound vanes

in intensity with the force of ventncular systole

and the loudness of the second sound with the

height of the artenal blood pressure The expen

ments of Wiggers bear this out The sounds were

recorded graphically and correlated with the

intniventncular and aortic pressure curves It

was found that the vibrations of the first sound

were increased in amplitude and number when
the tension developed by the cardiac muscle was

increased The intensity of the fir«t sound is

directly related to the rate of the pressure nse

within the ventncle dunng the isometnc penod

The intensity of this sound is not dependent upon

the volume of the systohe discharge but rather

upon the diastolic pressuresm the pulmonary and

systemic circuits ^^]ggc^s found that when the

heart was slowed and the systolic discharge con

eequently increased but the diastolic pressure

lowered, the intensity of the first heart sound was

reduced while acceleration of the heart (reduced

systolic discharge with raised diastolic pressure)

increased its intensity These experiments to*

getber with the obsenations that the first heart

sound IS bebeved to be largely on a v aUmlar basis

and IS intensified with prolongation of the P R
interval strongly suggest that the intensity of

the sound is ultimately conditioned by the post

tion of the A V valves at the onset of ventricular

systole

The mtensity of the second sound in the aortic

or pulmonary area is increased by an elevation

in the systemic or pulmonary pressures, respec

lively Among the cardiovascular conditions as

sociated with intensification of the second sound

are, mitral stenosis and failure of the left ventn

cle which rai«e the pulmonary artenal pressure,

and artenal hypertension which raises the aortic

pressure
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KEGULATION OF PRESSURE AND FLOW IN THE
SYSTEMIC AND PULMONARY CIRCULATION

If all the Aascular bods of the bod> \\cre to

open simultaneously to their full capacities, the

total peripheral resistance Mould disappear and
the cardiac output and blo«l prtssure would be
reduced to icro In order, therefore, to permit

the circulation pumps and Aesscls to carrj out

their functions, most blood \ csscls must be par

tially constricted much of the time To effect

this, vascular constriction must be preetselj bal

anced against ^ oscular dilation so as to permit

the requisite cardiac output for tissue needs

Bodj cconomj requires tliat blood flow

through some o^ans or regions be dictated by
their local function In some tissues with a higli

znetabohe rate, such os active skeletal muscle
and the mjocardium, the volume of blood flow

IS very high and the artenoienous (AA') oxygen

difference may be 70 per cent or more Id other

tissues, such as skin, kjdnc> , and the brain, blood

flow 18 not determined by local metabolic dc

mands Here, with rather low metabolic require

ments, the blood flow is high Mith a small A V
oxygen difference, because the specialised func

tions of temperature regulation, unnary secretion

and neural activity require a very large blood

flow beyond their oxygen requirements

The size of v^els can be vaned passively be

cause of their content of elastic and collagenous

tissue, and of smooth muscle, each of which can

be stretched by an intravascular pressure The
walls of most vessels such as the aorta, aitenes,

artenolw, venules and veins, contain involuntary

muscle fibers arranged in circular fashion The
walls of the arterioles are composed almost ex

clusively of this smooth muscle Vascular con

tractility is dependent only on these smooth

muscle cells Such contractihty is based on thear

local “tone” and on their response to blood borne

substances In addition, like the cardiac muscle,

the musculature of these vessels is suppfaed bj

two types of nerve fibers—inhibitory and eiccita

tory Ibose which cause contraction of the mus

culflture arc called vasoconstnetor, those which

inhibit, and m consequence, cause relaxation of

the muscle nngs, are termed vasodilator Both

sets together are referred to as vasomotor nerves

Since, according to PoiscuiUe’s law, pressure,

flow and resistance are intimately assoaated

it IS neccs-sarj for proper study, as pointed out

in chapter 15 to be able to measure the blood

flow m the presence of a constant perfusion pres

sure, or to measure the blood pressure change in

the prcecnce of a constant blood flow In no

other way con one determine whether a change

m pcnpheml resistance arises through a change

m blood flow from a primary change in heart

action or through a change in state of vasomo

tion of penpheraJ vc«sels induced by local mecha

msms, or by nervous and humoral mechanisms

operating locaUj Ever since PoiseuiUe intro-

duced the mercury manometer, la 1828, and later

Ludwjg added a float and a writing point, it has

been easy to innke pressure measurements,

whereas, because of the slowness in development

of methodology, flow measurements have not

been too plentiful However, enough information

IS at hand to consider the subject briefly

Local Control of Vascular Smooth Muscle

The smallest blood vessels have an mherent,

myogenic automaticity or basal degree of con

traction of thcir contained smooth muscle which

IS independent of blood borne substances or

nervous influences, but which can be altered by
stimulation of nerve fibers, local electrical stimu

lation, or hy changing the physical and chemical

environment The mechanism of this inherent

vasomotion is unknown Presumably, it arises

from locally produced metabolites whose effects

can be complex Locally, m the artenoles, pre-

eapillanes and capillaries, there are normally re

leased 5 hydroxytrj'ptamine, noradrenaline, ace

tylcholme, histamine, COj, lactic acid, products

of nuclear metabolism and presumably many
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other substances, each of which could act differ

ently on theee \essels The extent of such basal

vasomotion has been evaluated m s^TOpathecto

raized, vascular areas w here neurohumoral, circu

latorj, constrictor influences are eliminated A1
though large quantitative differences exist m
different parts of the vascular tree, generally

speaking, there is an inverse relation between
the local, inherent actmtj of smooth muscle

cells and the extent of neurohumoral control in

any given vascular bed The cutaneous arteno

venous anastomoses, such as in the paw of the

cat, which are stronglj controlled from the hypo
thalamic heat loss center, are maximally dilated

when neurohumoral agents are elimuated, while

elimination of the vasomotor nerves serving vi

tally important metabolic areas, such as the

brain and mjocardium, has scarcely any effect

on the local blood flow In areas such aa skeletal

muscle, neural elimination still leaves a verj

strong vessel tone in the dog and man, which is

increased with time Indeed, some investigators

have expressed the belief that m skeletal muscle,

blood flow IS maml} under local control by me
tabolites, and not nen es since svinpathectomized

people do as well ninmng (athletes and normals)

before and after sjTnpathectomj This difference

may apply m the same v ascular bed, for evidence

suggests that reactivity to local metabolic effects

IS stronger in the metartenoles and precapilbry

sphincters, whereas constrictor fibers predomi

nantly affect the arterioles Presumablj, m all

beds there » some locally produced vas^ilaUon

which counteracts the centrally induced reduc

tion in blood flow by constrictor nerves and pro

tects the tissue against ischemia

The Sympathetic \ asoconstnctoc Ftbere

Distribctiov These were discovered in 1852

by Claude Bernard, who stimulated the cervical

sympathetic nerve in the rabbit and observed

constriction of the vessels of the ear They belong

to the thoracicolumbar (sympathetic) division

of the involuntary nervous system The constnc

tor fibers arise from groups of nerv e cells situated

in the lateral horns of the spinal gray matter,

extending m man from the 1st thoracic to the

2nd or 3rd lumbar segment, inclusive All the

arterioles of the body whercever situated are

supplied with filaments whose ultimate source is

in this relatively limited region of the central

nervous system They are distributed to the

periphery m the manner elsewhere described for

the thoracicolumbar outflow in general {sec also

ch 71)

The vascular nerves of the limbs, as shown by
Todd and Kramer and by Woollard, are distrib-

uted by two distinct modes (1) A proximal m
nervation which arises in the case of the vessels

of the upper limb directly from the cervical part

of the sympathetic chain—middle and inferior

cervical ganglia The fibers pass to the subicav lan

artery and are conveyed m a plexiform manner
along the outer coat of this ve^l and its

branches, and into the arm along the axillary

artery The corresponding supply to the vessels

of the lower limb is denved by extension from

the aortic plexus in the abdomen The fibers

follow the common and external iliac arteries

into the thigh The sympathetic fibers denved m
the manner just desenbed do not extend beyond

the larger vessels of the limbs—proximal portions

of the brachial and femoral (2) A distal innerva

tion which IS corned to the penpheral vessels via

the spinal nerve trunks Tliese reach the artenes

at different levels and, penetrating the vascubr

wall, form a nerve net surrounding the muscular

coat, the liighest level of this type of innervation

probably overlaps the region innervated by the

proximal group of fibers mentioned above Tlie

lowest levels supply the artcnoles and capillanes

It is solely through such sympathetic fibers

traveling with somatic nerve trunks that con

stnetor impulses are conveyed to tho minute

vesseb of the limbs Ganglion cells are absent

from the vc««eL« of the limbs Section of a penph

eral nerve, therefore, causes complete degencra

lion of vasoconstrictor fibers uv the area of its

distribution

Vasoconstnetor fibers to the head and neck

are conveyed from the sympathetic chain

through plexuses investing the blood vessels but

also via peripheral nerve trunks {cervical and

certain cranial nerves) The vessels of the abdo

men and pelvis are supplied with fibers which

pass along the vascular walls from plexuses sur

rounding the aorta and its branches The sym

pathetic fibers to the heart arise chiefly in 5

upper dorsal segments of the cord, pass to the

steibte ganglia and upper dorsal ganglia as

white rami, and proceed to the heart by a com

plex plexus There is no certainty tliat these

fibers should be included here They are included,

however, because with their stimulation nor

adrenaline is released in the heart, but no good

evidence exists to prove that stimulation per te

causes dilation since each gbmulation is over

shadowed by a massive metabolic response and

associated dilation

Snx AM> MODE or ACTTiov The«e nerve fibers
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constitute a group of powerful vasoconstrictor

mechanisms which arc available and in constant

function The plij-siological discharge rate of the

vasoconstrictor fibers is 1 to 2 per see to mam
tain normal vessel tone and reaches 10 impulses

per see
,
with maximal phjsiological excitation

The chemual transmitter released at the smooth

muscle cell is probablj norepiucphnne, Einec al

most pure norepinephrine is released into the

blood stream on intense sj*mpatiietic stimulation

However, such an overflow docs not usually oc

cur at phj-«!otogicaI discharge rates Tliese con

stnetor fibers exert control over the resistance

vessels (artcnoles and adjacent smaller blood

vessels) where the roam drop m Wood pressure

occurs This can be observed bj noting the

marked increase m blood flow in a hmb of man
or animal with s>Tnpathetic block to that area

Predominantlv, the true nrtenoles arc controlled

by constrictor fibere while the capitlancs arc

mainly regulated by local factors

In addition, the<e fibers exert strong control

over the heart «ue and the capacity ve8«cls,

mamlj the veins, which can alter greatly the

venous return to the heart and, thus markedly

influence cardiac output To establish tlua capaci

tance action, pressure changes occurring m June

tionally isolated parts of the superficial and deep

venous system of dog and man were u«ed to m
dicate changes m venous constnction, and en
dence of a reflex constnction to a vanety of

stimuli was obtained Isolated venous si^mcnts

in the intact forearm constnet after reflex sym
pathetic stimulation by cold, excitement, etc

Venoconstnction in the forearm occurs Jii re

Eponse to pooling of blood lo the leg Similar ob
“ervations hav e been made on the capacity ves

«els of the splanchnic area These effects arc

abolished by con<5tnctor fiber blockade by hexa

methonmm Possibly the most clear cut expen

ments m dogs on the quantitative importance of

the sy’inpathetic system m adjusting total vascu

lar V olume, and hence, v enous return and cardiac

output, are those m which a pump, with output

which remained constant under marked vana
tiORs of peripheral resistance, was substituted

for the left ventricle of a dog The pulmonary

drainage of blood was earned to a rcsencar by
means of a plastic tube in the left auncle The
blood was pumped from the reservoir through a
T tube m the descending thoracic aorta Under

equibbnum conditions (reservoir level remaining

constant), if norepinephrine (which simulates

sy mpathetic v asoconstnction m phy sioli^cal

do'^ages) was injected into the dog there was not

Only an increase in vascubir pressures but abo
approximatelv 250 cc {}i of the dog’s bloofl

volume) was forcetl into the pulmonary drainage

reservoir feeding the mechanical left ventricle

This could only come from the venous sy’stem

and the right heart When hexamethonium

(simulating a functional sympathectomy) was

injected instead of norepinephrine, the pressures

fell ami the dog took up 200 to 300 cc of blood

from the ro«ervoir Further work has extended

tho«c findings to man In normal man remov al of

large amounts of blood m 50 cc increments pro

duces little change in v ascular pressure or hemo
dynamics But if done following inhibition of

sympathetic v-asoconstnetor refleves with hexa

metbomum, then with each 50 cc of blood re

tlmwn, there is a perceptible decline in blood

pressure After removal of only 350 to K)0 cc of

blood, the artcnal pressure falls, by decrements,

to collaj>«e levels During remfusion, the proce«s

13 reversed Thus, sympathetic vasoconstrictor

inhibition has converted the vasculature into a

static system In addition, using the pressure

volume apparatus of Litter and associates, which

can be applied to the extremities of man, it is

calculated that infused epinephrine and norepi

noplmne can shift as much as 500 ml of blood

from the veins of dependent limbs m a short

period of time

These effects of constrictor fibers on venous

volume can considerably change v*enous return

by very small changes in vein caliber Forevam
pic, if the veins contain 60 per cent of blood vol

nine of which 1 to 2 per cent make up the stroke

volume of the ventncles, a 1 to 2 per rent short

ening of venous vascular smooth muscle would

be estimated to double diastolic inflow to the

heart, this same amount of constnction of the

resistance vessels would only msigmficantly in

crease the penpheral resistance

Excitation of sympathetic vasoconstnetor

fibers affects somewhat the aortic smooth

musete cells and possibly other artenes Pre

eumably, the effect is mainly a change of vascu

far distensibihty and, only secondanly
,
on mild

pressure changes along the artenal tree (see also

eh 26) la general however, the effect is small

In ve«‘‘el‘« from the root of the aorta down to

artenes of 1 mm
,
induced changes in diameter

are probably less than 5 per cent of total diam

eter even with marked v asoconstnction or v aso

dilation Even a 30 to 50 per cent change of in

trsvascular pressure will only alter diameter

within 5 per cent

FirvcnovAii siamncAXCE Experimental evi
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dence now indicates that these vasoconstnctor

fibers are responsible for blood pressure homeo
stasis (vascular adjustments denied from the
bare and chemoreceptors), and for the regulation

of heat loss by the skin blood flow Thus, the
commonest type of centrally rnduced vasodila

tion IS caused simplj by an inhibition of vascular

tone In fulfilling their role as the mam neuro
gemc adjustors of the penpheral circulation, they
may show a generalized, stnctly segmental or

regional function, dependmg upon the type of

stimulus

Central control. The control of the degree

and sites of vasoconstriction depends predomi
nantly on the influence of hormonal action and
on the action of the central nervous system In

discussing the central control of the cardioiascu

lar sj'stem, it should be emphasized that, m the

past, relatnely little work has been done in this

field This has been true ever since the discovery

and location of the medullary vasomotor centers

bj Oswjannikow and by Dittman m 1873 It was

not until 1916 that Ransom and Btllmgsley pub
lished further significant work Practically all

the work in the field has been done by neuro

phjsiologists mth the result that generally only

bli^ pressure and heart rate ha\e been roeas

ured More recentlj, circubtory phj'siologists

have become interested in the problems, and

with teams of neuro and circulatory phj-siolo

gists in operation, regional blood flows and direct

effects on the heart have been studied with some
progress

However, at times, interpretation of results is

difficult because of the tjpes of central nervous

changes that are necessarily induced expeninen

tally For such studies these mclude stimulation

of outljung nerve fibers, ganglionic blockade,

electrical exploration of the central nervous sys

tem, ablation of areas and chronic implantation

of stimulating electrodes Each has its drawbacks

m a physiological system Gangliomc blockade

IS a pharmacological test used to identify vaso

motor activity Its action maj be incomplete

or not entirely selective An electnc shock is an

artificial stimulus and its frequency and intensity

may bear no relation to a physiological stimulus

Such stimulation experiments, in general, demon

strate what can happen in nerve fibers, and that

m the central nervous system there are excitable

areas m the region of the electrodes which, m
turn, have synaptic contmuity with the cardio-

I

vascular outflows They do not necessarily indi

cate what role the excitable areas play m the

intact human or ammal Ablation expenments

obnate some of these difficulties but there is no
surety that the cardiovascular changes induced

by ablation are not in part due to injury to sur

rounding areas Attempts have recently been

made with the use of ehromcally implanted elec

trodra to simulate the hemodynamic responses

normally occurring m excitement and exercise

and then to show, by ablation of such areas, that

the cardiovascular response disappears This ap
proacli has considerable promise

A The tptnal cord The pregangLomc syra

pathetic neurons may, under some circumstances,

exhibit spontaneous activity independent of an
excitatory drive from afferent fibers or central

levels This spontaneous discharge may anse

from a changed oxygen and CO, tension which is

prone to occur m a spinal preparation in which

neuronal respiration and blood supply are with

out doubt considerably altered

Various afferent impulses are able to call forth

epinal vasomotor reflexes when the vasoconstnc

tor neurons form the efferent link Pam or cold

stimulation m the skin reduces a segmentally

arranged constnction of the intestinal vessels m
such spinal animals Vasodilation occurs when
the skin IS moderately heated More intense and
widespread effects are seen re human beings with

chronic transverse lesions of the spinal cord

Guttman and Whitendge showed the existence

of powerful reflexes, m the spinal man, arising

from the hollow viscera In patients with high

spinal transection, distension of the bladder

would raise the blood pressure from normal levels

to 300/140 mm Hg This is asenbed to the action

of reflexes initiated by the tension in the bladder

wall and mediated by the isolated spinal cord

and the syTopathetic outflow There could also

be demonstrated vosoconstnclion in the hand

and a fall in calf blood flow These phenomena

are consistent with a very widespread vasocon

etnction as a result of afferent impulses which

spread to an unusual extent m the isolated spinal

cord
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the hjpothalamus and m the cirebral cortex In

the intact mammal, comphented afferent mflu

enccs intcgratcil m the cerebral cortex an<! hjpo-

thaUmus modifj and control the action ol the

vasomotor center

The state of oclivitj of the medullary vaso

motor center depends ujion afferent nerve im

pulses received from vanous organa and regions

of the bodj, as well as from other nervous con

ters, respirator) center*!, etc
,
and upon t!ie

chemieal composition of the bodj In turn, the

contractilitv of the heart, the relatirc penphem)

resistance and, hence, the cardiac output, with

its distnbution to the vanous organs, are all

mainlj controllwl by t)ie niedulb oblongata re

sponding to 3mpul<5e5 from all tissues of the bodj,

including the spinal cord and oUicr portions of

the brain itself

The vasomotor center exhibits inherent auto

maticitj
, “ince its continuous discha^ goes on

even after elimination of all incoming nerve m
fluences Section of the brain stem above the

medulla does not affect blood pressure, indicating

that upper areas do not dominate vasomotor

outflow from the sjTnpathetic nervous sj'stcm

However, such control mvj be demonrtratod

bj fcctiomng the cord m the lower cervical rc

poo This interrupts the stream of v osoconstnc

tor impulses passing from the medullao to the

spinal centers, the vessels dilate and the blood

pressure falls After a time, howcv er, the blood

pressure rises again, the spinal centers exhibit

their inherent power of autonomous action, and

assuming the duties hitherto exercised bj the

medullary centers, restore the vessels to their

previous state of tonic constriction The time

required for the vessels to regain their tone after

section of the cord vanes considerabl) in differ

ent species

TTie high degree of vasoconstrictor tone which

is normallj maintained is shoim by the fact that

section of the splanchnics doubles the flow jn the

vessels of the denervated area (Burton Opilz)

After the tone resulting from cord section has

been restored it falls again if the splanchnics are

sectioned, but after a time a certain d^ree of

tone IS regained This resides in the vascular

muscle itself—peripheral tone Apparently, a long

period IS required for the development of the in

tnnsic arteriolar tone

C The hypolhalarmij In the hjTwthalamus,

electneal stimulation shows the existence of both

excitatory and inhibitorv neurons which pie

sumably, have much to do with blood pressure

regulation It must be remembcrcfl that drastic

redistribution of blood flow following extensive

changes in the discharge of the con^tnetor fibers

to some areas, is often concealed behind slight

blood pressure changes and, hence, blood pres

sure change alone is not a reliable guide Re
ccntly, the bj pothahmic area has been explored

for structures from which a pure inhibition of

sjTnpathctic activity could be induced Such a

structure, of very restneted dimensions, has been

focalized m the antenor part of the hypothala

mus, only a few millimeters from the relay sta

tion of the sympathetic vasodilator fibers («ee

next section) Trora this area topical stimulation

induces a generalized, often very marhed inhibi

tion of sympathetic discharge affecting both to

sistanec and capacitance vessels

An immediate and persistent lowering of blood

pressure in both normotensive and renal hyper

tensive dogs occurs following large bilateral co

agulations involving the hyTiothalamic area

This lowering of blood pressure is small in mag
nitude but IS as marked as that resulting perma

oently from bilateral sympathectomy and low

cervical transection ^Tiether this lowenng m
blood pressure has a neural or an endocrine basis

has not been determined It is not due to the

ab cnee of the ncurohy-pophysial antidmretic

pnacjple because precipitation of a maximal

diabetes insipidus (functional neurohypophy sec

tomj) has been accomplished without affecting

blood pressure It is believed not to be due to a

neighbonng adenohypophysial hypofunction be

cause the lowenng of pressure following adeno

hypophyscctomy is delayed rather than immedi

ale as is the ca«e following hypothalameclomy

It IS perhaps associated with the immediate and

marked decrease m basal energy metaboli=m

which supervenes following appropnate hypo

thalamectomies

In addition, there is a heat loss center” m the

antenor parts of the hypothalamus which con

trola the discharge to the vasoconstnetor fibers

of the skin and blood vessels, and, thas plays

an important role in adjusting blood pressure

Electrical stimulation or local cooling of this

area brings about a fall m blood pressure while

direct warming of this region produces a nse in

blood pressure The cutaneous arterioles and

precaptllary vessels, and especially , the arteno-

venous anastomoses (shunts), are the vessels

most sensitively engaged m the control of heat

loss However, Keller has marshalled evidence to

indicate that vasoconstnetor impulses re«ponsi

ble for the maintained contraction of cutaneous

blood vessels do not take ongin from the hypo-
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thalamus as evidenced by the following expen
ments An asjinmetrj m the ear lessels and in

ekm temperature (Horner s syndrome) does not
follow unilateral lesions m the hypothalamus or
hemisection of the bramstem at a midbram, pon
tile or upper medullary le\el, nor does a complete

transection of the midbram or pons result in

generalized cutaneous vasodilation Ipsilateral

vasodilation does occur following hemisection of

the lower medulla and this approximates in

magnitude and duration that which follows hemi
section of the cervical cord

D CerehTol cortex Quite a number of studies

of cortical vasoconstnctor fiber control are avail

able but relatnely little is Icnown about the or
culatory adjustments Stimulation of the motor
and premotor cerebral cortex results in marked
elevation of blood pressure with constriction of

the cutaneous, splanchnic and renal les^els, and,

at the same time, a considerable vasodilation m
the skeletal muscle It is believed that these

higher centers play significant roles in blood pres

sure response to pain and anxiety

Tbo Vasodilator Fibers

Dilator impubes eme^e from the central oerv

ous system by (1) the thoracicolumbar outflow,

(2) the cranial outflow of tho parasympathetic

division reaching the penphery by way of the

chorda tympam, glossopbarj'ngeal and vagus

nerves, (3) the sacral outflow of the pelvic nerve,

and (4) the poatenor spinal nerve roots—anti
dromic impubes

The sympathetic tASODiLVTOR nnEHS The

question of dilator fibers in the sympathetic sys

ternLas been much debated About 10 j cars ago, it

was generally believed that they took an active

part m regulation of vascular tone, their activity

being governed bj the medulla, and that such

fibers were distributed to the skeletal muscles,

the facial muscles, the buccal mucosa, the coro

nanes, the intestines, and to certain skm areas,

such as the ear These findings were based on

direct stimulation of sjuipathetic fibers and the

recording of blood flow by plethjsmographj The

advent of direct measurement of blood flow

(volume changes by plethysmography do not

always mean change m blood flow), and location

of an area of central control has led to consider

able clarification The control of the degree of

vasodilation of blood vesseb is, indeed, supple

y mented by a system of efferent dilator nerves

transmitting from the central nervous system,

but this seems to be distributed only to skeletrf

muscle Electneal stimulation of the sympathetic

fibere usually bnngs about vasoconstriction m
the innervated area, since the action of the vsso
constrictor influence usually predominates over
that of vasodilation But, if the vasoconstnctor

response is first blocked by ergotamme, then if

the sympathetic outflow contains vasodilator

fibers electneal stimulation produces vasodila

lion The existence of a sympathetic vasodilator

innervation to skeletal muscle of the dog and
cat has been established by this technique The
vasodilator nerves may also be activated by
topical stimulation m the brain (hypothalamus),

using the Horsley Clarke technique with the

result that venous outflow from skeletal muscle
of the hind leg of the dog may increase 4 to 5
times (as does the local lactic acid production),

but the oxygen usage may decrease suggestmg
that shunts are being utilized In addition such

stimulation results m release of norepmephnne
from the adrenal glands This increased rate of

blood flow approximates maximum dilation

achieved by other means, such as scetyicbohne

injection This may be a potent means of dila

lion in the human, since blood flow in the human
forearm increased during fainting Also since

the blood pressure falls and the blood flow is

greater in the normal forearm than m a nene
blocked forearm dunng syncope, this might be

explained by active vasodilation m the normal

forearm excited by sympathetic fibers to the

muscles The transmitter is believed to be ace

tyicboline and the fibers are exclusively chohn

ergic, 1 e , they are blocked by small amounts of

atropine They take their ongin in the motor

cortex, pass to the hypothalamus as a thin bun

die in the ventrolateral portion of the medulla

oblongata and down to the lateral horn of the

spinal medulla where they are relayed to lower

motor neurons 'Ibis pathway is anatomically

and functionally separate from the medullary

vasomotor center which mediates va«oconstnctor

activity Their functional sigmficance is un

known, but it has been suggested that they are

activated m response to cerebral activity, pre

BUmably in association with, or m anticipation

of skeletal muscle activity

Parasympathetic vasodilator fipers The

parasympathetic vasodilator fibers run to re

stneted cranial and sacral areas such as the cere

bcal vessels, tongue, salivary glands, external

genitalia and, possibly, to the bladder and rec

tom These fibers are probably not concerned

with baro and chemoreceptor control of blood

ves^ls, nor are they tonically active It is gen

erallj believed that these fibers are cholmeigic,
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aUlioucli their VTi^odibtor cITect is « rv K~-i>tanl

lo atropine Thnr ilislnbution to n few arras

mth highU '5pp«ialu«J function-' makes it prob-

able that their funetion »' i.s.-.ociiteri with the

special tL«sue in which thei are locatcil

Avtjdbomic v\«oDlL.^TOR jitPCLf-r- Slnrkcr,

manx j ear-- aco, reported that «timubtion of the

pcnphenl ^cpnenti of the cut posterior roots

of the -<aenl m rx'c^ laiiscil dilation of the \evsels

of the doj; pa« TIil« observation was at variance

mtb the IVll Ma^rendjo law which ftates lliat

the po-tenor roots roniev onh rentnpetaJ im

pul=c« However, m «ubt««juent vear® the for

mer vaew has liecn fairlv well <locuinente<i fcince

«uch fif>er-> do not convex the indurdl imputes

to the central nervous fv-lcm but rather the

va-odilator impulses are conveved aloni; tlie

fiber* in a direction opposite to lliat m which

ordmarv «en5or\ impute'' travel thev are calleil

antidromic

The effective «timu!a' le-idini; to vessel dila

tmn max an-c in or around dor-sl root psneha,

or it mav are-c m the *kin to I'c rqnvvverl anti

droniicatlv to puperfmal blood ve'-ieL* The bttcr

arc tomctimcs called axon reflexe* but thev are

obvnouslv not true reflexes since no nerve cell is

involved The efferent and afferent Umbs of the

axon reflvx are forme<l b\ the branching of a

single nerve fiber A ‘tunula* apphed to one

branch sets up an impul e which travels centrallv

to the point of diwion where il is reflected down

the other branch to an eS^tor organ The most

familiar tvpe of axon reflex is that which invobes

a ‘ensor> nerve fiber ami through which vaso-

dilator effects are effected

Dor«al dilation is of significance onlv in tissues

with a relalivelv nch distribution of pain fiber®,

«uch as the skin and mucous m'-mbranes ^ anous

®ub“tantes Iiavc been indicateil as the trans

mitter—a bi-tammehke substance acetj Icbohne,

and ailenosinc tnpho®pliate This local axon re

flex in the *kin « indureiJ bv an> factor which

causes damage to surface tbsue®—trauma, cool

ing heating, frostbite Thu®, this local mecha

ni*ni contributes to local defense and repair in

surface tL«}nics Ij> creating an increase of local

Wood flow m rcspoa®e to the majonty of harmful

stimuli

Adrenal Medulla ®er«u® Neural Conlrol

of Blood ^es®el®

Aside from direct neurogeme eonuection® to the

Wood vessil®, the prc?-cnce in the blood «tream of

ein-ubting tjtecholainmes rai®o® the question of

their role in coatrolhng the cireulation Pre®um

aW\ thev appear throng]) ®oiiie form of bvpo-

thalamie stimulation It lia* been mdelv assumed,

but nev^f pmvxxl that the bonnone® secreted

from the adrenal meilulla n*arkc*Ilv contnbute to

the vasomotor control of the h’ood vessels U«ing

a method that allowed a direct comparujon of the

individual actions of the hormone and vasomotor

fiber on ptnphcral n>i5tance in repre«entative

vascular bed* it has liecn found that the Wood
vc>f=el are rompletelv dominatevl bv tbpjr vaso-

fonstnrlor flljcr* the contnbution bv the adrenal

secretion tx-ing tieghgihle, except in ‘keletal mas
cic, in whi«-h «niall phv-^iological concentratior".

of cpinepl nec causi-d aImo«t maximal vasodila

two On tb*- baMs of adrenal catecholamine ®o

cretion following maximal excitation of the vaso-

motor center it is e>timated that the maximal

®ccretM>ais2 to 3 Mper g per kg per mm Such

concentrations of epmephnne and norepinephrine

(probabh 10 time® the normal eoacralration)

when iDiccted mlrarenoush, dilate the vessels of

the “keleta! muscle* and probabh those of the

hvrer, but have lasigmfieant vasoconstrictor ef

fects in other regions when compared with the

constrictor fiber®

The importance of the catechol hormone* tor

the motor control of the blood ve®#eL* is next to

losigiuficant as compared with direct vasomotor

innervation However, a moderate ®eeretion of

epinepJmne mav induce ectenave metabolic ef

fects ID skeletal muscle and liver co!L which lack

direct ejmpathetic innervatioa Norepinephrine

secretion from the sdreoal gland has relativeh

htdc influence on the blood vessoL, either di

rectiv or mduectlv , through metabolic dilation

The vasomotor sv®tcm of nerves discussed

above is the mam adjustor of the peripheral cir

eolation, wherebv the blood pumped bv the heart

13 distributed throughout the body according to

the need* of each mdividual tissue and of the or

gam®m « a whole This vxtal role u accomph'hed

bv comtant, moment to-moment adjustment® of

the re*i*t3nce in the local vascular bed*, and jt is

mediated and regulated the central nenous
«v®teni through v anous reflex niecham ms (fig

21 1)

Out knowledge and imderctandmg of the'C re-

flex mechanisms is far from complete the func

tion of «otne of them is fairlv well e*(abluhed
,
the

exivtcnce of others is known vnthout anj cer

tauitv regarding their function, and it is «afe to

assume that there exist *till others, totallv un

known to us at the pre^nt time Inevitablv , in

tl»e en-Uing part®, the lengthiest consideration®

xciU be given to the most completeK ®tudied
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mcciiani«ms, but it shoulcJ be clcir that this is

not nccc«sanlj proportional to thoir rcspectue

pli}-«!iological importance

Vasomotor rcfle\<M cm be elicited bj the stira

ulation of practicallj nnj afferent ncr\c—so

matic or ^"lsceral

\a«cular Reflexes RestiUmg from the

Stimulation of Somatic Ner>rs

Hi«toncallj, the«c are among the earliest \tw

cular reflex mechanisms knomi, although their

importance in overall circulatorj regulation is

relatnel} minor

Stimulation of the central end of a nerve, «uch

as the sciatic, the median or a scn«oo cramal

nerve, maj result m cither a nsc or a fall m the

artenal blood pressure according to the strength

and tjpe of the stimulus cmplojcd The compo
nents of the reflex arc upon which the responses

depend are, (I) afferent fibers in the pcnpheral

nerve, (2) the vasomotor centen, and (3) the ef

ferent vascular nerve«, i e , the vasoconstnetors,

or vasodilators In order to elicit a pressor reflet,

a stimulus much stronger than that nece«sar> to

provoke a depressor response must, as a rule, be

applied, that is, one which would elicit pain in a
conscious animal In the elicitation of either re*

flex, the magnitude of the regpon«c is apparently

dependent upon the number of afferent fibers

mvolved For example, stimulation of vanous

nerves of the brachial orlumbar plexus causes prac

tically equivalent depressions or elevations in the

blood pressure when the number of afferent fibers

m the respective nerv es is taken into account

It must be re-emphasizcd that not all the prea

sor or depressor unpulscs ascend to the medulla

but that reflex arcs exist which hav e their centers

withm the cord, both vasoconstnetor and vaso-

dilator reflexes can be ebcited in an anuns! whose
cord has been divided m the lower cervical region

a short time previouslj

From the results of experiments upon animals,

it IS to be expected that in the human subject a
painful stimulus apphed to a somatic nene will

be followed bj a pressor response The exatation
of psjchic centers and, also, the liberation of ad
lenalme are additional factors which plaj an im
portant part in the pressor response resulting

from painful stimuli On the other hand, there

are numerous afferent fibers m the hollow vts

Cera which respond to stretch and result m a de

creased blood pressure Stimulation of the mes
entery, peritoneum and abdommal viscera or of

certain regions such as the anus vagina, and
spermatic cord may be followed by a fall in blood

pre<5surc Finally, there may be obvious reflex ef

fccts which maj or maj not be associated with

blood pressure changes For example, m normal

perrons with bladder distention, there maj be

facnl flushing but with evidence of widespread

venous constriction Following inflation of bal

loons placed in the esophagus, rectum or in ati

ileostomy, regional venoconstnction also can be

demonstrated

Tlie Presso or Baroreceptors

Experiments hav e shown that the fundamental

regulations of sjstemic blood pressure is refleviy

controlled bj the action of the artenal pressure

itself on pressure sensitive receptors located u*

the vascular walls, cspeciallj of the aortic arch

and carotid sinus areas

The AORTIC OR CARDIAC DETOESsOR NERVE Th^

branch of the vagus which is known as the aortu'

or cordiac depressor nerve was first desenbed b>

C>on and Ludwig (1866) Itispurelj afferentand

depreroor in function, when sectioned, and

central (cerebral) end stimulated,a pronounced fall

m pressure occurs (fig 21 2) ,
excitation of thei

cardiac end, on the other hand, causes no effect

Two factors are involved m the depressor re

sponse following stimulation of the depresror fi

bera (I) Sieving of the heart rote and increased

force of the tentncular coniroclum The efferent

fibers of tbc v agus of the same end of the opposite

side constitute the efferent hmb of the reflex arc

through which this response is chiefly brought

about, for its full ehcitation at least one vagus

must, therefore, remain intact (fl) Vasodilation

The vasomotor pafhwaj'S constitute the efferent,

hmb of this reflex Vasoconstnetor tone is reduced

and vasodilator tone mcreased The reflex effect

upon the vessels cannot, therefore, be elicited af

Fig 21 2 Fall in arterial blood pressure re
suiting from stimulation of the central end of the
cardiac depressor faorfic) nerve The drum was
stopped in the middle of the curve and the excita
tioB maintained for 17 minutes The line of zero
pressure should be 30 mm lower than here shown
(From Baylus )
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Fio 213 Innervation of the carotid Sinus and
arch of aorta 1, Heart, 2 arch of aorta, 3, com
znon carotid, 4, carotid sinus, 5 external carotid,
6 internal carotid 7 carotid bodies, 8 cardiac
depressor nerve 9 ganglion of vagus, 10, sinus
nerve, branch of the glossopharyngeat nerve, II,

nerve branch connecting the carotid emus with
the vagus ganglion, 12, glossopharyngeal nerve,

13, vagus nerve (After Heymans )

Fio 214 The upper curve in each record repre

eents the artennl blood pressure registered by a
membrane manometer, the lower curve of each

record shows the electrical discharge from a single

fiber of the carotid sinus nerve of the rabbit In

the upper record (A) the mean arterial pressure

was 55 mm Hg, even at this low level a discharge

of 4 impulses accompanied each ventricular sys

tole In the lower record (B) the mean artenal

pressure was 135 ram Hg, in this instance there

was a more rapid and more continuous discharge

from the end organ (Bronk and Stella )

Section II

ter BCctioQ of the spinal cord in the lower cervical

region

The receptors of the reflex (the terminals of the
aortic nene) are situated in the aortic arch and
upper part of the thoracic aorta, in the ventncles
and po^ibly also, according to Daly and Vernej

,

in the coronary and pulmonary vessels (see fig

213)

The fall m pressure is due mainly to dilation of

the fipbnehmc vessels The dilation is not, how
ever, confined to these vessels but includes tho«e
of the skin and muscles Cardiac slowing plays a
minor rote in the production of the fall m blood

pressure, for almost as great an effect can be ob
tamed after both vagi hav e been cut The depres

Bor reflex can be elicited by mechanical or electn

cal stimulation of the aortic wall itself wherein

the special proprioceptors are located, stretching

is an especially effective type of stimulus It was
shown that action currents ascend the nerve syn
chronously with the heart beats (fig 21 4) The
normal stimulus is, therefore, quite ev idently the

pulsatile expansion of the aoi tic wall, a nsc in gen

eral blood pressure increasing the intensity of the

etunulus, a fall m pressure causing the reveree

effect

The carotid sinus mechanism The carotid si

nus is the term applied to the slight enlargement

of the common carotid artery where it bifurcates

into the internal and external carotids (fig 21 3)

The carotid sinus was shown by Henng m 1923 to

play an important role in the regulation of the

canliac rate and artenal blood pressure Com
pression of the carotid at its bifurcation (so as to

raise the pressure within the sinus) causes a

marked Blowing of the heart rate, vasodilation

and a fall in blood pressure, these effects result

even though mechanical stimulation oT the vagus

IS carefully avoided Electrical stunubtion of the

emus wall produces similar effects Pressure upon

the common carotid some distance below the si

nus (so as to reduce the blood pressure within the

sinas Itself) causes cardiac acceleration, va«o

constriction and a nse in artenal pre^ure to

gether with, as shown by Heymans, the liberation

of adrenaline The carotid sinus therefore con

shtutes a mechanism whereby both pres>«or and

depressor effects are mediated The effects are

brought about through the following neural

mechanism

The binds reflex arc The afferent fibers of

the reflex arc are contained m the sinus nerve, a

branch of the glossopharyngeal This delicate fih

ment descends between the internal and extern il

carotids to the sums where its fibers terminate in
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Fcn«orj organs (propnofcptor») Fituatwl bctiieon

the ponncctixe tissue fibers in the achtiititti of

the smus wait Centrallj the fibers of thpsinii«

nen e make connections with the eurclio-mhibitot)

an<l vasomotor fcjiters The pJTcrent Jimb of thi*

carcluc part of the refie'^ is, of cour-e, the aagu<i

Tlie efferent hml>s of the vasodilator and aaso-

coastnetor reflexes are apparently sj'mpathetic

fibers, for tlicse reflexes arc abolished bj complete

remoxal of the sjmpathetic chains

Studj of the action currents passing along the

fcinus nerxe shows that ordmaiy artenal pros

«ur^ impulses are dischargetl throughout the car

diac ejele, their frequency increasing during bjs-

tole and decreasmg during diastole A nsc in

Wiwid Awwiasef i}}^ ^3t^ t>S iv?

pulse dischai^ as well as the number of sen^
organs excited The latter show slow adapts

tion so that though the stimulus (distension of

the artenal wall) persL«ts the impulse discharge

shows little reduction in frequencj
,
and when the

pressure is verj high, llicj extend with little ro

duction in rate throughout diastole At low preg

sures, impulses are dischai^ed onl^ dunng
tole

The emus reflexes ha\e been studied exhaua

tixely bj HejTnans and his associates Thej car

ned out cro«8-circulation expenments which
epeak conclusively for the phj-siological unpor
tance of the«e reflexes m cardiovascular regula

tion («ee fig 21 5) The emus of one dog (B) was
uolaled from the general circulation and per
fused with the blood of another ammal (A) m the
manner shown m the figure The nen e supply to
the sinus was left intact When the artenal pre%

sure of dog A was raised, that of dog B, recorded

m the femoral artery, fell Conrerselj
,
a reduction

m blood prresure of dog A caused a nse in the
blood pressure of dog B In the latter instancy,

adrenaline liberation also occurred which was a
contnbutorj factor m the blood pressure cleva

tion as indicated by its pressor effect upon the

circulation of dog C, connected to the suprarenal

xein of B These effects could not be obtamed
after denervation of the sinus

The emus and aortic nerxes, or soHialled

buffer* nerxes, constitute a mechanism of the ul
most importance m controlling the artenal blood
pre««ure and in maintainmg the circulation to the
brain The nse in diastolic pressure and the ii)

crease m heart rate which occur when the body
changes from the recumbent to the sitting posi

tion or from the sitting to the standing position,

are apparently brought about throu^ these

Senes, Kftej tAereibre p&j an esserrfraf part ^

Fio 21 5 Scheme of perfusion of the isolated

carotid sinus of dog B b} dog A and an anastomo
SIS between the suprarenal vein of B and the
jugular vein of doc C 1 left carotid arter) of dog
A, 2 right caroticT artery of B anastomosed with

carotid of A, 3 left external jugular vein of A 4,

isolated right carotid sinus of B 5 lingual artery

of D anastomosed with jugular vein of doe A 6
nerve supplj to carotid sinus ofB The blood from
dog A flows through the carotid sinus of dog B
and back to A xna the lingual artery of B and the
externaJ jugular of A 7 internal carotid 8 facial

and maxillary arteries, 0 common carotid 10 11

12 and 17, femoral arteries to manometers 13

adrenal gland 14 and 15 suprarenal jugular

anastomosis 16 decapsulated ipleen in pletbjs

mograph, 18 piston recorder for plethjamograph
(After Heymans >

compeD'=ating for the effect of gravity upon the

circulation

An underfilled state of the vessels, as may re-

sult from hemorrhage or shock, or any other con

dition which tends to cause a fall m blood pres

sure, will call the<e mechanisms mto play A
gcneralired vasoconstnction results to adjust the

vascular capacity to the reduced blood volume

and thus mamtam the blood pressure Excessixe

elevation of the blood preacure, on the other hand,

IS countered by a depressor reflex ('ce diagram

fig 21 1) The great importance of the«e reflex

mechanisms m hemorrhage is sboxvn by the fact

that m an aimnal m which all four buffer nerves

haxe been sectioned the rapid loss of only about

Jfo of the blood xolume proxes fatal whereas

usually a reductionm blood volume of from 35 to

45 per cent is required to cause death May er'on

found that tilting anesthetized dogs from the hor

uontal to the upnght position caused a sharp

<frop in ifood pressure ibffowed wifAin 20 sec
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b> a compe&^atory n^e After section of both sets

of buffer nerves the compensatory nse did not, as

a rule, occur

Several (European) uotkets ha\e repotted the

occurrence of permanent hypertension m animals

following bilateral section of the sinus aortic

nerves Pressures as high as 200 mm Ilg lasting

overa penod of 3 years have been reported Other

investigators who have earned out similarexpen

ments find that the hypertension so produced is

not permanent m the raajonty of animals, but

tends to return to normal after a variable penod

Such a result may be due to the regeneration of

the sectioned nerves or to the reflex control of the

circulation being assumed by some other mech

anism

RIechvnism of action The mechanism of ac-

tion of the blood pressure on the barorcccptois is

complex and only partially understood If def-

ormation of the baroreceptne artenal walls from

a raised artenal pressure is prevented, the barore

ceptors no longer re spend to the pressure change

Local application of drugs, such as epincphnne

or norepinephnne, increases the smooth muscle

tension in the artenal wall of the isolated

carotid sinus preparation which, m turn, is

associated with a large increase in impulse
traffic along the baroreceptor fibers through
out the cardiac cycle, and a resetting of

the baroreceptne mechanisms at a higher level,

with resultant blood pressure adjustment Sodium
nitntc, which relaxes smooth muscle, reduces the
intramural tension in the«c sensitive regions, de
creases the impulse traffic and resets the blood
pressure regulation at a lower level These expen
ments indicate that under normal conditions,

the response of the baroreceptor area and the

lev cl of blood pressure maintained depend not only

on the level of artenal pressure, but, possibly,

even more so on the resistance of the barorecep

tive artenal walls to deformation by the intravas

cular pressure

Possible Other Arterial Barorcceptors

Possible additional artenal baroreceptor types

have been studied in the common carotid artery,

the thoracic, and mcsentenc artenes Expen
ments m which a sudden nse in intracranial pres

sure causes systemic hypertension, and sudden re

duction m intracranial pressure leads to systemic

hypotension, suggest, but do not prove, that pres

sure sensitive receptors are present in the cranial

cavity Such responses could be duo to asphyxia

of the medullary centers However, the fact that

chronic constnction (flow effect not known) of the

internal carotid artenes by plastic clamps above

the sinus area in dogs causes chronic systemic

hypertension endunng up to four years, is not so

easily explained Impulse output in the mosen

tenc barorcceptors exists throughout the cardiac

cycle, and, if pressure is changed in the Jne»en

tone artery or the artery is clamped, vasomotor

reflexes are induced These reflexes do affect the

systemic blood pressure even when the sino aortic

nerves are cut ft is a segmental, reflex adaptation

of the circulation and vasomotor state related to

pressure changes in a given area It apparently

exists in the cat but not m the dog Reflex re

sponses ran also be obtained in the innervated

perfused hind leg of the open chest dog, when the

descending aorta between the left subclavian ar

tery and the diaphragm is isolated and perfused

at varying pulsatile pressures, or when adrena

line IS added

The importance of these afferent mechanisms

m control of the circulation is not known

Balanced and Reciprocal Vascular Reactions

In the intact amma! the height of the blood

prssure at any moment, insofar as the nervous

control of the penpheral ves«el3 is concerneil, is
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apparentlj the algebraic sum of the effects of af

ferent impuUcs impinging upon the Nasomotor

centers Under ordinarj circumstances impulses

an«ing from the carotid sinus and aortic arch plaj

the most prominent roles, but impulses from akm,

muscles and \nsccra and from higher nervous cen

tors also exert an important influence That pro

nounced effects upon the peripheral xcssels can

be produced bj the irradiation of impulses from

higher centers is evidenced bj such phenomena as

blu«lung, pallor, erection and certain tj^pcs of

«ijTicope (fainting) Similar xascular changes can

be ob«cr%cd in the mucosa of the cxtcnonied co

Ion of the dog when the animal is excited and m
«plenic volume Evenverj mild excitation of psj

chic centers exerts an influence upon the \as

ciilar mechanisms The psjehogahame reflex

(due to changes in the electneal resistance of the

skin) has a \ ascular basis A reciprocal relation

ship also exists between splanchnic and cutaneous

vascular areas on the one hand and the \o^!a of

the muscles on the other AdrenaUne for example,

causes dilation of the latter v esseb aecompamed
bj V asoconatncUon in the skm and abdominal

VTscera Stimulation of the wall of a brge vein or

distension of the duodenum causes reflex con

Btnction of the cutaneous vessels an<l stimula

tion of the ekm results m an increase of the blood

in the liver and in the renal cortex Furthermore,

the muscular and cutaneous (issues may show
opposite vascular reactions Thus, m the dog,

cooling of the body causes constriction of the skin

vessels and vasodilation in the muscles

A mechanism also exists m the expenmental
animal whereby afferent impulses arising within

an organ although leading to generalized vaso

constriction result locally in dilation and in

creased blood flow

An interestmg example of the complex nature

of the reflex vascular adjustments has been de
senbed An electncal record obtained from a
nerve twig coming from a Pacinian corpuscle in

the mesentery during perfusion of the mesentcnc

vessels showed an increase in the frequency of the

afferent impuhes when the perfusion pressure was
raised The impulse frequency was reduced by
bleedmg the animal and increased again when the

blood was reintroduced into the bodj It is sug
ge«ted that the Pacinian corpuscles which be in

close relation to the vessels are stimulated when
the latter dilate Messages pass to the vasomotor

center which then discharges vasoconstrictor im
pubes to the vessels of the area from which the

afferent impuhea arose Thus undue distention

of the vessels and pooling of blood m the epianeb

me region is prevented It has also been shown
that stimulation of the penpheral end of the

splanchnic nerve causes a much greater nse m
blood pressure than usual if the carotid 8mu=es

have boon excluded from the circulation (by

clamping the carotids) This observation indi-

cates that ordmanlj the pressor effect of splanch

me stimulation is largclj counteracted bj a de

pressor reflex initiated from the sinus

The Extraresistance (Cardiac) Effects of

the Baroreceptor Reflexes

Too much attention has been paid in the past

to the effects of baroreceptor reflexes on the level

of blood pressure itself The action of the baro

receptora is not confined to effects on artenolar

resistance Much of the preoccupation with pe

npheral rcsi«tance has stemmed from the dif

ficult) m measuring capacity and total flow of

the vascular sj'stem a situation which is now be

mg nllevialcd The ease of measurement of arte

nal blood pressure and the dramatic effects

thereon from stimulation of the baroreceptor af

ferents have resulted m identifjmg circulation

changes in terms of blood pressure and hence, m
terms of alterations of penpheral resistance If

vasoconstnction of artenoles were the sole result

of baroreceptor stimulation, it is debatable

whether an> benefit would be conferred on the

circulation as a whole The last few >ears have

seen con«iderab]e development m flow methodol

logy and evidence, thus far, from such studies in

dicates that we have been too prone to desenbe

changes in the circulation to blood pressure and

artenolar resistance alterations The moat im

portant changes dunng reflex systemic hyperten

Sion of smoaoriic origin are those of venocon

stnctioQ (effects on the capacity vessels) and

direct sympathetic stimulation of the heart

Occlu’'ion of the common carotid arteries causes

systemic hypertension with resultant decrease

m the plethy smographic volume of spleen, limb,

kidney, and other parts of the circulation If the

systenuc hypertension is asenbed to widespread

artenolar vasoconstnction, cardiac output would

be expected to fall or, at least, not to mcrease

However, total pulmonarj
,
muscle and kidney

blood flow have been “hown to mcrease dunng

carotid occlusion There is always some increase

in penpheral resistance but it is of lees quantita

tive significance, smee the cardiac output in

creases

There IS evidence that the sympathetics (from

the stellates), and parasympathetics (vagal) to

the heart, can significantly alter the atnaJ and
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ventricular contractility and that this occuis
naturall} by way of reflexes In the open chest

dog, stimulation of the cardiac nerve fibers pre
viousiy isolated from the left stellate ganglion,

increased systolic blood pressure, cardiac output
and stroke volume with a decrease in heart eue
The heart rate did not neceesanlj change Since

stellate stimulation lately elev at^ arterial blood
pressure and cardiac output m the pnsence of a
constant heart rate, after all known connections

to the peripheral vasculature had been severed, it

follows that the nse of blood pressure was caused

by the augmented force of contraction giving

an increased cardiac output and not ly in

creased peripheral resistance These results with

cardiac fiber stimulation are similar to those ob
tamed with carotid amus hypotenaion In the

open chest dog, when both carotid sinuses were

independently perfused under controlled con

ditiona, in the presence of a high, but constant,

heart rate, and the mean perfusion pressure and
pulse pressure were greatly decreased, the artenal

blood pressure, cardiac output and stroke volume

rose appreciably The calculated stroke work lo

creased about 10 times, nhile the penpberol rc

Bistance vias only about doubled This udicates

that the circulatory response to carotid «inas

baroreeeptor stimulation can be, dominantly, an

increased cardiac action and, secondarily, an

increase in peripheral resistance Hepetitive stun

ulation at different levels of carotid sums hypo-

tension produced a shift of the ventricular func

tion curve to the left (more external work at a

lower filling pressure) The reverse is also true,

1 e
,
carotid hj’pertension reduces artenal blood

pressure, cardiac output, stroke volume, and

shifts the ventncular function curve totbenghi

The effector portion of this reflex appears to

be the sjTnpathetic fibers from the stellate

ganglia to the heart, since, following their section

these effects disappeared or could not again be

induced

In the open chest dog with an electncall>

dnven heart (and, therefore, at a constant high

heart rate), distal stimulation of the cutv^ de-

creased mean atnal pressure, artenal pressure,

cardiac output and stroke volume, while the

ventncular function curve was shifted to the

nght Carotid sinus hypertension (produced by

the method desenbed in the prenoiB paragraph)

gave similar findings Carotid sinus hypotension

enhanced the atnal pressure, artenal pressure,

cardiac output and stroke volume All responses

were abolished by atropine The change in re

sponsc of atnal contractility is presumed to he

reflody induced, while the ventncular changes
anse secondary to the changing, atnal contn
button to ventncular end diastolic pressure and
fiber length

Finally, observations in man are instructive

Pressures within the carotid sinus regions were
directly measured with indwelling catheters m
consaous. supine man while the internal pres-

sure was lowered by central, bilateral, carotid

artery compression As the carotid smus pressure

dropped from a moan of 100 to 40 mm Hg
,
the

artenal blood pressure and heart rate increased

only mildly There is no evidence that the pres-

sor response is secondary to reduction in caliber

of the limb and skeletal muscle v essels The resist-

ance to flow which they offer is actually slightly

lesathanvn the control state as the result of a mild

mcrease in systemic blood pressure and in blood

flowthrough the limbs Simultaneousmeasurement

of cardiac output would have been helpful here,

since the increase m artenal blood pressure could

arise from the increased cardiac output or from

increased vessel resistance in another area

Cardiovascular Reflexes of Cbemoreceptor
Origin

Just as the receptors in the root of the aorta

and ID the carotid sinus serve as outposts of the

bnin, testing the blood for its pressure level so

that the vasomotor center may be advised, so,

in «unilar fashion, the adjacent carotid and aortic

bodies contaui epitbeloid cells and nerve endings

sensitive to the chemical composition of the arte

nsl blood The fibers of the aortic body run m the

vagus while the fibers of the carotid body are

branches of the glo^oopharyngcal nerves The

aortic body » connected with a branch of a fine

artery arising from the aorta bey ond its arch The

carotid body (glomus caroticum) is a small stnic

ture situated upon a branch of the occipital

artery or upon a small vessel arising directly from

the external carotid just above the bifurcation of

the common carotid It is composed of rounded

clumps of polyhedral cells, and possesses a nch

network of capillanes of sinusoidal character

These chcmoreceptors sample the blood for its

pOi, pCOj, pH, and possibly for other qualities

Blood flow through the carotid body appears to

be by far the largest for any body tissue Calcula

tions based on direct flow measurements indicate

a flow of 2,000 ml per 100 g per ram (left ven

tncle - SO to 100 ml per 100 g per imn ) while

the oxygen asage of 9 ml per 100 g per min
,

compares with that of the left ventnclc Tins flow

can be cut to by stimulation of the ccrviial
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sj-mpathetics Reflex vasomotor effects e% oked

chemoreceptor stimuhtion ha\e t)cen cxtcnsivclj

studied In general the chemoreceptors are stim

ulated bj anoxia, h>’pcrcapma, and acidosis The
mechanism bj x\hich changes m blood chemical

composition effect a response in these tno struc

tures IS not clearly understood nor has the chem

oreceptor intermediate that stimulates the ncr\e

endings been identified, but it has been shonn

that electroneurographic cxndence of chemore

ceptor actmtj exists at CO* tensions aboie 30

mm Hg and 0* tensions approximately 90 mm
Hg or less ^\ ith increasing COj and decreasing

pOj
,
discharge of the chemoreceptors is diffuse,

but the discharge with increasing COi tension is

rarely as great as that from anoxia According to

Heymans, “it is doubtful that chemoreceptors

exert any significant effects on the circulation at

rest ’ Howei er, acute hypoxia (inhalation of lonr

oxygen mixtures or of mtrogen) causes systemic

hyTicrtension and increased \asoconstnction

(decreased blood flow) in the hmbs and ini

testine, but responses arc abolished if the chem
oreceptor areas arc blocked It is unlikely that

chemoreflexes cause systemic hypertension only

by inducing an increase m artenolar resistance,

but there are no studies of the reflex effects of

such stimulation on cardiac output or on the

capacitance tessels It is certain, howeier, that

they contribute to the maintenance of the circu

lation following depletion of the blood volume

The latter can be shon'n m an animal m which,

following massive hemorrhage the blood pres

sure decreased to 70 mm Hg There was mtense

finng of the chemoreceptors which could be

stopped by rai«ing the oxygen tension while re

section of the sinus nerves caused a further fall of

blood pressure The latter can only be due to

withdrawal of chemoreceptor reflex vasoconstnc

tion since the baroreceptors are not operative at

this blood pressure level Presumably the ca

pacitance ve«isel3 (veins) are involved here as well

as the resistance vessels, but this remains to be
determined

The Vascular Effects of Normal Vatialions

m Dlood Oxygen, CarbonDioxideaudpH

The positive cardiovascular effects of large

changes m blood pO* and pCO* and m tempera

ture, have been discussed m chapter 21 It is

generally stated that both COt and oxygen have
dual effects Although CO* may have a minor re

flex effect through the aortic and carotid body

chemoreceptors, it may also have a large direct

central effect on the medullary centers which

leads to penpheral vasoconstnction xnth rising

blood CO* concentrations, while \nth decreas

ing blood COj the center will ultimately

cease givnng out its normal tome influence It also

may have a large direct peripheral vessel effect,

an increasing blood CO* causing penpheral dila

tion and a decreasing penpheral CO* leading to

local vasoconstnction Similarly the central ef

fccts of oxygen hek are supposedly largely

through the emus and aortic bodies, a decrea'se

m oj^gen leading to reflex penpheral vasocon

stnction, while in the penphery, local hvpoxia

has the effect of vasodilation While these state

ments hosed on expenmental data have been per

petuated, it 13 very difficult to make such a func

tional separation and yet retain some reasonable

degree of normalcy in the expenmental approach

to the problem Aside from the effects mediated

through the chemoreceptors it is doubtful that it

is knowTi wliat the relative effects are of van
atiOQs in blood gases and pH, within a physio

logical range, on the vasomotor centers and the

general penpheral circubtion However, for «ome

individual organs or regions one can distinguish

between the local effects of chemical changes

in the blood on the state of penpheral Te«sels as

compared to their central neural effects at physio-

logical levels of stress and under normal con

ditions For example, the mam body of evidence

mdicates that small mcreases in carbon dioxide

have a direct vasodilating action on cerebral and

skin vessels m animals and in humans
The complexity of the problem, even m mdi

vndual regions, is indicated when one compares

the effect of carbon dioxide on the vasomotor

state in the extremities of an abnormal and nor

mal preparation The hindhmb of an animal per

fused with blood from a heart lung preparation

shows vasodilation (greater blood flow at the

same perfusion pressure) when the lungs are

ventibled by air containing a email amount of

carbon dioxide, or by air with some reduction in

its oxygen content These reactions must result

from local chemical reactions However, in hu

man subjects with hyTiercapnia alone mduced

from breathing a “mall concentration of carbon

dioxide in the inspired air, the forearm’s vascular

resistance (mamly muscle) is greatly increased,

for systemic blood pressure is mcreased with little

or no eban^m local blood flow In the same sub-

jects m whom hypoxia was produced by breath

mg 5 to 10 per cent oxygen m mtrogen forearm

blood flow increases 100 per cent m the presence

of a constant systemic artenal and venous pres

sure so that vascular resistance m the forearm is
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considerably reduced Since the same results are

observed m the nerve blocked arm, the local

change in vasomotor state is due to a humoral
mechanism and not to a nervous mcchamsm
When the increased elimination of CO» during

hypoxia is prevented by adding enough CX)» to

the oxjgen poor gas mixture to maintain the
alveolar pCOj constant, vascular resistance in the

forearm is not significantly changed This indi-

cates that marked hypoxia does not affect local

overall vessel resistance Thus, in man, a humoral

vasoconstriction occurs wth hj’percapnia, and a
humoral vasodilation occurs mth hypoxia in the

muscles of the forearm which is due more to the

hjpocapma resulting from the hypoxia than

directlj to the lack of oxygen But the exact

mechanism is not clear The COj or altered pH
could have had a local effect, but it is just as

probable that a rapid change in arterial pCOt
evoked biochemical changes in the blood which

caused local vasoconstriction or dilation Of

several possible humoral vasodilators which arc

known, the lowered pCOj might have led to tbe

release of adrenahne which is known to cause

vaeodilation in skeletal muscle

In the past, it has been debatable whether the

circulatory effects observed with respiratory or

metabolic acidosis come from the elevated pCOt,

the fall in pH, or a combination of both This has

been because there has not been an> good way of

separating these effects However, with tbe use of

the organic buffer Tns (hjdroxjmethyl) ammo
methane, reasonable experimental separation has

been performed with the finding that the cardio

vascular effects arise from tbe decrease in pH
and not from the associated change m blood

PaCOj (fig 21 7) To make this studj ,
the effects

of metabolic acidosis were observed m dogs

under apneic oxygenation with and without TYis

injection Apneic oxygenation is a condition of

ventilatory arrest during which oxygenation of

the blood is maintained while acute hypercapnia

develops This condition is produced by venti

lating the dog with 100 per cent oxjgen in an open

circuit for one hour Dunng this time, oxjgen re

places nitrogen throughout the body After this

penod of demtrogenation, apnea is induced

succinylchohne, and the lungs are left connected

to a reservoir of oxj gen Thas, the blood is mam
tamed in full oxygen saturation, but blood CO*

accumulates slowly ^lithout the presence of

Tns in such dogs, there is a nse m COj, artenal,

pulmonary artery and central venous blood pres-

sures, PaCOj, and plasma norepinephnne and

epincphnne, the blood pH drops precipitously.

the heart rate mildly In similar dogs treated with
mtravenous dnp of Tns, all these physiological

variables remain close to their control lalues
except PaCOj which rises from 38 to 82 mm Hg
Since such a pCOj increase in the intact animal
does produce the above arculatory changes when
it 18 necompamed by a parallel fall in pH, the

concentration increase dunng hypercapnia seems
to be a determinant factor in the stimulation of

the cardiovascular system This type of expen
ment, however, still does not clearly separate the

effects of COj and pH, for the latter does cliange

(7 45 to 7 31), and the vascular system may be

very sensitive to it

Reflexes from the Heart and Lungs

Despite considerable lacks m our knowledge
concerning their functions the carotid and aortic

baroreceptor and cheraoreceptor reflexes are the

most completely studied and understood of vaso

motor regulatory reflex mechanisms

From various intrathoracic vessels (including

the chambers of the heart) arise other reflexes

affecting va?omotor tone Although their im
portance m the regulation of the circulation may
po^ibly be comparable to that of tbe previously

mentioned reflexes, much less is known about

their function As a matter of fact, our present

state of knowledge permits little more than an

enumeration of various cardiopulmonary reflexes

discovered up to date

It IS much more difficult to investigate lardio

pulmonary reflexes than those related to the bar

©receptors in the systemic circuit This is because

the operative procedures necessary to make in

terpretable experiments are so extensive and

traumatic, and it is almost impossible to dencr

vale the heart and/or lungs Despite this, the

usual technique so successful in other vascular

bed**, of ehciting reflexes by change of perfusion

pressure in an isolated vascular bed, has been

u«ed with some succc's to indicate qualitatively,

if not quantitatively, cardiopulmonary reflexes

Right Heart Reflexes

Observations have shown conclusively that lo

the walls of the atna and grKit vein* there are

receptors which have fairly large alTcrcnt nerve

fibers and which respond to change of pressure m
the atna fay firing dunng atnal contraction (Type

A), and dunng pas.'uve dirtcntion dunng atml

diastole (Tjtw D) The^e afferent fibers are in the

vagi

The existence of a nght atnal reflex has been
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A AVERAGt ANO nANGE FOKft COGS A 0

O AVERAGE ANG RANGE THREE DOGS A 0 3«n<M R NH, "

Tio 21 7 Comparative changes in pH, pCOj , blood pressure and catecholamine levels dunng
apnoeic oxygenation TTith and without Tills administration (Nahas, Am J Physiol

, 1959, 197, 130S )

shown as follows Blood returning through both

venae cavae was collected and pumped into the

right atnum, whence it passed through the right

ventncle to the pulmonary artery, where it was
collected and pumped into a donor dog's vems for

oxygenation and returned by a pump to the re

cjpient’s left atnum Increase of perfusion pres

surem the nght heart ga\ e bradycardia and sys

temic hypotension which nere abolished after

vagotomy Since atropine prevented the bradj
cardia resulting from the perfusion pressure

elevation but did not affect the associated hypo
tension, a reflex penpheral dilation had occurred

The receptors were found to be in the atnum and
not in the ventncle

In 191S, Bainbndge showed that the mtra

venous injection of saline or blood produced

tachycardia m the anesthetued dog and that this

was abolished only by bilateral vagotomy This

is the one reflex wluch is known to most medical

students Yet, he left unanswered the question

of the nature of the effective stimulus to the re

ceptore and their location m the great veins or

right side of the heart Alany subsequent lare^ti

gators usmg more refined techniques have tned

to pm point the receptors mvolved and their lo-

cation Many are of the opinion that the recep-

tors are m the nght atnum others that no such

reflex exists The answer must await the use of

better techniques
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PuLMovART Vessel Reflexes

Most investigators now admit that the pul
monary blood \essels ha\e tone and, therefore,

the possibibty that this tone can be altered Daly
has found evidence in the anesthetued dog Hint

the pulmonary vascular resistance can be altered

be extrinsic vasomotor nerves Both vasocon
stnetor and vasodilator responses ha\e been
demonstrated Recently, direct evidence has been
produced that stimulation of the carotid body
chemoreceptors by perfusion wth \enous blood
decreases pulmonary vascular resistance *11113

response was abolished by cutting the carotid

sinus nerve or cervneo vagosympathetic trunks,

or by injection of atropine However, localization

of the vascular area involved in the dilation was
not possible

A Pulmonary depressor reflex In perfusion ex

penments, blood is pumped from the nght atnum

of a donor dog through the cannulatcd left pul

jnonary arterj of a recipient, the outflow from
the recipient’s left pulmonary vein (thus evclud

ing the left atnum) being returned to the jugular

vein of the donor Marked elevation of the per

fusion pressure at times decreases the systemic

blood pressure and heart rate which effect is re

moved by cutting the vagi In addition, injection

of certain drugs into the pulmonarj arterj also

causes a fall in sjstemic blood pressure and heart

rate nhich is prevented b> previous vagal sec

tion This suggests a pulmonary depressor chem
oreflex The receptors concerned are believed to

lie m the pulmonarj veins

B Reflexes from the smaller pulmonary vessels

Despite a tremendous amount of mvestigation,

it IS problematic whether reflexes are initiated

from the smaller vessels of the pulmonarj cir

cult—artenoles, capillanes and venules Embo
bzatioD by clots, starch grain, glass and plastic

beads, have not led to conclusive expenments as

to whether the results have a mechanical or a re

flex explanation From the work of Dalj it is

known that the sympathetic innervation of the

vessels IS largely vasoconstrictor and that stunulu

tioD of the stcllates may, at time«, reduce lung

blood flow by ns much as 30 per cent Despite this

there IS no knowledge that pulmonarj vasocon*

stnction can be elicited from stimulation of pul

monary vascular receptors

Left Heart Reflexes

A Left tentncle Dalj and Vemey were first to

show that pressor receptors existed in the left

heart In an innervated heart lung preparation m
which the aortic pressure was kept constant, an

increased pressure in the left side of the heart

caviasd xavdvae stemsig Mwe.'jec.ew.Uy.vtbas.heew

Bbown that when the pressure is elev ated in a v as

cularly isolated left heart, reflex bradycardia, sys

temic hypotension, and vasodilation of the leg

vessels result Since left atnal pressure elevation

alone was ineffective, it is concluded the receptors

werem the left ventricle Upon vagal blockage the

effect disappeared These effects may also arise

from pressoreceptors of the aortic arch which are

known to extend into the left side of the heart In

formative expenments arc those of Doutheil and

Kramer, who vaned the left ventricular stretch

and pressure bj an adjustable clamp on the aorta,

wbile the sj'stenuc flow was metered, and its per

fusion pressure was maintained constant during

aortic constnction by a verj large pressure buffer-

ing chamber attached to the aorta It can bo ob-

Bemd(fig 21 8) that within 4 sec after elevation
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of left ^entncular pressure bj mechanical con

stnction, the aortic Hois starts to rise anil is al

most doubled, indicating ma«si\c pcnpheral

dilation arising m the beginning of the aorta or m
the left heart Tlio alTerent pathivaj for this reflet

was demonstrated to be the \agus ncn,e, for fol

lowing its cervical section, the effect dksap

peared To what extent this reflet is inaohctl un

der normal conditions is problematic, since a

rather large increase in i ciitncuKr pressure (and

presumablj, therefore, stretch) is neccs‘>atj to

elicit a sj'stomic flow rp«ponse

B Coronary chemoreflex {Dezold-Jarish rtfies)

In the dog or cat, the pcnpheral ends of the miior

coronarj artcri branches hate been separately

connected to sj'«temic artones Injection of acra

tnne peripherally into the left circumflex arter>

causes a fall in blood pressure and heart rate The
sj’stcnuc hj^xitension was shown to be independ-

ent of the bradycardia, being due to reflex \aso

dilation This docs not occur if the vagi are first

cut Tins docs not occur upon injection into the

nght coronary arterj or into the coronarj artery

branches suppljmg the atnal appendages Thus,

there are receptors in the left v entncular wall sup

phed bj the left circumflex arterj

C Left Qtrwl receptors Recent work has shown
that left atnal vagal receptors {and abo pos«ibly

m the pulmonary v ems) may be the «ensorj end
mgs of a reflex which controls blood volume It

was first shown that negative pressure breathing

causes diur^ts This was then related to the con

gestion of the thoracic blood vessels which anse
from this procedure Since the effect was re

moved b} \ agotom} , it was rcafonod that pulroo

flary'orciira’iac vessel receptors ofvngaf ongin ex

ist which are responsive to stretch or pressure

Expenmentallj
,

it was shown that procedures

which lead to an increase of the mtrathoracic

blood volume (negative pressure breathing), con

gestion of the pulmonary vascular bed by mitral

stenosis through snares, embolization of the pul

monarj capillary bed, or an inflated balloon in the

left atnum, all cause marked diuresis which, in the

balloon experiments, is prevented by previous

cooling of the vagus nerves However, m general

the phjeiological purpose and quantitative ef

fects remain unknown

RESPmATORT Reixeses

A Vaeoconatnction m Che finger Vasocon

stnction occurs m a finger after voluntary deep

inspiration or passive deep inflation of the chest

with air under positive pressure The vasocon

stnction was determined by a finger plethysmo-

gniph in which a blood Dow decrease was noted

with inspiration which bore no relation to the

rcspiritoo fluctuations of sjstcnuc blood pres

sure The receptors and afferent pathwaj-s of this

reflex are unknown except that without doubt,

thej anse watlun the lungs

B Respiralory arrhythmias Changes m heart

rate caused by respiration can be demonstrated

Most investigations show that mild inflation

causes cardiac acceleration and that this can be

abolished bj vagal section It is believed, there

fore, that the lungs are a constant source of im

pulses which exert an inhibitory influence on the

cardiac vagal center, this influence being maximal

ilunng lung inflation and mimmal dunng lung de

flaiion Presumablj
,
the respirator} arrhjthmia

of the pulse has also a central initiating mcch

nmsm smcc increase of the carbon dioxide tension

m the cerebral v esscls augments the heart rate

during each penotl of inspirator} di'charge But

it has not been established whether this central

arrhidhroia ig due to diminution of vagal activity

during inspiration, or augmentation of sj-mpa

thctic accelerator activity

PEiiiPinui.vL Vascuuvtuhe Reixe'xes

Although bttle is known, recent interest has

been aroused in sensor} mecbanioms that may
he ID the peripheral vasculature Hadd} and Gil

bert, using anesthetued dogs m which pressures

were measured in the brachial artei}, cephalic

V cm, small nrtcr> and small veins of the paw, and

with maintenance of a constant brachial artery

flow bj a pump, found that elevation of cephalic

vem pressure, although the artenes and veins

aiMca', was corapfetefy coinpensaleJ Air 65 con

stnction m the small ve<=£el segment However,

after procaine nerv e block the vessela did respond

like a passive elastic ej'stem Therefore, the ob-

served email vessel constnction must have been

of venous ongm However, this local veno-vnso

motor reflex has not been confirmed by Green

field and Patterson using the plethj-smograph

Low Pressopeceptobs in Man

Iilost of the previously de«cnbed mtrathoracic

vascular reflexes were studied exclusivel} m ex

penmental animals and their «igiiificance m the

human remains to be confirmed It is, there

fore, of mterest to mention recent experiments m
man which have functional!} implicated low

pressoreceptors m the thoracic portion of the cen

tral blood pool in adjustments of the circulation

(fig 2l 9) When the legs of a recumbent man are

passivel} raised, the blood flow through the skele
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REGULATION OF PRESSURE AND FLOW IN THE
SYSTEMIC AND PULMONARY CIRCULATION

Arterial Blood Pressure

The first determination of artenal blood pres

sure Mas in 1733 nhen the Reierend Stephen

Hales inserted a brass cannula into the central

end of the femoral artery of a horse, connected

it to a long \ertical glass tube, and obseiaed that

a column of blood filled the tube to a height of

8 ft , 3 m (185 mm Hg)
BPECTE3 DirpERENCES Thc arterial blood pres

sure vanes moderately between different warm
blooded species, and there is little or no relation

sbp between the size of an animal and the height

of its blood pressure The blood pressure, lo

general, is higher in birds than m tnamraals,

whereas that of cold blooded animals is only

about one third as great The carotid blood pres

sure (mean) of thc unaneathctized, basal dog

approximates 110 mm Hg The domestic cow

has a mean blood pressure of about 135 mm Hg
The following sjstolic pressures (mm ffg ) have

have been reported mouse, 113, rat, 130,canary,

220, robin, 118, frog, 43, turtle, 44, and carp, 43

Of considerable interest js the artenal pressure

in the carotid artery of the giraffe, because of

the verj long, vertical distance from heart to

brain In experiments performed on 4 standing,

unanesthetized giraffes, the carotid pressure, cor

rected to heart level, ranged from 280/150 to

344/194 mm Hg The walls of the giraffe's left

ventncle and thc aorta are extraordinarily thick

Arterial Blood PRESstmE

IN Man

A A’omol tafuc* The ai crage sj stohe pressure

of young male adults at mental and physical rest

m the sitting position (as usually measured in a

routine medical examination) is usually given as

120 mm Hg, the diastolic as 80, the mean pres

sure as 100, and the pulse pressure as 40 How
ever, the range of normal blood pressures may
be from 90 to 120 nun Hg sj'stolic, and 60 to 80

mm Hg diastolic Slight diumal vanations m
blood pressure of from 5 to 10 mm Hg systolic

occur, the peak being m the afternoon and the

lowest level m thc earlj hours of the morning
B Age, sex and build Age exerts a definite

influence upon the blood pressure level'* At birth

the systolic pressure measures from 20 to 60 mm
with an average of 40 mm It rises rapidly, how
ever, and has an average value of about 70 mm
at the end of a fortnight and 80 mm at the end

of a month A slow steady rise takes place from

this tune until about the J2tb year when it aver

ages 105 nun With the onset of puberty, a more
sudden nse occurs which in boys reaches 120 ram

at about the age of 17 A steady though not great

rise in blood pressure, from adolescence to old

age, IS the rule m health, the averages for the

ago of 60 being given as about 140 systolic pres

sure and 87 disstohc In nomen up to the time

of the menopause, the systolic pressure is from 4

to 5 mm lower than for men of the same age At

the menopause, however, there is a somewhat

abrupt nse, and the pressure remains a little

above the male average from then on (table 22 U
Coropanng groups of markedly obese and nor

mal persons, the former have a rather pronounced

increase of systolic pressure The incidence of ab

normally high blood pressure (hypertension) is

also de^tel.v jrreaterm overweightpersons

C The effects of digestion, emotion, exercise and

posture The systolic pressure is influenced to a

small but defimte extent by meab A nse of from

6 to 8 mm is the usual effect, and this lasts for

an hour or so 'There is little change in the diastolic

pressure, if anything, it is reduced, presumably

as a result of v’asodiJatioa in the digestive organs

and ekm
Quiet, restful sleep may be accompanied by a

fall of from 15 to 30 mm in the sy stolic pressure

•nie fall 15 most marked during thc first houra

rising gradually ogam after this until the time

of waking If the sleep is disturbed and accom

panted by imaginary motor activities, there may

be no dcpivision of the pressure, but rather an

elevation, in some instances to as high as 200 mm
systoLe and 105 mm diastolic Excitement, fear

274



Chapter tS REGULATION* OF PRESSURE AND FLOW 275

worry
,
etc ,

markedly affect the artenal blood

pressure, especially the sy «tolic The effects arc

brought about through increased cardiac action

and changes in the state of the vessels through

impulses playing upon the cardiac and \ a'omotor

centers in the medulla The liberation of adren

ahne into the blood stream may a)«o be a factor

Of all physiological conditions, cxerci*>e, if of

a strenuous nature, has the most powerful effect

upon the artenal blood pressure Dunng the

muscular effort or e^en immediately before, i e

,

at the instant that the exertion la contemplated,

the systolic pressure commences to nse and may
reach a height of 180 or 200 mm Hg Except in

well trained persons or athletes, this is mxanably
associated with a large increase m heart rate to

150 or 1^ permmutc In the trained individual,

the blood pressure nse may be quite mild The
diastolic pressure ehous a less pronounced nse

(100 to 110) so that the pulse pressure is in

creased In hght exercise the diastolic pressure

may remain at the normal lc%el while the systolic

nsea several mdlimctera Immediately after the

excrci»e the pressure drops momentarily to nor

mal or even sbghtly below It then mounts ra

pidly to its previous high Jeiel from which it

gradually declines again, and in a healthy person

reaches the normal within from 1 to 4| minutes
The evane«cent drop m pre«sure is eicplained as

bemg due to the sudden rcbxation of the ab-

dommal muscles The blood is drained into the

venous reservoirs These when depnred of their

support (abdominal muscles) have their capacity

mcreased and the blood flow into the nght heart

13 temporanly curtailed It is not until an appre

ciable time has elapsed to enable the mcreased

venous capacity to become filled again by blood

pouring m from the recently active muscles that

an adequate flow into the nght heart is restored

The diastolic pressure is somewhat higher m
the standing than m the sitting position and
lowest m recumbency This change is found to

occur whether the postural change is brought
about actii-ely or passively and is evid«itly an
overcompensation for the graiuty effect The
systolic pressure usually rises but to a less ex
tent than the diastolic, so the pulse pressure is

reduced Pressures, however, taken at as short
an intenal as 10 seconds after the erect position

has been assumed show that the mitial effect is

a fall of from 6 to 22 mm Hg m the systolic pres-

sure This 13 sufficient to stimulate the carotid

sinus and aortic mechanisms and cause mcreased
vascular tone with a consequent compensatory
n®e in pres«ure Compensation is usually complete

TABLE 22 1

The averase vanattone of blood pressure (after

Ifunter t compilation of observations on a

garter million healthy Americans)

(After Gager)

Age Syiiot c

Pressure
Dustobc ^PoUe

10 103 70 33

15 113 75 1 38

20 120 80 40

25 122 81 41

30 123 82 41

35 124 83 41

40 120 84 42

45 128 85 43

SO 130 86 44

55 132 87 45

GO 135 S9
1

46

within 30 seconds Reiertmg from the standmg

to the sitting or recumbent position has the re

verse effect, fall m diastobc pressure and nse m
pulse pn?«sure In persons with an abnormally

and habitually low blood pressure, the systolic

pressure may actually rue m the lying*down po-

sition and faU when the subject stands The dia

stohe, on tbc other band, is always lowered m
recumbency and raued m the erect po«ture

The 8TST0UC, nusrouc, MEA^ anti fulse

PRESSOHES Hales, m de«cnbmg his experiment,

speaks of the blood column after it had ceased

to nse further m the tube, oscillating above and

below a mean lesel To quote his own words,

“When it (the blood) was at its full height, it

would nse and fall at, and after, each puUe, 2,

3 or 4 mches " By recording with an adequate

pressure manometne system, the«e fluctuations

are seen as waxes synchronous with the heart

beats (see fig 22 4) The crest of the wax e repre

seats the maximal pressure, corresponding to the

contraction or systole of the ventncle, and is

called the systolic pressure The trough of the

wave, I e , the point of minimal pressure, com
cides with the end of the restmg phase or diastole

of the cardiac cycle, and is called the diastolic

pressure The mean pressure is usually given as

half the sum of the xalues for the sy^tohe and

diastohc pressures This would be stnctly ac

curate only if the pulse wave inscnbed a perfect

tnangle which however, u not the case The

average pressure throughout the cardiac cycle,

1 e , the true or geometric mean, is generally

somewhat lower than this lyung nearer the

diastobc than the sy«tobc pre<!sure This can be

obtained by integration of the curxe
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The difference betireen the diastolic and sya

tolic pressures is the pulse pressure This is

caused by the ejection of blood into the aorta

dunng sj stole Its magnitude, other things being

equal, will varj with the quantity of blood ejected

by the heart at each beat

The sjstohc pressure reflects mainij the dis

tensibihty characteristics of the arterial system

as it receives blood from the left ventricle It

would be expected to undergo wider variations

under the stresses of every day hfe than the

diastolic pressure The latter represents the

constant load which the artenal walls are called

upon to bear and the resistance which the ven

tncular contraction must overcome to throw

open the aortic valves It shows a steady but

slight decline from the larger to the medium
sued vessels The systolic pressure shows a fall

between the larger and the smaller artenes which,

though not great, la much more pronounced than

that which occurs in the diastolic On this ac

count, the two pressures tend to become more

nearly equal toward the penphery, the pulse

pressure being reduced Since the pulse pressure

is the difference between the sy stohe and diastoUc

pressures, it may be reduced by an alteration in

one or other of these A nse m the systolic or a

fall in the diastolic, will cause the pulse pressure

to increase, while a fall m the sj-stohe or a nse

in the diastolic will lower (he putse pressure If

both systolic and diastolic pressures nse or fall

to an equal extent, the putse pressure remains

unchanged The mean pressure vnll nse as a result

of a nse in cither the diastolic or systolic pres

sure, or of both together, and will fall when a

reduction of either or of both of these pressures

occurs

Determinants of Normau Arterial

Blood Pressure

Several factors combine to mamtain normal

arterial blood pressure They are, (a) the pump
ing action of the heart, (b) the peripheral resist

ance, (c) the quantity of blood in the artenal

system, (d) the viscosity of the blood, (e) the

elasticity of the arterial walls

A The pumping aelion of the heart The means

by which the cardiac contraction exerts its effect

upon the artenal blood pressure is, obviously,

through the quantity of blood winch it is capable

of discharging into the aorta in a unit penod of

time, 1 e
,
upon the output of the heart perminute

or stroke volume times heart rate T^en more

blood is forced mto the already filled artenal sys

tern, It t innot escape at once from the system in

the same amount as it is thrown mto the aorta, so

the artenal walls become stretched The pressure

nscs until the velocity of flow through the ar

tenoles is great enough to balance again the out

flow from the sy’Stem with the inflow Hales
grasped this fundamental fact when he wrote,

“the real force (pressure) of the blood m the ar

tenes depends on the proportion which the quan
tity of blood thrown out of the left ventricle in

a given time bears to the quantity which can pass

through the capillary arteries (arterioles) mto the

veins at that tune ”

B The peripheral resistance The penpheral

resistance is dependent upon the cah^r of the

small vessels, mainly of the artenoles and, to a

less extent, of the capillanes, and upon the

viscosity of the blood It has also been demon
strated by Haddy, that the macroscopic vessels

(smaller artenes and veins) contnbute sigmfi

cantly to resistance across systemic vascular

beds By far the greater part of the penpheral

resistance of the circulatory system is constituted

by the minute vessels of the muscles and of the

abdominal structures The importance in this

connection of the latter—the so called splanchnic

area—can be demonstrated by tymg oil all

branches of the aortic arch, except the carotids,

and the abdotninal aorta below the mfenor

mesentenc branch, when little or no change in

peripheral resistance results, whereas an increase

m the latter at once occurs when the blood supply

to the splanchnic area is reduced by hgatmg the

superior mesentenc artery Stimulation of the

great splanchnic nenre, which innervates the

nngsof muscle flbers in the walls of these vessels

causes their constnction, and consequently a re

duction m the outflow from the artenal system

The pressure wiCf contmue (o nse untif mi?ow

and outflow arc again balanced In the absence

of compensatory changes m the other factors

concerned m the maintenance of the pressure this

remains at the higher level so long as the con

stnction persists Dilation of the v’cssels, i e ,
re

duction m penpheral resistance, will of course be

followed by the opposite effect When the vesseb

of the splanchnic area are fully dilated they are

capable of accommodatmg almost all the blood

in the body, m such an event the blood pressure

would fall to zero The penpheral resistance

might be compared to a dam in a nver If the

dam 13 raised or lowered, and no change occurs

in the supply of water flowing down the nver to

tile dam, the water continues to nse or fall re

spectlvely (and its pressure m consequence m
creases or diminishes) until it reaches the new
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le\cl From then on the quintity of water which

overfloiv's m a given time is the same as it was at

the onginal le\cl

Tlie total pcnpheral resistance m amraals or

m man can be calculated from the mean blood

pressure OO sind the cardiac output (T), since

all blood entenng the aorta must, of couisc, pass

through the penphcral \es®el3 This can be de

n\ ed for the nhole body from the simultaneously

measured arterial pro«surc and cardiac output,

and for an organ or region from the local artenal

pressure and flow, but interpretation is \alid only

under stnctly controlled conditions nhich have

alreadj been discussed In general, in isolated

organs, either pre«sure or flov. should be hept

constant while the other is varied For total

circulation cither this arrangement or poe^ibl^ a

complete pressure volume cune for the systemic

circulation can be used before and after a test

stunulus with subsequent compan«OQ of the two
cuncs There is a curvnhncar relationship be

tween pre«<nirc and flow m the aorta (fig 22 1)

This is aLo true in separate vascular beds wberc
pressure and flow liave been measured but the

shape of the curves maj be quite different

Vanous terminologies have been used to define

pcnpheral resistance Green has u«ed a umt of

pcnpheral reiistanee (TIIU) as equal to 1 mm
Hg /I ml/mm Manj authors take such a ratio

and by expressing P in djTies per square cenli

meter and F as milhhtera per second the pc
npheral resistance can be given in absolute umls
of force Thus

n , 1
M(mm Hg) X 1533

Peripheral resistance (R) = , . .
—r

F{ml /=ec )

dyaes/cm *

cm ’/«ec

^ dyne secR —
cm.*

1332 IS a figure for the conversion of pressure to
dj-nes

The pcnpheral resistance so calculated is foond
to vary inversely with the size of the animal i e ,

directly with the surface area It amounts nor
mally to from about GOO to 2 000 absolute Units

m man but may be over 5 000 m arterial hj-per

tension m which F shows httle change The
values for the dog and rabbit range from 2 000
to 9 000 and from 11 500 to 12 000 re3pcctivel>

This means that the minute vessels m a large

animal offer less resistance than do the fewer

number in a smaller animal even though the

7 0
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I 0

O 40 80 120 160
Fio 22 1 RelatioDsbip between mean artenal

pressure in milJ meters of mercury (abscissa) and
cardiac output m liters per minute (ordinate) in a
tv^iical expenment Solid circles represent values
observed with buffer nerves intact open circles

values obtained after bilateral va^tomy and while
a constant pressure of 210 mm Bg was exerted
upon the isolated innervated carotid smusea
(Froml^vy Circulation Res 1D»4 2 372 )

vessels of both are constneted to the same degree

This IS due to the fact that the rate of flow in the

smaller animal is greater m relation to the cize

of its vascular bed (cardiac output bearmg a

constant relationship to aurface area which vanes

mverscl} with body weight)

C The quanltty of blood in the artenal system

In aaj closed sj'stem of ngid tubes fluid must fill

it to capacitj in order that a pressure can be de

veloped within it The artenal walls are dis

tensible and elastic and a certain degree of

stretching of these must occur before anj con

Eidcmble pressure is created The artenal sj’stem

musk be actually over filled and the greater the

extent of the over filling the greater will be the

blood pre^re Loss of blood either of all its

elements asm hemorrhage or of the fluid portion

alone if not compensated for sufficiently bj re

adjustment of the other factors concerned m
blood pressure mamtenance must mentabl^ re

suit in a fall of pre^ure Increasing tlie total

amount of circulating fluid artificallj as bj the

transfusion of blood or blood substitute mil

elevate the pressure again In animals the blood

pie^xure may be lowered by hemorrhage to half
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its normal value and restored again to its ongina]

Ie\el by re introducing into the circulation the

blood which has been remo\ed or by the infu‘>ion

of an effective blood substitute

D The viscosity of the blood The greater the

viscosity or “thickness" of any liquid the greater

IS the pressure required to force it along a length

of narrow tube in a gnen time, or if the pressure

remains constant the longer will be the time re

quircd for the liquid to tra\er«!e the tube The
fnctional resistance which is developed between

the parts of the liquid itself, that is, the mtemat

faction 13 greater when the viscositj is high than

when it 13 low Viscosity depends upon the degree

to which the molecules or particles of a fluid

cohere Blood is some 5 times more viscous than

water’ With regard to the influence of nscosity

upon the blood pressure, it is again a matter of

outflow through the artcnolcs If the driving force

remains constant and the caliber of the \c8scls

IS unchanged, then the greater the %nscosity the

greater will bo the factional resistance developed

in this region and the less will be the quantity of

fluid that will pa^s through in a unit of time

The blood owes its viscosity to its colloids

(plasma proteins) and to an even greater extent

its suspended corpuscles, faction is developed be

tween the surfaces of the latter and the eurround

ing fluid Changes in the concentration of the

blood as a result of changes in Us protein content

or m the number of Us corpuscles will therefore

alter its visco“it> ,
venesection by removing a

quantit) of blood and causing dilution of the re

roainder causes a fall in viscosity which may ma
tenallj relieve the work of the heart For these

reasons the viscosity is low in anemia and high

in polycythemia leukemia and anhjdremis Also

changes in its chemical composition or in Us gas

content may alter the viscosity of the blood Car

bon dioude increases the viscosity, ox} gen lowers

it, venous blood js, in consequence, more viscous

than arterial, and high blood vi«eo«it} is usual in

congestive heart failure with c>anosis Chloro

* This 13 an average figure Values obtained W
different observers for the viseositj of bloOT,

taking distilled water as unity, vary considerably
but the majority range between 4^ and 5 5

form anesthesia and narcotization with morphine
are aaid to increase the blood viscosity It is also
raised m hyperglycemia, hj-percalcemia and in

acidosis

The viscosity of most liquids is reduced by a
nse of temperature—hot ayrup flows more freely
than cold In muscular exercise and in fever the
blood temperature is raised, the viscosity of the
blood la lowered, and the work which the heart is

called upon to do in overcoming the frictional re

eistance in the smaller vessels is thereby appre
ciably reduced Blood concentration, however,
which occurs to some extent under these circum
stances, tends to offset the effect of temperature

E The elasticity of the teasel icalls This is con
cemed mamly with the ongm and maintenance of

the diastohe pressure and with sustaining the

mean pressure at a higher level than would be

possible m a ngid system under otherwise identi

cal conditions

The elasticity of artenal tissue does not come
into pby to any notable extent with a pressure

below from 30 to 40 mm of mercury Below this

kvel there would be bttle etretching of the walls

of the artenes which would then behave like a

system of rigid tubes At the usual diastolic pres

sure that exists, however, the walla are stretched

and by virtue of theu- elasticity tend to recoil

against the distendmg force We have seen that

(he flow of blood is pulsatile m the arteries Be
yood (he arterioles, le, in the capillaries and

veins, (he flow is continuous The conversion of

the pulsatile flow to a unifonn one depends

upon (he existence of a diastolic pressure 7716

physical principles involved in the maintenance

of the diastolic pressure and the disappearance

of the pulse beyond the arterioles may be best

illustrated by a simple artificial model "imilar in

prmciple to one devised by Borelli for the same

purpose some 300 or more j ears ago

In ^;ure 22 2 is represented a bulb synnge, S,

valved at A, and having a short tube, B, which

dips into a basin of water Leadmg from the

opposite pole of the bulb is a longer tube, C
When the bulb is alternately compressed and re

leased fluid is drawn from the basin and di®

charged from the mouth of the tube If the walls

of the latter are compooed of some ngid material

(fig 222, 1), it wall be found that when the pump

IS worked the fluid issues from the tube in spurts

or jets symehronous with each stroke, but no flow

occurs between the strokes An increase in the

frequency or force of the strokes does not alter

the intermittent character of the flow nor does

lengthening the tubing If the peripheral re
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sistancc of the ^Tiscular be imitated bj

attaching a nipple of small bore to the mouth of

the (lehvcrj tube so as to increase the resistance

to the outflow of fiUKl the issuing stream is finer

and its ^c]oc]ly is increased but it still remains

mtermittent (fig 222, 2) Lot the eLasticit> of

the arterial is’all noi\ be imitated bj replacing the

ngid tube bj one of rubber, jet let the mouth of

the tube be left free and not constncterl in anj

uaj (fig 22 2,3) Tlie intermittent character of

the «itnam is unaffected Howeitr, if the small

Iwretl nipple n predating the peripheral resistance

be fixed mto the mouth of the elastic tubing the

stream mil be found to ha%e lost its pulsatile

character and to ha\e become continuous (fig

i?-? 4/ Two tactors are tfiereibrc nccessatj (o

produce this reoult, (a) retislawe to the oul/ow

and (b) efosltc iubinff Tlic reasons for this arc

clear If the fluid has free egress from the lube

most of that which enters it from the pump is

«h«cha^ed from the open end before the next

beat occurs, the pressure, m consequence, docs
not nse to a sufficient height to distend the rubber

wall elasticity is not calle<l into pby, over

filling of the lube does not occur and in con

sequence the latter acts simply as though it were

composed or rigid material

The foregoing facts apply directly to the

arterial system The elasticity of the lascular

walls and the peripheral resistance are both cs

«ential for the maintenance of the diastolic pres

sure As the contents of the xentncle arc thrown
into the already oxer filled system during systole

the added pressure which is then exerted upon
the vascular walls causes their further distension

After the completion of systole the elastic walls

rebound and pressmg upon the blood within their

embrace, force it onwards through the penphcral
vessels In other words, the artenal lumen returns

to its previous diameter and the energy that had
heen stored up during the stretching of the elastic

tissue IS m this way gradually expended during
diastole

The elastic recoil of the arterial wall thus acts
in a sense as a subsidiary pump to dnv e the blood
onwards m a continuous stream between the

heart beats Otherwxse the pressure would fall to

zero after each systole

It IS clear then that any increase in the elastic

itv of the artenes other factors remaining un
changed will tend toward a lowenng of the

dia«tolic pressure If the aorta and its laiger

branches are stiffened (as a result of eclcrotic

changes), they cannot expand to the same degree

^ can fieaftfiy
, re«ilient \es«efs, and" tfieretbre do

not «o readily accommodate the blood (60-100

cc ) ejected from the heart dunn;, sy stole Such a

state will lead to a nse in the systolic pressure

Normally, however, the cro«« sectional area of

the aorta increases considerably with age =o that

it needs to expand much lc«a to accommodate the

systolic discharge

The Isn-trvcE ^incii Variatiovs is Some op
THE FoRrCOlSQ FACTORS f XERT UPON THE DlP
FEREXT Phases op the Arterial Prpsscre

A Change tn heart rate unaccompanied by an

alteration tn any of the other factors e g output

of heart per minute peripheral resistance etc

will cause a change in the diastolic pressure but

relattvely htUe eltaage in (he Bisiolic thus giving

a smaller puhe rate During cardiac accelera

tion for example the diastolic period is short

ened anti 2e*s time is therefore allowed for the

energy stored in the elastic nails during systole

to become converted mto energy of flow during

diastole Inotherwords thefallinpressuredunng

diastole is halted at a higher level by the earlier

arnvai of the next l>eat A decrease in heart rate

mil hare the opposite effect nith the longer di

aatole the slope of pressure is enabled to reach a
lower level ^ince the quantity of blood entering

the artenes per minute remains constant tbequao

tity entenng at each lieat must varv inversely

with the change in rate which accounts for the

relatively •mall change in the systolic pre««ure

D AUeraliont tn the quantity of blood discharged

per mtnuU by the rentnele If little change should

occur in the heart rate and other factors remain

unaltered increase in the output per beat of the

heart causes a nsc cbicflv of the sy stolic pressure

Tie diastolic preosure is raided less noticeatly

consequently the pul«e pressure is increased The
explanation forthelc«3 pronounced n‘^e in the dias

lolic pressure is that as a result of the high pres

sure at the end of the ejection penod the pres'^ure

gradient throughout diastole is steeper and more

energy is expended in giving velocity to the blood

of the blood pumped into the artenal system dur

iDg systole a larger proportion than ordinanly wilt

therefore have pas ed through the artenoles by the

end of diastole

C Changes in the peripheral resistance while

other factors remain constant Though these affect

both systolic and di«atoIic pressures they show

their influence predominantlv upon the latter

phase The diastolic penod IS considerably longer

even in a rapidly beating heart than the ejection

penod of systole and aawehaveseen thepenph
eral resistance is an important factor in the mam
tenanee of the diastolic pressure It follow s there

fore that any increase or decrease m the outflow

from the artenal system will affect this pre«3urc to

agreater degree than the systofic The mean pres
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sure and pulse pressure vary accordingly Aortic
regurgitation produces an effect upon diastolic

pressure similar to that caused bj a reduction in
the penpheral reaisfance but greater in degree
The mechanical principles involved are similar, an
increased quantity of blood pas«es from the ar
tensl system iJiinng diastole as a result of leakage
through the incompetent aortic valves The pe
npheral vessels are also usuallj dilated ssluch

combined with the high pulse pressure maj cau<e
the appearance of a pulse m the capillaries es

peciall> if their emptying be aided by holding the

arm above the heart level Slight pressure upon a
superficial capillarj area such as at the base of the
finger nail maj then show alternate blanching and
flushing synchronous with the heart beat In aortic

regurgitation the pulse pressure attains a magm
tude seen in no other condition (80 or 110 mm Hg)
for not only is the diastolic pressure much reduced
but the systolic pressure is raised as well owing
to the greater volume of blood ejected at each

heart beat—that which has regurgitated through
the aortic valves plus that received from the aun
cle For these reasons the carotids throb visibly

The pulse is of the colUpsing type (water hammer
or Corngao s pulse) An artenovenoua aneurysm
produces somewhat similar effects upon (he ar

terial system

D A ri$e or a fall in blood mcotily Other fac

tors remaining unchanged tend to affect the di

astohe pressure in a manner similar to changes id

the calibers of the peripheral vessels

E /ncreusemhlood volume will raise both pres

surea as a result of the overfilling of the arterial

system and greater stretching of the elastic walls

F Increase tn elasticity of the aTltrialicalU Ob
viously a condition such as artenooclcrosts which

renders arteries less resilient and more like rigid

tubes will tend toward a lowering of diastolic

pressure Yet as amatter of fact.in artenosclero«is

the diastolic pressure may be raised rather than

lowered, since there is frequently an associated

narrowing of the penpheral vessels which more
than offsets the hardening of the w alls of tbe larger

arteries When, however the sclerosis is confined

to the larger vessels and their branches while tbe

peripheral vessels arc free from proliferative

changes which narrow their lumina the diastolic

pressure is lowered Diminished distensibihty of

the walls of the aorta and the larger arteries tends

to increase the systolic pressure

In the foregoing paragraphs vanations ra Ihe

BC\eral blood pressure factors and their effects

have each been considered as being the only

variable m a particular instance The object of

this was to disclose the value of each and the

manner in which it acted Yet it must be remem

bered that such a dcscnption is more or less arli

final and thatm health and even to a large extent

under pathological conditions the vanous factors

interact vnth one another—there is a give and
take among them When a change in the value
of one factor occurs, readjastments of others take
place to regulate the blood pressure and keep it

withm the normal limits For instance, dilation

of the vessels in one area may be accompanied by
vasoconstnction in another Reduction in blood

volume as by hemorrhage, is followed by con
striction of the peripheral vessels, while increased

bloo<l volume or a nse m viscosity will hkely be
followed by tbe opposite effect upon the vessels

The ABTLRiAL PRESSURE PULSE Pressure wavcs
m the heart cavities, the aorta and almost any of

Its branches and in the systemic venous system,
can be readily recorded m the expenmental am
mal and in humans by use of appropriate com
bmations of catheters or needles with pressure

manometers of adequate frequency (see ch 19)

The form or pattern of the pressure curves can

also be recorded from superficial vessels such as

the radial artery, subclavian artery and vein,

carotid arten, jugular vein, etc, by overlying

cup tambour arrangements or microphones (for

details seech 19, aDd^^lggers)

A Velocity The pulse is the pre«sure change
created by tlie ejection of blood from the heart

into the already full aorta, and propagated as a

wave through the blood column and artenal wall

to the periphery If the walls of the system were

absolutelv ngid, since liquids are incompressible,

an impact delivered at one end would evuse a

pressure change to be transmitted almost in

stantaneously In the case of elastic tubing, such

as composes the vascular eystem, the pressure

change is accompanied by an expansion of the

tube’s wall From the equation of BnimweU and

HiU (Vp " K-\/iipV/AV m which Vp IS puLe

wave velocity and V'’ is vessel volume it is ob-

vious that the velocity with which a pressure

wave n transmitted peripherally, is brgely dc

termincd by the elasticity of the vessel wall

Becau'«e of their accessibihty
,
pressure pulse

wave velocities arc generally measured in the

brachial, radial or femonl artencs, although

many mea«ureinents exist for the aorta The usual

order of time of arrival of the pre««urc puLe is

brarhial, femoral, radial The velocity of the

pulse wave can be determmed by noting the dif

ference in the time of arrival of the naturally

occumng puUe wave at a near and at a far point

of the vascular By stem This can be done roughly

by means of a pair of tambours overlying points

on the two artencs and which are connected to

wntmg levers or recorders A more accurate way
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IS to record directly tbe artcnal pressures at the

te.0 points from indwellmR needles connectotJ to

pressure roanometers, or to record tlic transit

time of a mechamcalli induced external impact

i\a\e The time difference di\ided into the dis

tance traveled botweon two points gi\cs the

\clocitj of propagation of the wax e Tlius,

Distance in miUimetcra

Time in seconds

» ve!<jc»t> in milhmetcrs perflccontl

The rate of propagation of the pulse wave pc

npherallj depends on the degree of xesscl dis

tention bj internal pressure, and on its dis

tensibilit> charactcnstics Thus, the lc\el of

blood pressure, the basic structure of the \csscl

wall and its alteration by function or disease arc

the important determinants of pulse wave
xelocitj Tlic normal \elocilj m the aorta ap
proximates 3 to 4 meters per second, m the

arteries of the limbs, it is 7 to 14 meters per see

ond, the xelocilj of the pulse m the femoral

arterj being somewhat greater than m the

brachial artery In hypertension resulting from
muscular exercise, the walls of tlic \cssola are

more stronglj stretched and the pulac waee is

transmitted at a higher speed Vasodilation or low

pressure from many causes reduces the xelocitj

of the pulse wave Figure 22 3 shows this strong

relation between the pulse wa\c \elocitj and
ambient intraarterial pressure m the brachio

radial artery segment of normal individuals

(Pressures below diastolic were obtained by
temporary digital occlusion of the axillary or

subclavian artery) This fact must be taken into

account m the comparison of velocities at dif

ferent ages and in different disease states In ad

the state of elasticity of the vessel w all the veloc >
it} 13 increased with old age or when the elasticity <3
IS increased by disease, such as arteriosclerosis In o
the brachial artery, speeds have been recorded of m
5 meters per second at age of 5 years, 6 meters
per second at middle age, and 8 6 inetere per
second at age of 84 years

In the aorta (and arterial tree), the accelera
tion of the blood occurs almost simultaneously
with the nse of the pressure pulse This is to be
expected since the latter causes tiie former How
ever, whereas the pressure wave travels m terms
of meters per second, the movement of the red
cells or plasma is much slower, at 10 to 20 cm
per second Thus, although the pressure wave
“aj reach the vessels of the foot in 0 2 second

it requires several heart beats for the blood

rntenog the ascending aorta to reach the foot

vessels Tins is because the speed of the blood

depends upon such factors as the blood pre«»ure

gradient, cro«s ‘sectional area of the vessel and

viscosity, while the velocity of the puhe wave is

detennined almost entirely b} the elasticity of

the wall of tlie vessel

B Characlemtics ond tTOtisformaticyn oj the

presture puhe Pressure curves simultaneously

recorded from the aortic arch an«l a peripheral

ftitcrj of the dog are shown m figure 22 4 It is

obvious tliat the pressure puhe patterns are quite

different The oortic pressure n«cs quite abruptly

and after an anacrotic shoulder (abrupt change

in gradient) nscs still further to a S3 stohc

rounded peak The pressure then drops slowlj

during tlie last half of sjstole until closure of the

aortic valves which is occasioned b} a sharp

mcisura Dunng diastole, the pressure is first

sustained and then drops smoothl} The extra

artcnal forces which affect the aortic pulse pat

tem arc b} impact from the contracting atnum

and the bulging of the aortic valves dunng the

isometne contraction pcnotl These waves ap

pear on the aortic pulse preceding the main wave

and are noticeable in the immediate aortic

branches but not beyond A senes of internal

free vibrations arc added at the mcisura and at

PRESSURE mm Hg

Fio 223 Curve showing the relation between
artenal blood pressure (abscissa) and pulse wave
velocity (ordinate) (From Landowne J Appl
Pbysjol 195S 12 93)
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F-C
Fio 22 4 Artenal pressure pulses recorded

from the central aorta C aod the femoral artcrj,

F, in the anesthetired dog Curve F C beneath
pulse tracings obtained By coordireclographic
Bubtraetion of the aortic pulse from the femoral
pulse This represents the reflected or standing
«ave in the distal portion of the arterial tree

Time 0 1 second ordinate pressures in millimeters
of mercury (after Alexander R S Am J Phys
lol

,
1049 IS8. 287)

the first steep nse during ejection as the pres

sure pulse reaches the mam aortic branches In

the simultaneously recorded peripheral pulse, the

onset of the pressun. nse is delayed and rises a

little more slowly but to a ^ery peaked, earlier,

and larger maximum, being about 30 nim Hg
higher than that m the aorta The drop of pres

sure in the latter half of sj stole and m early

diastole is much quicker The dicrotic notch and

its after wa^e are quite large The remainder of

the diastolic curve is uneventful Thus, in the

penpheral vessel the net effect is to augment the

peak amplitude of the pulse nave, obscure the

mcisura, and to depress the remainder of the

pulse curve Pressure curves recorded from ar

tones intermediately situated such as the renal,

mcsentcnc, and carotid, show a lesser augmenta

tion of the peak systohe pressure and a smaller

dicrotic wave, pulses recorded from more pe

npherol artencs such as the dorsalis pedis, show

an exaggeration of these phenomena The effects

of the extra artenal forces are graduallj damped

m the extensions of the aorta and are lost m the

radial artery

The pressure pulse just desenbed at the root

of the aorta is basically tnangular This onginal

pattern is largelj retamed as the pressure wave
IS transnutted down the aorta and into some of

its immediate branches The temporal distortions

of the pressure pulses m their transit from the

central to the penpheral artenes are effected

mainly as the result of dampmg from faction of

the blood with the vessel wall, hysteresis of the

vessel wall, differences m the distensibility of the

vessels, and summation of reflected pressure

waves The viscosity of the blood in the smaller

artenes acts to smooth out the abruptness of

pressure changes, m artenes such as the femoral,

there IS a possibility of considerable lag in the

response of its wall to mtcmal pressure such as

occurs in isolated vessel stnps, and the greater

distensibility of these artencs, taken in ioto, gives

the system a low natural frequency (3 to 5 cycles

per second), which tends to smooth out or male
less angular the basic central pressure pattern,

alow down the rate of pressure elevation, and
lessen the pressure peak obtained

In addition to dampmg, the other major factor

controlling the penpheral pattern is wave sum
mation The pressure wave leaving the aortic arch

rebounds from areas of increosmg resistance in

the penpheral artencs and artenoles, and travels

rctrogradely along the artenal tree These cen

trally reflected pressure waves can be obliterated

by damping or may summate with or be sub-

tracted from the penpheiallj directed pressure

wave, depending ujjon the phasic relationships

They do not, in general, matcnally alter the

central aortic pattern The magnitude and pat

tern of such a reflected wav e can be roughly as

certaiDcd by substraction of the penpheral pulse

pattern from the central aortic pattern (see fig

224) This revoab that the waves occur m both

systole and diastole The pomts of change m
resistance and pressure reflection have not been

firmly established, but best opinion favors a locus

in theabdominal aorta, just below the diaphragm,

and a point in the femora! system Reflected

components from the«c areas can be either nega

tive or positive

C Determinants of aortic jmUe pressxire pattern

The aorta and its larger branches can be regarded

as B large elastically distensible conipres«ion

chamber with cardiac ejection entering at one

end and dramage occumng at the other end The

chamber possesses varying degrees of distensi

bility, confomung to those existing in vanous
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portions of the aorta and its branches The
generated pulse pressure is caused b> an im

balance between the ^’ent^cular outflow entenng

the aorta, and the pcnpheral run-off lea\nDg the

aorta with each sj’stole Tlie sjstolic portion

largely expresses input into the aorta, the diastohc

portion expresses decompression of the aorta or

peripheral run-off, since, at this time, it la dis

connected functionally from the \*entncle Four

factors arc of major importance in determuung

the pressure and increments of pressure from

moment to moment the chsticity or distensi

bihty of the \cs«cl walls, the volume of contained

blood, the xolume increment from cardiac ejee

tion, and the decrement m volume caused by
pcnpheral drainage These relations are exprcs<«ed

bj the equation

in nbich E « >olurae-€la£ticity coefficient, p =
change m pressure, \ - change m \olume, and

V - capacitj of aorta m diastole If the aorta and

arteries constituted a simple elastic chamber, the

pressure xolume relations (PAO should be pre

dictable from the preceding, and if P is known, V
should become axailable It would be helpful if

such a relation could be used to indicate what is

happening to the blood and whether the effect is

centrally or pcnpherallj induced Howexcr, dif

Acuities in such an approach arc (1) there is no
way to quantitate V, (2) the pressure \olume
relation of any part of the aorta is linear over

only a limited pressure range, (3) diatcnsibihty

IS different m various regions of the arterial tree,

and (4) clianges have been rc\ea!ed in the dis

tensibilitj characteristics of the aorta by reflex

stimulation and adrenahn injection

O Usefulness of aortic or central arleri/ pube
patterns Despite the difficulties m elucidating the

piussuit! volume relations m the aorta, pressure

pulses from the large arteries, depictmg fairly

well the pattern of the central aortic pulse pres

sure, have been found useful m predicting hemo
dynamic changes Such interpretation and ex

trapoUtion is based on experiments m dogs m
which changes in pcnpheral resistance and cardiac

activity hav e been dchberatelj mduced and their

cfTccts on the pressure pulses separately deter

mined Figure 22 5 shows the human subclavian

pulse obtained indirectly The duration of systole

and diastole can be determined In the presence

of a high pcnpheral resistance and m a normal

vxssel, the pulse shows a much steeper rise

throughout systole In the presence of a low

aortic resistance but with good vascular volume,

the curve has an imtial early spike followed by a

lower systolic tip, a rapid decline and a greatly

reduced slope dunng diastole \MieD the stroke

volume IS low, as m hemorrhage, the sy*5toIic part

IS small, smooth and rounded, and diastole is

almost flat Decreased distensibihty of the aorta

IS revealed by a rapid, sustained and largo eleva

tion of the pulse, a high mcisura and a gradual

deebne dunng diastole Distinctive pulse patterns

caused by lesions of the aortic valves are also

shown These are considered m detail m chapter

28 Attempts to use central artenal pressure

HIGH IXW LOW
DrucraurV AnDTlr- ec-ciCTaiu-p «veTrv ir*

Fio 22 5 Illustration of changes in contour and amplitude of subclavian and radial pulses under ab
normal cardiovascular conditions Discussion m text Note changes in transmission rates (t'^gsers,
Circulatory dynamics, Grune and Stratton Inc , New YorL 1952 )
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pukes to estimate stroke \olunie have been nu
raerous butnone have been successful (seech 23)

Arterial Blood Flow

With contraction of the human ventncle, a
stroke volume or sj’stolic discharge of 60 to 70 cc

IS ejected into the distensible aorta within less

than 0 25 seconds Of this, at least 45 cc is

pushed into the aorta within the first 0 1 second

Space for this solume in the aortic arch is made
by distending it and bj removing some of its

blood The resulting pressure change travek as a

wave throughout the length of the aorta and its

branches to the capillaries (and sometimes

through them), and expands the entire artenal

tree radially and longitudinallj This colarge

ment results in a forward movement of blood

from aortic valves to capilbnea before the end

of \entncular sjstole As jet, too few studies of

phasic flow ha\e been made to justify a state

ment pertaining to the factors which determine

the major charactenstics of the flow patterns m
the aorta It ts, howe^-Cf, worthwhile describing

and considering them briefly

Phasic aortic ixow Aortic flow pulses have

been measured in dogs and, also, mcidentalij in a

number of human subjects at the time of surgical

exposure of the aorta The former will be con

sidered since it has been possible to record sunul

taneously both pressure and flow pulses, and, at

times, to record at least two flow pubes at dif

ferent aortic levels The phasic flows were re

corded with an electromagnetic flow meter or

sonar meter Examples are shown in figure 22 6

The phasic flow in the ascending aorta is roughly

triangular in shape 22 64 Acceleration reaches a

peak ejection rate carlj m systole following which

there IS a rapid deceleration ending in a moroen

tar\
,
small, high frequency backflow at the time

of closure of the aortic valves The flow curve is

flat with almost zero %elocitj dunng most of

diastole The considerable modifying effect of the

aorta upon the left \entricular ejection pulse is

seen m figure 22 6B, taken near the terminus of

the aorta Tlie flow pul«e is now a senes of anooth,

highlj damped oscillations of a frequency of 3 to

4 cjcles per second which continue to extinction,

but which are renewed with each heart beat

Tliere is quite a largo backflow in lery early

diastole Flow pubis in the isthmal ares of the

aorta (proximal portion of descending aorta) are

intermediate m pattern between the central and

abdominal patterns In figure 22 6C are the cal

culatcd blo^ xclocitj cune and the aortic dif

ferential pressure curve, the latter taken by a

double lumen catheter with pressure pick up holes

6 cm apart This shows the positive and negative

acceleration waves which act on the aortic blood

column to produce the flow pulsations The effects

of inertia arc seen throughout the cardiac cjcle

The beginning upstrokes of both pressure and flow

cunescomcide quite well, but when the fir=t posi

tive wave of the AP reaches its peak, flow ac

celcration is maximal, and when AP is maximallj
negative, flow deceleration is maximal This rep

resents about a 90® phase lag

Phasic flow in peripherai, arteries Flow
patterns and simultaneous intraartenal pressure

curves charactenstic of sev eral peripheral artenes

are illustrated in figure 22 7 There are certain

distinguishing charactenstics A flow pattern is

made up of naves whose directional changes have

a qualitative correspondence with gradient

changes in the simultaneously recorded mtra
vascular prcs«ure puke and which may be char

actcnsticaUy distinctive for that artery and
vascular bed Since the flow velocity vanes with

(he differential pressure existing at the site of (he

flow meter, eimilanty in contour of the flow and

appbed pressure pulse is one entenon for the

compansoD of flow curves from different artenes

Certain patterns, especially those of the supenor

mesentene and renal artenes, have a well

rounded and eustained sj’stohc portion in rela

tivc conformity to that of the pressure pube

Those of the hepatic and common carotid artenes

are less well rounded, those of the brachial and

femoral artenes have a sharp eystohe peak The
flow pube pressure is generally small in the renal

and axilbrj patterns, and somewhat larger in

the supenor mesentene and hepatic, while the

femoral maj be quite large Backflow components

are consisfentfj found in the femoraf and axiffary

patterns and, on occasion,m the common carotid,

while the renal, hepatic and supenor mesentene

flow curves exhibit only forward flow However,

the mam feature which permits a separation of

the flow curves is the v anable relation of the early

diastolic to presj-stolic flow rates Companion of

this relation with similar early diastolic and pre-

sjotohe points on the corresponding pressure

curve, shows that the supenor mesentene, renal

hepatic, common carotid, and femoral patterns

have, on this basis, a progressiv’ely graded dis

similanty to their respective pressure curves

While a method of analysis and interpretation

is not jet available by means of which the prob

able determinants of, and interrelated influences

upon phasic flow can be quantitativelj evaluated,

a partial attempt has been made in at least one
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arterj flic approach is too technical to be con

sideretl here and the interested reader is referred

to the paper of Shiplej ct a!

Artery to vein pnEssimr and tlow Pressure

gradients across the \cr3 small \es«cls of the

penphor} liaic been difficult to establish in

rea«onablj normal, biological situations Possibly

the closest approach to this is based upon the

cxpenmental approach of Haddj, in which

arterial and \enous pressure are measured in the

quite small ^e'-'els (0 2 mm diameter) of the dog

forepaw
,
while constant blood flow is maintained

bj a pump (fig 22^) It can be seen tliat with

the environmental temperature at 20“ C ,
the

pressure drop from small arterj to small \em
approximates 40 mm Hg and, from small aein to

large \ein, G mm Hg (fig 22 9) Upon exposure

to 0“ C
,
the increase in pressure gradient is al

most entirelj through the small \ osscls with little

gradient change between the «mall and large

•veins Since the blood flow was maintained con

slant the increase in pressure gradient represents

directly active vasomotor resistance changes

Unfortunatelj
,
at present it is not possible 1^

this technique to differentiate between changes

in resistance of the artenolcs and venules Ex
pansion, however, of this Ijiic of investigation

would be most fruitful

Venous Pressure

The functional unportaoce of the venous blood

pressure has long mterested physiologists and
cliiucians The superficial veias, which can be

observed and whose pressure values and pulse

pressure contours can be easily measured, have
been considered to serve as reliable indicators of

the functional status of the less accessible and
deeper Ijing portions of the sjsteniie venous
sjstem

The venous pbessdbb pulse The venous

pressure pulse is best determined with the sub
ject m the recumbent position Venous pressure

IS measured directly with an indwellmg needle or

catheter or mdirectly (without pressure values)

by applymg a cup over a vem external to the

chest, such as the jugular, and connected to a
manometer or a microphone receiver The venous
pulse waves are usually tuned against an electro

cardiogram, arteriogram or phonocardiogram
(see ch 20) Two distmet tjTJes of pulsations,

respiratory and cardiac, are seen m the penpheral
and central veins With inspiration, blood is

aspirated mto the chest and the external veins

tend to coUapee while mtemal veins expand, with

Fio 225 Effect of fenmerature changes upon
vascular pressures m the foreleg of the dog flow

rate being maintained constant (from Hadd>
Circulation Res 1957 5 69)

expiration, venous mflow is impeded and the

external veins become distended while the chest

veins tend to become Bmallcr Tliese changes

make up the respiratorj venous pulse The cardiac

venous pressure pulse represents a retrograde

reflection of a somewhat distorted version of the

right atnal pulse pattern (see ch 20) These a c

v, waves are clearlj «een m the record obtained

from a penpheral vein m figure 22 10

Valuable information concernmg the events of

the cardiac cjcle both from the experimental

and chmeal pomt of view, can be obtained bj a

studj of tbe jugular pulse records The length of

the PR interval can be roughly estimated bj

noting the time interval between the jugular and

c wavws It 13 not difficult to decide whether the
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Fio 22 10 The jucular venous pulse pattern
(JVP) of a normal sunject An electrocardiogram
(LCG) and carotid pulse tracing nere simuttane
ously recorded The presyatolic *'a” nave is

caused by atnal contraction The *'c’' peak is

secondary to closure of the tricuspid valve at

though It may also represent transmission of the
arterial pulse to the vein The descending limb of
the pulse tracing after the “c” wave is secondary
to emptying of the vein into the right atrium The
negative “x” nave occurs during lowering of the
atrioventricular septum and tncuspid valve dur
ing ventricular systole Then the pressure rises as
the right atrium fills to form the “v” wave The
second negative depression, the ‘‘y’* wave repre
Bents the tall in jugular venous pressure as the
tneusmd valve opens and the right atnum emp
ties {From Wood, P , Diseases of the heart and
circulation, J B Lippincott Company, Phila
delphia, 16w

)

a c interval is normal (around 0 16 second), or

obviously prolonged (0 24 second or more) The

orderly sequence of a, c, v, waves indicates a

normal sequence of atnal and ventneubr beats

With partial or complete heart block, the number

of a waves is greater than the number of c v

complexes With atnal fibnllation, the a waves

are absent Premature ventncular beats ol atrul

ongm are preceded by an a wavT, those arising

m the V cntncle are not A giant a wave can arise

from tncuspid stenosis, severe pulmonary hyper

tension, pulmonary stenosis, tncuspid atresia.

nodal rhythm and partial heart block The power-

ful Tight atnal contraction causing the giant a
wave IS due to the increased resistance to nght
ventricular fillmg In tncuspid insufficiency, giant

ventncular sjstolic (v) waves are seen The
systolic nave nscs rapidlj to a summit upon
which vibrations of the murmur are superim-

posed

NonuAL vEVOus blood pressure and its

VABiATiov-v Usmg the techniques previouslj

desenbed, mean blood pressure m the large,

superficial veins of unanesthetized man at rest

and m the supine position, is found to be a

function of distance from the nght atnum Tlie

average value decreases from 13 8 mm Hg (188

ram HfO) m the dorsal venous arch of the foot

to about 5 2 ram Hg (70 mm HjO) in the jugu

lar vein The pressure change from the surface

veins to the central veins and along the central

veins has been precisely determmed Great care

must be taken m measunng the pcnpheral venous

pressure smee, under some conditions in the

supine position, the penpheral vems may becomo

partiaUy collapsed and, as a result, the penpheral

venous pressure becomes mdependent of nght

atnal pressure It is generally advisable to make
the measurement with the arm well below heart

level to prevent this venous collapse With this

precaution, the average pressure of 7 I mm Hg
(97 ram IltO) in the antccubital vem drops to

about 4 6 mm Hg (63 mm EtO) in the vena

cava opposite the nght atnum (fig 22 11) Thus,

the overaU venous pressure gradient approxi

mates 92 mm llg (125 mm HxO) with a pres

sure difference of onlj a few mm HjO occurring

between the upper thoracic veins and the nght

atnum Although venous pressure measurements

in the same siitajeCt are quite conStnit, cun

sidenible vanation (up to 100 mm HtO) may

occur m the venous pressure from the same area

in different persons

Peripheral and central venous pressures arc

Vinous Lig Cuffs

10 Win.



ChapUr !2 REGULATION OF PRESSURE AND FLOW 289

altered in the same direction under man> cir

cumstanecs Thej do not appear to be related to

age, sex or hypertension, but they are decreased

in severe hemorrhage and surgical shock Thej

arc increased bj positive pressure breathing, the

Vabalva maneuver, tilting, the etcitement stage

of anesthesia, the apncic phase of asthmatic at-

tacks and in Cheyncs-Stokes breathing The
mam pathological condition in which central and

penpheral venous pressures arc elevated, some
tunes as high as 22 mm Hg (300 imn 11:0) in

the antecubital vein, is congestive heart failure

DETEItillNANTS OF VE^O0S PBESSOTIE Thc
interplaj of factors which determine sjstenuc

venous pressure and venous flow can be bneflj

stated The veins are placed between the capil

lanes or thc A V anastomoses, and thc nght heart

The blood enters the venules with an appreciable

pressure residuum (vis a tergo) from the artcnal

side, after it has passed through the capillaries

This pressure is met by the resistance to flow

from the veins themselves and from the heart

itself (the VTS a fronte) The venous pressure is

affected by internal factors which control thc

relation between tho contained venous volume
and the state of distcnsibility of its vessel walls

Finallj, there are various external or extramural

factors (vis a latere) such as thc actions of respira

tion, muscle and gravity, which together repre

sent the pressure effect of the surrounding tissues

Because their mterplay is so complex, and flow

methodology is generally so inadequate for nor

mal situations, it is difficult to estimate their

relative effect on venous pressure and flow How
ever, 1301016 considering the details of operation
of these determinants, it must be emphasized
that they act to insure that the pressure m the

veins can never be less than the nght atnal pres

sure, and whenever nght atnal pressure increases,

the penpheral venous pressure mcreascs This
excess of pressure (10 to 12 mm Hg or 125 mm
H 0) m the vanous vems, over that in the nght
atnum, is an expression of the pressure gradient

(PiPj m Poiseuille’s formula) This, together

vnth a reasonable venous cross section, causes
blood to flow from vein to atnum
A The conlraction of the left ventricle {the "cm o

tergo") The energy of the ventncular contrac
tion (the “vis a tergo”) is expended in dnving
blood through the artenoles and onward through
the capiUanes and veins to the nght atnum By
the time the blood reaches the venules the rc

mainmg pressure may approximate 7 to 8 mm
Hg IMien it reaches the nght atnum, the energy
has been almost entirely dissipated m overcommg

thc fnctional resistance offered bj the vascular

channels, at this point, the pressure maj be lc«s

than 1 mm Hg
B Quanlit’j o/ bloodfiomng through the arlenoles

in relaiion to eapaedg of the mng Altliough the

details arc largely unknown, gcneralli speaking,

the more blood which is received from the arterial

side, thc greater will be the venous pressure

That IS, with dilated artenoles, the difference

between the artenal pnssurc on the one liand and

venous pressure on the other, tends to be reduced

,

with constneted vessels the pressure difference

mil be increased Hough estimates based on the

volume-cbsticitj of the vanous compartments

of the vascular sjstem indicate that if a liter of

blood IS transfused into the circulation of man at

rest, onl3 10 to 20 cc would be found m the

artcnal tree and about 9S0 cc in the extra artenal

S3 stem (s3'5temic v cnotis and pulmonary circuits)

and that the pressure elevation m the whole

B3'stcm would be only 4 or 6 mm Hg In bleeding

and transfusion expenments m man thc circula

tion behaves like an elastic container (ch 15),

with poolmg of blood m the extremities bv oc

elusive cuffs, thc central venous pre sure falls

without an> apparent sign of counter veno motor

control Tlus empliasizes the vnew that normal

stresses to which the circubtion is exposed, if

thc3 arc not too abrupt or excessive, lead to onl}

passive change in the resistance vessels and

systemic venous 83 stem, and do not cause rclaxa

tion or strong contraction of the peripheral

capacitance vessels

This relationship, however, does not alwa38

hold because the veins are capable of adjusting

their capacity to the quantit} of blood received

from the artenal B3’stem b} reflex vasomotor

actmt3 The smaUer vessels may expand to

accommodate the extra blood so that little

change in venous pressure results, or the3 may
reduce their capacities and maintam pressure m
spite of a reduced volume of received blood

The participation of venomotor tone in the

control of the venous pressure and venous blood

flow can be shown m animal expenments m
which oxygen want, high COj ,

stimulation of the

carotid sinus and excessive hemorrhage are effee

tive m reducing the size of the capacitance ves

sels, but proper interpretation i-s difficult be

cause of the often, unph3siological strength of the

atunulus In man, using ‘strong stimuli such as

the Valsalva maneuver, a«ph3’Ma, high G, or

laige blood losses, the vems constnet in what

may be called an emergency reaction In the
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latter case, the central venous pressure may be
normal or even increased

It IS significant that the central and peripheral

venous pressures do not necessarily shift in the

same direction The pressure gradient from very

small veins (0 5 mm diameter or less) to lai^
central veins, is not necessanly constant and can

be markedly affected by various states With
cold, hyperventilation and moderate CTetcise,

only the peripheral venous pressure may nse

significantly This often independent action of

local venous pressure and central venous pres

sure indicates that reflex venomolor activity of

the capacitance vessels in normal persons is

highly selective and regional in operation and

that local small vein or venule pressure is not

necessarily an index of happemngs m the central

venous sjstem Hence, the state of distensibility

of the artenoles, venules and small veins, and

large central veins, are not necessarily related,

and net effects are unpredictable

C The oelwn of (ke nghi tide of the heart upon
the blood flow tn the fctiu Obviously

,
if the blood

18 not passed on again by the nght heart as

quickly as it is earned to it by the great veins,

the venous pressure will nse That is, there will

be a tendency for the blood to be “dammed
back ’’ ^Vhen the heart is beating vigorously and

output and inflow are balanced, no nse m venous

pressure occurs In health the force of the ven

tncular contraction is nicely adjusted to the

quantity of blood which pours into the atnum
from the veins, and no accumulation occurs If,

however, the heart fails, the venous pressure nses

and back pressure effects en«uc

There now appears to be good expenmental

proof that the activity of the nght ventncle itself

actually increases greatly vena caval flow into

the nght atnum This is illustrated m the vena

cavai flow curves of figure 22 12, m which it can

be seen that there is a larger forward flow of

blood dunng nght ventncular sj stole than dunng
diastole “Ihus, venous inflow into the nght atnum
13 laige m the presence of closed tncuspid valves

Tlie responsible force is beheved to be nght

ventncular contraction itself Dunng such con

traction, the descent of the atnoventncular

junction enlarges the great venous reservoir

which compnses the atna and venae cavae Ob
viously, this could bo a very useful mechanism

for maintaining venous return dunng tachy

cardia In slow hearts, most of atnal inflow oc

curs dunng the long ventncular diastole, but

dunng a rapid heart rate the proportion of atnal

inflow due to active systobc “injection” of blood

from the veins into the nght atnum, is greatly

increased

The influence of cardiac action upon the move

ment of blood in veins and atna does not neces

sanlj impl) that the ventncles exert an aspirat
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of venous return dunng systolic ejection (From Brecher, Venous Return, p III, Grune <t Stratton,

Inc
,
New York, 1956 )
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iDg action dunng diastole Tins problem has been

debated man} iears and is considered m chapter

20 in some detail In general it can be said that

under stnctlj controlled expenmcntal condi

tions, there is some positive evatlence for this

However, one must remember that there is no

good quantitation of this and it nould take place

onlj in very early diastolic relaxation, which is a

verj short tunc period

Sometimes when vigorous respiratory efforts

are made, shght fluctuations of the venous pres

sure can be detected m the pcnphcral veins of

the human subject These vanations rarely

amount to more than 10 mm of HiO but may
be considerably higher than this when dj-spnea

re«ulting from obstruction to the free entrance

and egress of air from the lungs ensta Owing to

the inertia of the blood column the aspirating

effect IS lees evident the nearer to the periphery

at which the pressure measurements arc made
The respiratory cffecte upon venous pressure

and also presumably upon venous flow, can aUo
be exaggerated in normal subjects bj the follow

mg procedures If a forced expiration is made
with the glottis closed (Valsalva s experiment)

the negative mtrathoracic pressure can be abol

ished and a positive pressure of seieral milli

meters of mercury substituted The veins of the

neck, face and limbs become distended with

blood ns a result of the impediment to the flow

into the nght auncic The peripheral venous

pressure under these circumstances may nse to

400mm HjOormore Intheconverseexpcnment

of Mueller in which a forced inspiration is made
with the glottis closed tJie powerful suction effect

may cause a fall of 50mm HjO or som the v cnous

pressure of a pcnphcral vein The increase m
negative mtrathoracic pressure may be seen by

means of the N. ray to exert an effect upon the

vcntncle which dunng diastole becomes «ome

what enlarged bejond its usual size

D ^Ttemal forces Natural and artificial

respiration have a very large effect on central

venous pressure and flow Direct measurements

of flow with the bnstlc flow meter in the c!o«ed

chest dog have shown flow to increase m both

the supenor and infenor vena cava dunng m
apiration and m turn this effect is transmitted

to the outlyang veins {fig 22 13) The interplay

of mechanisms is as follows the blood in the great

( SECOND

AORT ^smiiina'Bisi-Miisi-t-ii-i.i

Fia 22 13 Effect of epontaneous respiration on venous return and cardiac output (closed chest)
Tracings from top to bottom time and base line aortic pressure m millimeters of mercury pulmonary
artery superior vena caval and intrathoracic pressure in millimeters of w ater pulmonary arterial and
supenor vena caval flows in cubic centimeters per minute A beginning of inspiration S acceleration
of supenor vena caval flow dunng ventncular systole D acceleration of supenor vena caval dunng
ventricular diastole Stroke volume (m cubic centimeters) under pulmonary artenal flow curve Flow
(m cubic centimeters) through supenor vena cava dunng each cardiac cycle at bottom of record Elec
trica! frequency response of both flowmeters traced from 400 to 40 cycles per second Supenor vena
caval pressure curve damped (Brecher G A Venous Return Grune A Stratton Ine Newiork 195G )
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veins at their entrance into the atnum has a
small, but definite pressure of about 5 mm HjO
transmitted from the arterial side That is to say,

if the thorax i\ere opened so as to abolish the

subatmosphenc pressure isithin it, and a manom
etir placed in the infenor \ena cava, a positise

pressure of this magnitude ivould be registered

During inspiration the pressure inthin the thorax

13 about —6 mm Hg (81 mm HiO) bclouc that

of the atmosphere During expiration it amounts

to —2 5 mm Hg (34 mm HjO) Their algebraic

sum dunng inspiration ( —6 mm Hg — 0 5 mm
Hg) and during expiration ( -2 5 mm Hg -» 0 6
mm Hg), represents the transmural pressure

expanding the mtrathoracic structures and caus

ing blood to enter the thorax This especially ex

pands the thin xvalled mtrathoracic xeins A
similar effect but of less degree is exerted upon
the Malls of the atna The diameters of the thick

nailed \entnclcs honever, and the compamlivcly

ariernl
pretsve

Fig 22 14 In erect position artenal and
venous pressures are both increased by about 85

mm Hg at the ankle \1 ith the arm elevated over

the head the arterial pressure at the wnst is about

40 mm Hg and the effective venous pressure is

zero down to a level just above the heart (from
Rushmer Cardiac Diagnosis W B Saunders

Company Philadelphia 1955 )

i^id coats of the larger artenes remain prac

tically uninfluenced bj the “negative pressure”

dunng ordmarj breathing Dunng expiration

the intravenous pressure vnthm the abdomen
exceeds the mtraabdominal pressure by only

about 1 mm Hg However, descent of the

diaphragm dunng the inspirator phase com
presses the abdominal contents and since the

outlying veins have valves, blood is forced into

the thorax The recent extensive use of artificial

respiration in surgical and medical situations has

focused attention on the effects of such pro

cedures on the circulation In the closed-chpst

dog, intermittent, positive atmosphenc pressure

artificial respiration (expiration occurnng pa«s

ively against atmospheric pressure) reduces

significantly venous return to the nght heart

over that occurring vnth natural respiration

Intermittent positive negative pressure respira

tion (use of mild suction during expiration) aug

ments vena caval flow over that occurring dunng
positive atmosphenc pressure respiration The
use of positive negative pressure respiration with

particuhr attention to the negative pressure

phase might be beneficial to patients m poor

circulatory condition because it could be made
to facilitate their venous return In the presence

of an open chest the net caval flow inerease of

positive negative pressure respiration as com
pared to positive atmosphenc pressure respire

tion IS negligible The untoward effects of arti

ficial respiration ansc because of the positive

pressure appbed dunng artificial inspiration the

inlra pleural pressure instead of decreasing

actually increases, and may even become positive

This decreases vena caval flow secondary to an

induced increase in pulmonary vascular resist

ance and, in part, to the mechanical compres«ion

or “tamponade” of the heart and lungs caused by

the expanding lungs The mechanical aspects of

respiration, however, are apparently not essential

to maintenance of venous return or cardiac out

put, for m the presence of apneic oxygenation in

dogs (a condition of induced ventilatory arrest

with the trachea connected to a rc«ervtiir of

oxygen), life continues and the cardiac output

may even increase

E Potiure and tiercite The venous pressure

VTines, of course, as a result of the gravnty effect,

le, with the position of the vein in relation to

the nght atnum, at which level, venous pressure

n assumed to approximate lero (fig 22 14) If

iQwn as'umcs the upright position and is motion

less and relaxed, the measured pressure in an
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ankle \em appro'nmatca 85 to 90 mm Hg Tha
IS sightly more than the hydrostatic pressure

from the vem to the heart le\ el Tins means Hint

there is a continuous column of blooil from the

right atnum to the ankle Simibrl}, the arterial

blood pressure measured at the ankle will be
increased o\cr that at tlie heart Ie\e! bj an

amount equal to the hydrostatic le\el Tims, the

arterial and venous pressures at the ankle arc

increased by the same amount, and tlic pressure

difference between vem and artery is tlic same

at ankle and heart level This moans that a
favorable prresure gradient e’usts for venous

flow Below heart levT?l, the veins increase in full

ne«3 and the v enous pressure gradient responsible

for venous return from pcnplicrj to the heart is

the measured venous pressure minus the hydro
static column This is a small gradient but, since

the veins arc distended, resistance is quite low

In the upnght position, veins from the upper

part of the body empty towards the heart These

upper veins partially collapse and their inlra

vascular pressure may approximate zero Above
heart lev cl, the pressure gradient along the venous
channels is the height of the hydrostatic column
above heart level This gradient is largo but since

the veins are partially collapsed, resistance is

high

There 13, however, a special feature of the

V’enous system which distinguishes it from the

arterial system This is the tendency of the veins

to collap«e In the low pressure system, even id

the recumbent position, the veins are not usually

round but xwiy iw iv /I'l’y
,

tstef

zmttently collapsed For surface veins, collapse

arises from increase m atmospbene pressure, in

the deeper veins, it is caused by the surrounding
tissue pressure acting on the venous walls This
occurs during normal respiration in the neck
veins and in the infenor vena cava below the

diaphragm where this process is aided by the

increased intra abdominal pr^sure With deep
and prolonged inspiration, these veins may
completely collapse Such a collapse tendency
may be greatly augmented by an increased

gravitational stress In the upnght position, the

pressure m the neck vems falls to 0mm Hg, and
the atmosphenc pressure on the outside of the
neck causes these veins to collapse all the way
up to the skull This causes the pressure m these
veins to remam at zero along their course It is

this tendency for collapse that causes resistance

in the large veins for when distended, resistance

13 minimal However, not all v eins are collapsible,

especially the venous sinuses in the skull, verte

bral column, bones, hver and spleen, which are

held open by firm walled surrounding tissues For

example, the veins in the skull are m a non

collapsible chamber, and in the standmg position

a negative venous pressure of about 10 mm Hg
exists in the sagittal sinus because of the by dro

static pressure diflercnce between the top and

base of the skull

It IS obvaous from the preceding tliat the prts

sure gradient between two points m the venous

system may give no information as to volume

flow between the points, because of this tendency

of the extrathoncic veins to collapse Partial

collapse can reduce blood flow despite an mertase

in pressure gradient along the vessel Volume

flow through partially collapsed veins is repre

sented by a modification of Poiscuillc s law to a

tube with an elliptical cross section ^V ith v enoua

pressure constant, volume flow in a partially

colbpsed vem is estimated to be about 25 per

cent of that through the same vem when round

Although a change m position does not alter

thereblive pressure gradients on the arterial and

venous sides still a normal return of venous

blood IS not necessanly insured This would be

the situation only if all the vasculature were

made up of semi ngid tubes and m which flow

would depend only on the difference of artery

and venous pressure at the level of the heart

This, however, is not true in a distensible system

such as the veins Owing to its much greater

filhng capacity, the volume on the venous side is

greatly incrpavcd by this shift from honzontal to

the expei pcs.'i.w? J.o .rnsj t.be def.mssed >nB£>iJS

return under such conditions if of short duration

because of a number of compensatory vasomotor

mechanisms which operate very quickly How
ever, even with these compensations, the venous

return is somewhat less than in the supine man
It IS difficult to decide how effective are the actn e

venorootor mechanisms in retummg blood to the

heart as man assumes the upnght position Direct

information on venomotor control of the intestmal

vessels, mostly in operated animals, indicates that

they are capable of widespread coastnction, but

again, these situations can hardly be regarded as

normal In tilting the human subject into an up

right posture, the blood pressure at the carotid

sinus decrea'ses mildly and the heart becomes

smaller (fig 22 15) About 400 cc of blood leaves

the thoracic compartment to accumulate mainly

in the veins of the extremities (determined by leg

plethysmographys) The pressure m them in

creases and the filling pressure of the heart drops

Cardiac output drops mildly, stroke volume de
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Tiq 22 15 Effect on various cartliovascular
parameters m man of changing from supine to the
upright position

creases considerably, the heart rate rises There

\s also a decrease la blood fiow through skin,

okcletal muscle, liter and kidoe> These changes

are at least partially explainable on a mechanical

basis, 1 e
,
tipping into the erect posture ought

be regarded as a functional hemorrhage into the

lower portions of the bodj Since the pressure m
a superficial arm vein mamtaincd at heart letel

n«es considerably (about 10 mm Hg), pcesible

mde«pread peripheral venous constriction has

taken place to shift blood centrallj to make more
blood available to the heart for maintammg
cardiac output, although its effect is not enough

to maintain central venous prcs«ure That this

limitation of penpberal blood flow is a reflex

phenomenon has been shown by its ab«encc in a

sjTnpathectomiicd extrcmitj The fact that ap

plication of a G suit before or after the subject

has assumed the upnght position, either prevents

these changes, or re-establishes the original state

of the circulation, mitigates against the role of

the arterial baro receptors and favors the stimu

lationoflon pressor receptors While their precise

stimulus and accurate location are not known,

thev presumably belong to the manj receptors

demonstrated anatomically m the thoracic

va«cuLir lied

Since roan spends most of his life m the erect

position, there is no doubt regarding the practical

effectiveness of these compensatory mechamsms
It IS especially evident when one compares their

beliavujr with that m persons with naturally

occumi^, or drug induced, hj-potcnsion, who
lose very large quantities of blood into their

extremities and lose consciousness upon standing

up Despite this, venomotor compensation is still

far from perfectm normal persons since an excess

of, at least, 400 cc of blood stiJ] remains in their

ertremittes

The circulation of animals such as the domestic

rabbit, eel and snake, which have not acquired a

compematoiy mechamsm, are placed at great

disadvantage when the vertical position is as

sumed *nie eel and snake can be killed bv im
mobilization m the vertical head up position

They hterally bleed to death into their veins

Thus, m the human subject if, upon assuming the

erect posture after a protracted confinement to

bed, muscles of the abdomen and limbs are

weak and the tone of the nervous mechanism
govermng the penpberal ves«els lowered the

hjdroslalic effect is overcome with difficulty

The blood subsides into the capacious abdominal

veins and capiUanes and the nght heart is no
longer adequately suppbed with blood The ar

tenal pressure falls and the cerebral blood flow

becomes inadequate The subject turns pale,

sweats freelj and feels giddy or perhaps nau

seated, and in a complete famt loses eonsciouoness

(syncope) In this situation, and in various

circulatory disorders, baths can obviouslj have a

beneficial effect on venous return Bod> im

meision up to the heart level increases the pres

sure exerted on the bodj and reduces pooling in

the abdomen and dependent part* In man m
crea«ed gravitational stress in the head foot

direction (positive acceleration) leads to prac

tically no venous return to the nght heart The

increased hydrostatic pressure distends the veins

so much that they contain almost all the blood

volume, and active vasomotor influences are not

sufficient to combat this very high hydrostatic

pressure Again this can be effectively combated

by wearing an inflated pressure suit to compress

the ertrathoracic parts of the bodv and to force

blood to flow centrallv

In exerei«e, a much greater volume of blood

entere the central veins from the artenal side

The vanous mechamcal assists alreadv men

tioned, that increase the v enous pressure gradient

and venous blood flow toward the heart and

decrease the venous reservoir, now operate even
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more cffcctivelj In addition, t?io act of muscle

shortening propels blood toward the heart In

animal experiments in which skeletal muscle is

perfused inth blood under n constant prissurc,

the artcnal inflow dccrcises and acnous outflow

mere ISOS during muscle ‘>Iiortcning, upon relaxa

tion, the artcnal inflow increases and the \enous

outflow decreases, the net result la to augment

flow Tlie pressure within the active muscles sur

rounding the veins is thus a potent fattor m
regulating vamous pressure anil flow Intra muscle

pressure n-es from a resting level of 2 to 6 cm
HjO to as high as 50 cm lIjO dunng exercise

Tlie venous pressure in the ankle veins which in

the standing position approximate 80 to 90 mm
Hg, is now grcatlj reduced By rhythmical action

of the mu«cle, the venous valves arc activated

and the blood column broken up, and venous

pressure at the ankle maj decrease to as Ion as

30 mm llg (40 cm HiO) Although helpful the

presence of venous valves is not essential for this

beneficial action of active muscle on venous rc

turn Extrav ascular vessel compression will pro

mote flow cqualli m both directions oal^ if flow

resistance is equal in both directions Without
the prc«entB of valves, the resistance m the

vessels on the capiUao side of the venous system

is lower tlian m the v cios on the right cardiac

sidt Hence, rhythmical vein compression perse
wnll drive blood toward the heart, and this has

been shown expenmcntallj to occur It can also

be observed chmcalB that m advanced age and
under pathological conditions with incompetent

or novenous valves, muscle movements improve
KWtf# a'ftfm fmbrniartoa on aeCrve changes m
venomotor action m man is limited and is es

scntially contained m the observations that there

is a drastic reduction m splanchmc blood volume
with exercise and the pressure in the superficial

veins (within a nonexercising area) increases by
10 to 13 mm Hg ov er that in a standing position

onlj

Begulalion of Pulmonary Pressure and Flow

TJniquelj interposed between the right and
left heirt and entirely enclosed wxthin the nega
tive pressure confines of the thorax, the pul

monary circulation exhibits certain peculiarities

uncommon to the other organ perfused systems
For instance, (1) it is the only circuit in body
to receive the total cardiac output, (2) it operates
at a perfu«ion pressure ^ to that of the

8j stcmic circuit, (3) its mean transit time is equal
to the sjstemic, albeit across a much reduced
linear distance, reflectmg the enormous surface

area of the pulmonary capillary Ltd, (4) it is

predomiiuntly controlled by the beat to beat

pressure differential between the pulmonary

artery (nght ventricle) and the left atnum upon

which phasic, intrathoracic respiratory variations

ore superimposed, and (5) it is the onij arterial

urcuit which carries de«aturatcd hemoglobin and

which, by virtue of the alveolar capillar} pressure

difference, the desnturated hemoglobin and tlie

huge surface area participates m large instm

tancous exchanges

PouiovAHt RESISTANCE To determine the

mctlianisms tontrollmg pulmonary flow it is

necessary to know the n?«istancc to flow Ch?ei

call}
,
this should be simply the ratio of the dif

ferctice of pressure across any portion of a v ascu

hr bed to the blood flow that develops it is a

coDVCQient factor by which the pressure drop tan

be multiplied to give the flow Such resistance

gives information regarding the two factors upon

which it depends, the viscosity and geometry of

the vascubr bed Since, however, the relation of

pressure and flow is not a straight line and when

plotted docs not pass through the ongtn, the me
chantsms involved are not determinable from a

single point relationship To make the results

mterpretablc, a vascular bed must be pcrfusid

in the control state and in the presem.0 of a v an
able at the same pressure while flow is measured,

or at the same flow while pressure is measured

In no other waj can it be even roughly deter

mined that a calculated change m resistance

(Pressure/Flow) reflects vasomotor actmtj pro

duced by the stimulus, or reflects only the pa«iv e

tftaof?! m resistance catisiai by ‘uYeraCron «i iV/f

atnal pressure or m pulmonary flow There is

also an additional difficulty in mensurmg chang

mg resistance m the pulmonary circulation, for

here the relationship between pressure and flow

IS quantitatively quite different from that in the

8y*3tc[nic circulation The difference is that with

the eame volume perfusing both circuits, the pres

sure drop from the pulmonary artery to the left

atnum is only about one fifth that from the aorta

to the right atnum This is illustrated in figure

22 16 where the differential pressure between

the pulmonary artery and the pulmonary veins

13 only about 15 to 20 mm Hg ^ ith present

pressure methodology ,
figures of this magnitude

can only be roughly determined This means that

while the systemic resIst^nce at the arterioles i&

high and made up of relativ ely thick muscle cuffs

the resistance at the outlet of the small pulmo

nary artery brancheshas quite thin muscularcoats

vnth relativ elv lai^e lurainae Tlie tone of the
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tennmal pulmonary vessels is thereby relatively

low so that a nse m pulmonary \enous pressure

13 readily transmitted to the arterial side, or so

that a nse m blood \olume injected into the ar

tenal side will increase greatly the volume m the

lungs As a result of the high degree of distensi

bihty of the pulmonary vascular bed, secondary

to the openmg up of fresh capillanes or further

opening of those being used, the blood contained

within the lungs shows wide \anations under
different conditions and on a passive basis

PRESSUBE PULSE IN THE PULMONARY CaRCUlT

Pressures in the pulmonary circuit are deter

mmed by means of intracardiac cathetcnration

or bj indwelling tubes already desenbed I*ul

monary circuit pressures are much lower than

those in the systemic artenal circuit For the

cunes of figure 22 16 angiostomj cannulas were

placed m the central pulmonary arterj and pul

monary \eina Phasic pressure from the two ves

stU and also their differential pressure were re

corded some days postoperatuely in the

un-inesthetizcd dog The results showed that the

pulmonary artery pressure is 40/10 mm Hg
and the pulmonary vein pressure is 2 to 12 mm
Hg The pattern of the pulmonary artenal pres

sure 13 distinctive showing a marked uicisura tow

on the anacrotic limb In bte diastole, the pres

sure descent almost ceases and becomes bon

zontal The puNe contours of the pcnpheral and

central portions of the pulraonaty artery display

differences somewhat like those of the sjstcmic

circuit The pulse w a^ e \ elocity m the pulmonary

artery under essentially normal conditions is

about 4 meters per second or about the same as

m the aorta at normal mtra aortic pressure This

suggests that the aorta maj be even more dis

t/msihlft than the pulmonary artery since the

Fia 22 16 Record from the unanesthclued

dog shoning the pressure pulse contoure m the

pulmonary artery upper eurre, pulmonary vwn
letrer and the differentia! pressure between the

two middle curte Pulmonarj artery pressure

2S/I0 mm Hg mean pulmonary vein pressure

10 mm He ,
^fferential pressure 5 to 10 mro Hg

(From Hamilton Am J Phj'siol 1939, 123, 130

)

pulse velocity is inversely related to distensibihty

TTie contour of the pulmonary ^ em pressure curve

clearly shows a, c, and v waves, and closely re

ecmblca pressure pukes taken from the left

atruun

Phasic blood flow rf the pulvionart cir

cotT Figure 22 13 demonstrates that the flow

through the mam pulmonary artery is almost

entirely during sj stole, the diastohc flow being

fiat and close to zero This stronglj suggests that

there is bttle or no diastolic run-off of blood mto
the pulmonary capillanes By the ingemous

method of DuBois and associates, measurements
of cychc change in flow through the pulmonary

capllancs has revealed that this is quite pulsatile

mth a very high peak flow dunng systole Bj the

end of diastole, pressures in the vascular bed are

eqmbbrated and capillary flow practically cea«es

(figure 22 17) Flow curves m the pulmonary

veins are not available

The eftects of the besphution upon the
FCLMONASY AND SYSTEMIC BLOOD PRESSURES AND
FLOrre The effects of natural respiration on the

bemodynamics of the pulmonary circulation are

illustratedm figure 22 13 The pulmonary artenal

pressure falls during inspiration and rises dunng
expiration One should expect that, as a result

of the increased flow of blood mto the nght ven

tnclc dunng inspiration (see supenor caval flow)

and the greater systolic discharge, both the pul

monaiy pressure and pulmonary flow would nso

dunng this phase of respiration However only

the pubnonary flow nses Because of the traction

exerted upon the circumference of the pulmonary

vessels by the surrounding lung tissue, their ca

pacity is increased This more than compensates

for the lack of change m the pressure gradient

and for the greater amount of blood entenng the

pulmonary circuit dunng the inspiratory phase

Dunng expiration these effects are reversed The

nght systolic discha^ is less but the capacity

of the vascular bed of the lungs is at the same

time reduced an upvrard swing m pulmonaiy

artenal pressure occurs Tilth maximal expansion

of the lung'*, or dunng a forced expiration with

the glottis closed (T'akaha’B expenment), the

vessels arc strongly compressed by the surround

mg lui^ tissue, and the pulmonary artenal pres

sure nscs sharply

The mcreased capacity of the pulmonary ves

sels dunng inspiration reduces, momentanly, the

flow of blood into the left atnum, the consequent

reduction in the systohe discharge of the left

vcntncle causes a fall m aortic pressure (figure
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REST EXERCISE

Fio 22 17 SimviUanoouspulmonarj eapillftrj blocKl flow rest and during exercise (DuBois

J CliD Invest
, lto7 36, 1500 }

22 13) After a few lioats of the right \cntnclc,

the greater capacity of the pu!Qionar> vessels

again becomes filled and the flon of blood mto
the left chambers of the heart increases, (he

aortic pressure rises The succeeding expiration,

by reducing tJie capacit) of the pulmonarj les

sols drives blood to the left «ide and further

mcrea'cs the discharge into the aorta the s>-s

temic pressure, m consequence, continues its use

until near the end of the expiratorj phase The
large undulations nluch appear m the blood pres

sure tracings of animals are due to these effects

If the respiratory moiemeuts and the E>stctmc

blood pressure are recorded simultaneously, it is

found that the blood pressure commences to fail

at the commencement of inspiration and reaches

its loirest point in the latter half of this phase,

the blood pressure tracing then commences to

nse and reaches its maximum toward the latter

part of expiration In this situation, it is presomed

that the decrease and increase jd penpheniJ re

sistance are on a passiv e basis but this has not

been proved

Effects of exercise ox the pulmovart cm
cuLATiox The general form of the curie relating

pulmonary arterj pressure and pulmonarj blood

flow in man and the intact dog at rest and exer

else IS shown in figure 22 18 The curve indi

cates that pulmonarj artery pressure is mam

O 2D ID *a so 6-0 70 80 90

Cordoc Oulpul LT/<nla«qmbs ttll 1

Fio 22 18 The relationship of pressure (o

flow m the sjstemic circulation and pulmonary
circulation m normal and abnormal states Note
the difference in response of the two circulations

to exercise

tamed brfon the upper Imiit of norma] until the

flow exceeds at least three times the ba'se level

whereupon it increases progre«siicIj This ab

^nce of pressure use mth increased flow implies
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an expansion of the vascular bed from opening

of non channels, widening of those alnad> per

fused, or a combination of both Thus, the resis

tance decreases It is believed (without proof)

that this 13 on the basis of passive distension of

the lungs, especiallj since the same relation holds

when attempts arc made to denervate the heart,

when isolated lung lobes are perfused, or when
variations m the quantity of blood in the lungs

13 induced bj different procedures

As pomted out earher, to understand what is

happening bemodynamically in the pulmonary

circulation, it is more important here than in any
other vascular bed to know both the pulmonary

artery pressure and pulmonary vem (or left atnal

presoure) This is because the pressure gradient

is only a few millimeters of mercury, and a 5
mm Hg-change m the pulmonary venous pres

sure could be transmitted back as a 5 mm Hg
nse on the pulmonary artery side without any

active change m pcnpheral resistance in the lung

vessels So, unless it is known what is happening

in the pulmonai^ veins, one is at a loss to asenbe

the cause of a change in pulmonary artery pres

sure Keeping this in miod, little or no evidence

CMsts iQ the dog that various procedures that

actively affect peripheral resistance m the

temic circuit have any effect ui the pulmonary

bed For example, epmephrme injection in small

or large doses into the pulmonary artery, has no

effect on the pulmonar} circulation m its first

circuit After it has entered the sjstoraic circuit

and increased pulse pressure and cardiac output,

then the pulmonar) vem pressure may increase

50 to 60 mm Hg but so does the pulmonary ar

tcry pressure bj a like amount, so the pressure

difference is not changed Acetjkholme, ammo
phvllmc, histamine and stellate ganglion stunu

lation are also without effect on the differential

pressure Hence, the passive bag theory of pul

monary function has arisen

Evidence for and against vasouotor con

TROL OF THE FULJIONART CTRCOLATIOV The pits

sure in the pulmonary artery may mcrease as

the result of back pressure from the left heart,

an increase in pulmonarj blood flow and vaso

constriction m the pulmonary vascular bed Also,

prcs®urc changes follow alteration of intrathoracic

pressure

The pulmonary vasculature could respond to

active vasoconstriction and contribute to an m
crease of pulmonary artery pressure The small

pulmonary vessels possess muscular coats and are

equipped with dual nerve supply—sjTnpathetic

and parasympathetic, stimulation of the barote-

ceptore gives increased pulmonary flow and de
creased pulmonary arterial pressure, casts of the

two sides of a lung are markedly different if one

Bide IS perfused with noradrenaline up to the time

of plastic injection (the lattershowing marked con

stnctionm the v essels of less than 25 microns (p)

m diameter) However, since there is little doubt
that wide variations in vascular resistance can

normally occur m a purely passive way
,
and since

it IS impossible to establish accurately the pres

sure gradient when it is so very low, demonstra

tion of an active part played by smooth muscle

under normal conditions, m the walls of the small

vessels, is difficult

In the presence of left heart failure resulting

from mitral stenosis, the pulmonary capillary

pressure nses, distends the capillary bed and

leads to pulmonary edema It has been postulated

that as soon as the edema occurs from high back

pressure, a reflex occurs giving nse to local ar

tenal constnction and accounts, in part, for the

pulmonary artery pressure elevation, at times

even to 100 mm Hg, and the minimisation of

the pulmonary edema Presumably, however, the

mechanism for increased pulmonary resistance is

not an adaptative reflex but a hfe saving effect of

pathological changes in the small pulmonary ves

sets

In normal subjects, anoxia, induced by breath

mg 12 per cent oxygen m nitrogen, considerably

increases pulmonary arterial pressure, mildly in

creases cardiac output, and is without effect on

left atnal pressure or central blood volume This

suggests that the vasoconstnction mduced is on

an active basis Although generalized, such vaso

constnction of the pulmonary bed would seem

to serve no useful purpose, local hypoxia, how

ever, could be helpful in regulatmg the distnbu

tion of blood by causing vasoconstnction which,

IQ turn, diverts blood from the affected region

to vessels in better aerated parts of the lung In

experunents m man and animals m which one

lung was respired with an hypoxic mixture, the

lung probably developed v’a'oconstnctioo, since

the arterial saturation returned to normal This

would be the case if the vessels in the hyqxixic

lung constneted and forced the blood normally

flowing through them mto well-oxygenated chan

nels Final proof, however, that hypoxia induces

active vasoconstnction in man is contained in

the expenments in which acetylchohne (a drug

with strong vasodilating effects on the systemic

arculation) was infused into the nght atnum

but m such quantities tliat no sy’Steimc effects

were produced In the presence of hypoxia in
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cluced bj breatluQg a Io\r ovjgcn niLxturc, in

fusion of acctjlcholme decreased the elevated

pulmonary arfeml pressure but did not change

the left atnal pressure, cardiac output, sjstemic

blood pressure, or heart rate Tins seems to indi

cate than an active vasoconstriction caused by

hj'poxia IS relieved bj the drug This vnew la

further substantiated b> the observation that m
empfapematous patients who represent a chrome

and more limited form of hj poxia with some de

gree of artenal unsaturation, acctilcholme in

fusion lowers still further the arterial oxjgen sat-

uration The site and mechanism of action arc

unknown but thej could be manj—a local reflex

from alveoli or pulmonarj vxins, chemorcceplor

stimulation of the sinus or aortic bodj
,
ibrect

local action on pulmonarj bed, and shift of sys

temic blood into the pulmonai^ circuit, etc Pre-

sumably, the action is not related to simpathetic

nervous control since the va*!oconstnctor effect

of hvTioxia can be observed in man with a total

s3*mpathectomj

In summarj then, experimental evidence

demonstrates that human pulmonary vessels can

constnet and dilate, but these functions have
have been shown onl> under extreme condi

tions Hence, the role plajed by active vasomo
tion m controUing the pulmonary circulation is

not known, and since the present methods avail

able for such study have senous limitations, this

problem will be difficult to solve
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THE OUTPUT OF THE HEART AND THE

REGULATION OF ITS ACTION

Nervous Control of the Heart

The He\rt Rate

In general, the rate of the heart bears an inAerse

relationship to the size of the animal, and a direct

relationship to the metabolic rate The heart rate

m the canary, for example, is in the neighborhood

of 1000 beats per minute, whereas that of the

elephant is about 25 The average rate in adult

man is around 70 per minute, but there h a rather

wido variation between individuals, a rate con

Biderabl^ below or above this average being not

uncommon Muscular training tends to reduce the

cardiac rate, athletes not infrequentl> having a
puhe rate between 50 and 60 On the other hand,

a rate between 80 and 90 is sometimes seen in

other healthy persons The rate diminishes pro

greasivelj from birth, when it is around 130 per

minute, to adolescence, but mcrca«es slightly

again in old age Among ph>siological conditions

winch temporarily increase the heart rate are

muscular <Ter«se, emotional excitement and high

environmental temperature It also increases some

what dunng digestion The rate is lowered dunng
sleep (55 to GO) Among patliological conditions

which cause an increase m cardiac rate are hemor

rhage, surgical shock, kyperthyrmdism, feier (an

increase of 10 beats per 1® F nsc in temperature)

and certain cardiac arrhythmias, e g ,
paroxysmal

tach>cardia, atrial fibnllation, etc

Tachycardia and bradycardia are general terms

u«cd to denote, respectively, any considerable in

crease in heart rate above, or reduction below the

normal average

Ordinanlj the heart rate is not under voluntary

control However, 'cvcral instances have been re

ported of indivaduals possessing the power of vol

untanly accelerating the heart rate In one such

case the effect was brought about apparently

through the dwcharge of impulses along acceler

ator nerves since other sjTopathetic manifesta

tion«, eg
,
vasoconstriction, glycosima and dila-

tion of the pupils accompanied the increa'^ed

pulse rate

The heart, as w e know, beats rhj thmicallj after

its complete separation from the central nerv

ous system, but in the intact animal this auto

matic action is under the continuous influence of

nervous impulses The nervous mechanism com

pn«es groups of nerve cells in the medulla—the

cardiac centers, various afferent pathways along

which impulses are conveyed to these centers

from numerous regions of the body, and the ta

gua and aceeleralor or augmenlor nerves which

transmit impulses from the centers to the lieart

The Vagus Nerves

The vagus nerves are cardio inhibitory Tins

action was discovered by the Weber brothers in

1845 They convey fibers, belonging to the para

sympathetic drnsion of the involuntary nervous

system, from a center in tho medulla (cardio w
hihitOT renter) to the special tissues of the heart

The medullary center was located by Miller and

Bowman m the dor«al nucleus of the vagus «:it

uated in the floor of the 4th ventricle A\eak

electrical stimulation of this area produced slow

mg of the beat, and stronger currents complete

arrest of the heart The cardiac fibers of the vagus

separate from the trunk of the nerve in the neck

between the origins of its supenor and inferior

latyaigeal branches Intermingling with fibers of

the accelerator nerves they enter into the fonna

tion of the deep and superficial cardiac plexuses

whence they are continued to the atruil muscle

Here they make connection wath ganglion cclb

Postganglionic filers pass to the specialized tis

sue of the sino atnal and atnovontncular (\ V)

nodes where they are prolonged betw eeii the mas

cle fibers They form a nch plexus and arc seen to

end as nng shaped or club shaped structures

(“boutona”) upon the fibers of the spccialued

tissue Many postganglionic fibers do not enter

the nodal tissues but terminate m the atrul mv o

cardium proper Those which enter the atnoveu
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tncular node do not extend bejond the upper

part of the bundle None lias been found to ter

inmate m the ventncular mjocadium (Noiudcz)i

or in the lower part of the specialized conducting

system

The Accelfhator on

Anciiuvron Nerit^

Tlie accelerator fibers nere desenbed by Von
Bezold in 1863 They belong to the thoraco-

lumbar drnsion of the in\oluutaty nervous

system and anse from cells situated m the lateral

horns of the upper thoracic segments ol the spinal

cord These cells constitute a spinal cardio accel

enter center The preganglionic fibers enter the

ganghated cord of the sjTnpathctie to connect

mth cells m the in/mor, middle and superior

cerncfll ganglia In many animals and also often

m the human subject the inferior ccrncal and
the first thoracic ganglia arc fused into an irreg

ularlj shaped structure called the stellate ganglion

from which accelerator fibers pass directly to the

lieait The heart also receives accelerator fibers

direcllj from the sympathetic chain as far down
os the 4th or fith thoracic ganglion In order,

therefore, to remove all accelerator influence

from the heart it is necessary
,
as shown by Can

non l«wis and Bntton, and by others in man,
to interrupt these connections as well as to re

move the stellate ganglia. The axons of the cells

of the cervical ganglia (postganglionic fibers)

form the infmor, middle and eupmer cardiac

runes (fig ^ 1) The«e fibers especially those

forming the nerves of the right side, terminate

in the sioo-atnal node Those of the left «ide are

distributed mamH to the V node and bundle

According to Xonidez, the sympathetic efferent

fibers which reach tiie heart are contained mainly

u) the middle cardiac nerve The superior car

diac nerv e is distnbuted to the large arteries at

the base of the heart while the inferior cardian

nerve is mamh afferent Tlic spinal acceleratoi-

center is subordinate to higher centers The pre

CISC locations of the latter are not known but

the experiments of Beattie, Brow and Lon^

indicate the presence of a center m the poatenov

hvpothalamic region and Green and Hoff olx

served changes m heart rate m blood p^e^su^ti

and in limb and kidney volumes upon stimulating

the cerebral cortex (motor and premotor areas)

in eats and monkeys A medullary center also

probably exists

Tomc Actios of Nervx'-

Tlie separate effects of stimulation of the vagal

and sympathetic fibers to the heart on the heart

rate conduction dteten«ibility and contractihtv

of the heart liavc been considered m chapter 14

But their normal tone reflex activation and con

trol and theu mterplay or balante remain to be

considered

A The tone of the ngus During the normal

life of the aruinal the vagus nerves exert a con

tiouous restraint upon the action of the heart

In other words the vagus or rather the cardio

inhibitorv center po^c^^es tone impulses passing

from it in a continuous stream to the heart This

effect, which may be compared to the action of a

dragging brake, can be readily demonstrated m
ammab by cuttmg or freezing the nerves The
heart s action then unmediately becomes greatly

accelerated The mcrea«e m rate follovung the

removal of the vagal influence also occurs though

the stellate ganglia have been previously escisetl,

the result therefore cannot be due to an increased

action of the accelerator nerves The tomc action

of the vagus nerves may be annulled by means of

atropme, Ko to Hs gmm bemg required m man
to completely abolish their effects, the heart rate

then increasing to 150 or ISO per minute The
difference between this rate and the normal

resting rate of 70 per minute, therefore, repre

sents the vagal effect which is being constantly

exerted under ordinaiy circumstances Yanous
conditions physiological and pathological alter

the tone of the vagus center TJie tone is naturally

higher in some species, eg, the dog which is
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capable of feats of endurance, than in others, e g

,

the domestic rabbit It also shons individual

variations in man, athletes usuallj showing a
higher tone than those who lead sedentary lives

Vagal tone is apparently reflex in nature and
dependent upon afferent impulses flowing to the

vagus center especially along the sums and aortic

nerves Section of these nerves causes an increase

m heart rate and little further acceleration occurs

as a rule when the vagi themselies are subse

quently severed

B Accekralor tone ITie accelerators also exert

a tonic action This has been demonstrated by
excision of the stellate ganglia when the heart rate

IS reduced Gasser and Meek, for example, found

that when the ganglia were removed but the vagi

left intact, an immediate and marked fall ta rate

(about 40 per cent) occurred, further slowing

occurred later which was attributed to a nse in

vagal tone Slowing of the rate is produced, bow
ever, by excision of the ganglia, even though

vagotomj has been performed prenously, this

fact of course precludi^ the poosibiUty of the

immediate reduction in rate following excision of

the stellate ganglia being due to increased vagal

tone Chapman and associates observed slowing

of the heart in man after bilateral excision of the

aympathetic ganglia from the 2nd to the 5fh

thoracic ganglia inclusive In some instances a

reduced cardiac responce to exercise was ob

served after this operation

Bronk and his associates have demonstrated

the existence of accelerator tone m the cal by

recording tbe action potentials from nerves Icav

ing the stellate ganglion A fairly continuous

dischai^e of impulses at a rate of from 5 to 20

per second was observed Stimulation of tlie

central end of an afferent nerve (c g ,
smus or

aortic nerve) caused a discharge of impulses id

the efferent fibers of the same frequency as those

m the afferent impulses

Cardiac Reflexes

Under ordmarj conditions, the activities of the

cardio inhibitory and cardio accelerator centers

which result in the continuous discharge of im

pulses along the corresponding cardiac nerves are

in turn dependent to a very large extent, if not

entirelj, upon the reception of unpuloes by af

ferent paths In other words, the maintenance of

the tone of the centers, and so of the normal

resting rate of the heart, and the alterations in

rate which occur under vanous physiological

conditions are in large measure either reflex in

nature or due to impulses received from cerebral

centers The impulses which stream into the

nenous centers arise in all parts of the bodv, the

heart itself included By these influences tlie tone

of either center may be exalted or depressed, and
corresponding changes produced in the cardiac

rate If the cardiac vagus on one side be cut and
its central portion (i c

,
the end leading to the

brain) stimulated, a reflex through the cardio-

lohibitoiy center and the opposite vagus occurs

which alters the cardiac rate The nature of the

change in rate—whether acceleration or inhibi

tion—which will result from stimulation of the

central end of the vagas or of most other afferent

nerves cannot alwajs be foretold Reflex slowing

of the pul«e can usually be demonstrated m the

human subjwt by pressure upon the eyeball at

the outer catithus (oculo-cardiac reflex), or b>

the stimulation of nasal branches of the 5th

nerve Stimulation of afferent fibers in the respira

toiy passages as by the inhalation of imtating

vapors, eg
,
anesthetics, is particularly likely to

cause reflex inliibition of tbe heart Extrasystoles

and bradycardia have been demonstrated electro

cardic^raphically in man during abdominal

operations, the irreguLanties being tbe conse

quence apparently
,
of visceral stimulation Ex

citation of tbe central end of vanous penpheral

nerves, e g ,
tlie sciatic, causes reflex changes in

the pulse rate In these last instances acceleration

IS more readily obtained than inhibition The
irradiation of impulses on to the cardiac centers

from the cerebral centers, e g ,
from the motor

area at the commencement of muscular exercise

or from regions concerned with emotional mam
festations, are held reoponsible for the changes m
pulse rate which occurs under these conditions

The pulse rate is generally inversely related to

the arterial blood pressure, a nse or fall in pres

sure causing respectively a decrease or increase

in heart rate These adjustments nre beheved to

be subserved by (1) a reflex whose afferent limb

13 constituted of afferent vagal fibers (aortic

nerve) ending in the aortic arch and heart (2) a

reflex in which the sinus nerv e forms the afferent

limb These mechanisms have been considered in

chapter 21 Presmnably, such changes in heart

rate are brought about not simply by an increase

or a decrease in tone of one or the other cardiac

centera, but by reciprocal variations in tbe tone

of both For example, the slowing of the heart

nduch results from a nse in arterial pressure is

much less pronounced if impulses from the cardio-

iphibitory center have been prevented from

reaching the heart by section of the vagi After

removal of the stellate ganglia, on the other hand.
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the cardiac rc«pQnse to a nsc in bJood pressure is

reduced to a Itss extent Ob\noush
,
the mecha

Di'sins concerned arc not too well understood

since a fall in blood pre««ure causes an increase

m the rate of the heart e\en after it has been

coinpletelj denenated

Cardiac Output and Cardiac Work

Tlie most important external manifestation of

the heart is its output of blood and the work it

perform<« Tliese measurements are obtained bj

tlie Fick procedure, bj the dilution principle and

m some instances, the foreign gas methods

(ch 18)

Defimtions ant> Genehae
CONSIDER-XTIOSS

The output of the heart per boat is spoken of

as the systolic discharge or the stroke volume, and

the output per minute as the mtnute volume The

\alue of the latter is sunplj the product of the

stroke volume and the pulse rate (puUe rate

times stroke volume * minute volume), the

minute volume divided bj tlie pubc ntc, there

fore, gives the stroke volume The quantitj of

blood ejected bj each beat of the left ventricle m
the average bealth> man during rest is from 70 to

80 cc An equal quantitj is of cour«c, discharged

at the «ame tune bj the right ventricle, making

a total for the whole heart of from HO to 160 cc

Tlie contents of the left vcntncle arc ejected

agamst a much higher mean arterial pre<isure than

the rontenta of the right, the mean pressure in

the pulmona^ artfu^ bfiryr about of that in

the aorta The minute volume is expressed m
terms of one ventricle The output of one ventricle

obvnouslj repn^ents the quantitj of blood flow

ing through the lungs or through the systemic

ve««els during the *amc penod An adult of

'ftlentarj occupation pumps at least 5500 hters

of blood through his bodj dailj—from left to

right vcntncle through the sjstemic vk els, and
from ngbt to left through the lungs

The heart cavuties are not believed to com
pletelj emptj themselves during the resting state,

but contain around 100 cc of residual blood at

the end of sjstole Each ventncle has a normal

capacitj of approximately 200 cc

The portion of the eneigj output of the left

vcntncle that appears as useful work can be
roughlj calculated from the product of mean
aortic blood pressure and cardiac output The
work done by the nght ventncle can be «unilarly

calculated except that the mean pressure is that

m the pulmonan arten The end diastolic pits

sure in the left or nght v entncle shoulil be sub-

tracted from the measured aortic pressure or

pulmonarj arterial pressure smcc the end dias-

tolic venlncular pressure docs not hav c its ongin

from ventricular xj-stolc Prefcrablj the trans

mural pressure should be subtracted but this is

difBcult to obtain m man Ordmanlj the end
diastolic pressure is small approximating up to

5 mm Hg in the nght v cntncle and up to 10 mm
Hg m the left vcntncle However under some
conditions of hcavj ventncular loading such as

an A V fistub, or congestive heart failure the

value maj reach 30 to 40 mm Hg and heme
the correction is important The simpler calcub

tion also assumes that the vclocitj factor is but

a verj small part of the external work of the

heart NonnaJlj , this is of the order of 1 to 2 per

cent Wlicn cardiac output is quite brge in the

presence of a decreased sj'stcmic pressure or

e«peciallj if aortic or pulmonarj «tcno«is occurs

the kinetic factor can be up to 50 per cent of the

cardiac work For a «omcwhst precise evaluation

of the work done b> either v entncle the following

formula maj be used

in which TS IS work m gram meters, Q is cardiac

output m cc per best A is mean aortic blood

pressure in meters Hg w is mass of blood ejected

m grains and g is 9 8 The mean velocitj (V)

durmg sjstohc ejection m centimeters per second

at the root of the aorta or pulmona^ arte^ is

equal to stroke volume (cross sectional area in

square centimeters at the aortic or pulmonarj

root tunes the duration of ejection) The aortic

or pulmonic diameter is obtamed from cadavera

The kinetic factor is assumed to be the «ame
for both ventncles «ince the cro«s-®ectional areas

of aorta and pulmonarj artery are about the

same

To better compare cardiac output and cardiac

work in different individuals, the values are

generally expressed in temis of surtaee area and

are spoken of as flow or work mdices Thus the

cardiac index (Cl), stroke volume index (SVI),

cardiac work index (CWI), and stroke work index

(SWI) are obtained bj dividing the cardiac out

put stroke volume, cardiac work, and stroke

work bj the surface area of the bodj Kn av erage

surface area is 1 7 square meters N ormal v alues

for the Tight and left heart obtained in man
dunng catheteruation studies are in Table 23 1
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TABLE 231

llemodynamtc gtuilies in man <>f Ike right and UJl kearl dnnng rttl and exercise both at sea

• BP, blood pioBsuie
,
Cl, cardiac ijvdex, TPR, lolal peripheral reeistance, CWI, cardiac work la

dex, SVl stroke volume index, SIVI, etroke work index

The output or the healthy heart norual
8TAVDARD9 PHYSIOLOOrCAL VARIATIONS The
minute output of the heart under basal condi

tiona' for the atcrage sue male adult is about

5 5 liters, and the Cl is 3 2 liters The Cl is

slightly lower for the female and considerably

higher for children Cardiac output can be quite

vanable in the same person from day to day

unless extreme precautions are used to maintain

the resting state

A Conditions in ichwh cardiac oulpal u not

changed The cardiac output is apparently the

same when a person is asleep as when he is awake

and m the horizontal position It is unaffected

by menstruation and by moderate variations m
the external temperature although it may be

increased up to 30 per cent at environmental

temperatures abo\e 30®C ,
or by low tempera

tures that are associated with shivcnng The

native indigenous to high altitude undergoes

considerable acclimatization by changes in his

cardiovascular and respiratory systems so that

at altitudes of, at least, 15,000 feet, the cardiae

output IS normal as are his heart rate and sys

temic blood pressure and systemic A-VOi

‘ Body recumbent, at rest and at 20*C for 15 to
20 minutes and 12 hours after food and drink

However, the shghtest exertion will increase his

cardiac output which will be considerably higher

in the sitting rather than jn the rediniog position,

whereas in persons indigenous to sea level, such

change m posture at sea level may decrease

cardiac output

B Condilums in uhxch cardiac output decreases

Normal The cardiac output is decreased about

30 per cent in changing from the recumbent to

the upright posture

Pathological states Atnal fibrillation and a

very rapid heart rate may reduce cardiac output

up to 60 per cent In complete heart block and

with an efficient myocardium, the output may be

approximately normal, but when this exists m
the presence of coronary sclerosis, myocardial

degeneration, or after open heart surgery (cut-

Img of the A-V bundle), the output may be

greatly reduced In other subjects, although the

output at rest is normal, the inabihty of the heart

to accelerate properly prevents an adequate out

put during muscular exertion In congestive

heart failure, cardiac output very often is re

duced, and the increase in cardiac output which

norin^ly follows muscular effort docs not occur

or B slight This typo of failure is to some extent

compensated for by a greater increase in the
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sj'stciruc A VOj difference than occurs in health'v

persons doing a Finular amount of external work

C Conditions which increase cardiac output

Cardiac output maj be increased 50 to 100 per

cent bi anxjctj and excitement and, at least, 30

per cent bj eating (during first 3 hours) Anxietj

,

apprehension, and excitement maj increase

cardiac output greatlj prcsumablj through the

release and action of catecholaminca Pregnanej

(in the later montlis) and low 0x5 gen or high

COj in the inspired air are conditions which

increase cardiac output up to 100 per cent

PresumabU
,
the clei ation is again related to the

high leiel of circulating catecholamines which

stimulate the myocardium If prolonged or too

severe, the output declines due to the injunous

effect upon the heart muscle In maximum fixer

cise the cardiac output maj be increased ninefold

D Effects of drugs upon the cardiac output

Adrenaline and histamine increase the oxjgcn

consumption and the cardiac output, the effect

upon the minute x oluroc is, how e\ cr, proportion

atel> greater than that upon the oxjgen con

sumption AeetyUhohne, who«c effects in general

are xery eiancseent, causes a slight increase in

the minute volume A decided nsc 10 the cardiac

output IS produced by nitn^es which, like acetj 1

choline, cause arteriolar dilation The increase m
the cardiac output caused by mtntcs is probablj

a compensatorj effect of the lower peripheral

resistance, wherebj the blood pressure is mam
tamed near the normal level Digitalis produces
no immediate effect upon the minute xolume m
normal persons In subjects with congestive heart

failure and atnal fibnlbtion the output is as a
rule, though not invanabli, increased as the

cardiac condition iroproxes Strophanthin acts

sinularlj to digitalis Atropine which increases

the heart rate to 150 or 180 beats per minute docs

notmerease as a rule the cardiac output Alcohol

m moderate do«age (35 cc ) causes no more than
a slight nse m the cardiac output

RECtTLATIOX OV CabDIAC OuTPXJT AND
Cabduc 'Work dubino Exebct«b

AND ExCITESIENT

Reliable determinations of cardiac output and
cardiac work during exercise and excitement arc

not too numerous For mild to moderate exercise,

measurements arc generally made bj the Fick

procedure with the subject in the supine position

and with indwelhng cardiac catheters while he

pushes bicjele pedals wnth his feet operating

against a mechanical fnctional resistance For
heavj as well as light external work, cardiac

output 13 determined with the dilution technique

while the subject runs on a treadmill In strenuous

exercise, the cardiac output maj reach 35 to 45

liters per minute (tabic 23 1) or increase 7 to 9

tunes, while the bod> oxjgen usage maj increase

10 to 12 times

Exercise and excitement make up the most

unportant and continuous stress impacts of ex-ery

daj hfc ^Ith present knowledge, it is impossible

to portraj scqucnttall) the responses of the heart

and circulation to these stimub A discnption of

present information is, however, possible and

some of It will stand a reasonable degree of m
tegration Man> parameters of importance have

been measured

A Heart rale At the transition from rest to

work, the pulse frequenej rises verj rapidlj with

hca\*5 exorcise, reaching levels of 160 to ISO per

mmutc During short exhaustive work, heart

rales as high as 240 to 270 have been recorded in

normal joung people This increase in heart rate

IS attnbuted to some form of autonomic control

but the mechanisms bav e not been established

The suspect Bainbndge reflex probablj does not

applj since this requires hr its operation cardiac

distension from increased venous return As we

shall sec later, the heart is more apt to decrease

m sue The tachjcardia dunng exercise is at-

tributed to a reflex through the carotid sinus and

aortic baroreceptors resulting from s reduced

artenal pressure as the result of vasodilation in

the active muscle However, the systemic blood

pressure rises, not falls, durmg exercise Finallj

,

tachycardia is explained as related to direct

r^ulation from the higher centers

B Ventricular pressure volume relalions It has

long been believed that the output of the heart

is governed by its x enous blood supplj and that

the increase m minute output dunng muscular

work requires a regulatmg mechanism fay which

venous return is augmented To effect this, the

venous blood supply and pressiue m the central

xems must mcrease to such a height that the

increased venous flow and ventncular filling pres

sure will dilate the heart and increase the length

of its fibers dunng each diastole and by this

stretch cause a greater ventncular response m
the following systole

A very large amount of experimental work has

stressed this viewpoint Howell and Donaldson

(1884) first showed the intnusic adaptation 0/ the

heart of the dog to an artificiallj increased v enous

return Frank m 1S95, m the frog heart came to

the conclusion that the magmtude of ventneubr

contraction is determined bj the intra-cavitj
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Fic 23 2 Performance charactenslica of tbe heart A Relation of Oi usage to cardiac work and
diastolic volume, i e

,
the energy output of the heart, utilizing the "heart’lung preparation " (Starling

and V’isscher, J Phjsiol
, 1926, 62, 243 ) B Pressure volume function curves of the left ventricle in the

open cheat dog C Effect of sympathetic and parasympathetic cardiac nerve stimulation on the rela
tion between mean left atrial pressure and left ventricular stroke work and relation betnecn left ven
tricular end diastolic pressure and left ventricular stroke nork Note lack of d^ressant effect of vagal
stimulation upon end diastolic pressure stroke work relations ^amoff, Am J Cardiol 1900,5, 579)0.
Response of right ventricular stroke work to mean nght atnal pressure and to ventricular end diastolic
pressure, and the effects of autonomic stimulation The parasympathetic response is presented onij for

direction and does not indicate magnitude (Sanioff,Am J Cardiol 1900,5,679)E Change in effective

end aiastolic pressure (EDP) versus stroke work in the nonnal dog before and wnthin 1 minute after

exercise (From Gregg, «< al Physiol Rev , 1955, 33. 130 )

305
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^oIllme at the end of s\‘sto!e In 1914, Patterson, in 1895 and Fhth m 18S2 This relationship of

Piper aad Starling measured the pressure and \entneuhr previure and volume bos been can

\ olumc of both \ cnlnclcs n^th a cardiometor in a firmed for the whole heart m the open che«t dog

heart lung preparation of the dog while the and for the left ^ont^cle in the open and closed

venous return was passively and progrcssuelj chest dog (fig 2325)
increased bj elevating a blood infusion reservoir Because of the difhcultj of estimating volume

connected to the nght atnum As the atrial pre« of a single ventricle and the relative ease of pres

Bureorventncular filling pressure rose, the heart euro measurement, attempto have been made to

dilated and vnth each sj'stole ejected a greater correlate mean atnal pressure or end diastolic

stroke volume at a greater ventricular pressure pressure of the associated ventncle with the

This relationship called “Starling’s law of the stroke volume or stroke work An elegant evpen

Heart” indicated m a more forinahied way tliat mental preparation for tlus typo of study by
"the energy of contraction, iiowcv er mcasmed, is Simoff is in figure 23 3 At the outset it might be

a function of the length of the muscle fibers,” expected on mechanical and other grounds that

before contraction (fig 23 2 1) ^Vs these mvcsti neither mean atnal pressure nor end diastolic

gators indicated, this relationship is little more pressure would be a reliable substitute for the

than the application to cardiac muscle of what vcntncular volume as a guide to the response of

was already known about skeletal muscle by Blix the ventricle First of all, the two pressures do not

Fig 23 3 Modem version by Ssmoff ©f isolated heart or heart lung preparation The coronary
venous return is passed through a donor dog to maintaio the blood at a normal biochemical environ
meat before it is mfused into the coronary sj stem of the isolated heart In older veroions of the Starling
isolated heart or heart lung preparation m which the coronary venous blood circulating through the
myocardial wall was simply reoxygenated and retained to the coronary system, progressive deteriora
tion in performance characteristics developed within TO to 90 minutes S J) support dog S D It, sup
port dog reservoir, SOL, solonoid valve electncall) operated by microswitch at top of reservoir float
S H, air K!ed Starling resistance, PET, Rotter electroturbmoraeter, D A, arterial densitometer, RES,
reservoir, J R water filled inflow Starling resistance, D V

,

venous densitometer, ROT, rotameter
(SamoS, eiof Am J Physiol ,1953,192,141)
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alwajs follow each other They represent only an
approximation to one of the % ariables that deter

mine the end diastolic xolume of a ventnde The
end diastolic volume is determined not only by
the filling pressure but by its duration, the resist-

ance of the \entncle to filling (its tone), and
the sj'stolic 'volume of blood remaining in the

heart after sj’stole has ended (its systolic residue)

Both the latter are independent of these pres

sures Finally, the relationship between tliesc

pressures and the end diastolic volume is almost

flat in the physiological range, i e
,
it takes large

changes lu diastolic volume to induce almost no
change in atnal or ventricular end diastohc pres-

sure Despite this, most expenmenters found tliat

under ordinary circumstances, mean atnal pres

sure or ventncular end diastolic pressure and the

succeeding ventncular response of pressure,

stroke volume or stroke work were usually altered

together Samoff, in particular has greatly ex

panded this approach and has found that the

curves expressing the relation of mean atnal

pressure and stroke w ork are shifted m one direc

tion by conditions improving myocardial per

formance (stimulation of cardiac fibers from the

stellate ganglia, reflex stimulation of the myo-

cardium by a decrease m carotid sinus perfusion

pressure, injectioQ of epinephnne), while un

favorable conditions such as vagal stimubtion,

increase in carotid sinus perfusion pressure and

coninary insufBciency shift the curves in the

opposite direction These ventncular function

curves provide important objective evidence that

ventncular control can involve changes m myo
cardial contractility, a concept now widely ac

cepted (fig 23 2(7 and D)

As one approaches the normal state, however,

the evidence is equivocal lor this rclalions'mp

The penpheral venous pressure in man dunng

heavy work (2 8 hters oxygen per minute) can

increase up to 7 mm Hg Variations of filhng

pressure, however, cannot be deduced from pe

npheral venous pressure because of the unknown

pressure gradient from the penphery to central

veins In the dog exercising on the treadmill, in

the human following injection of a small amount

of epinephnne or exercising mildly while lying

down, there may be no direct correlation between

the increased cardiac output or cardiac work and

the atnal or ventncular end diastohc prcesure

On the other hand m subjects with an artificial

jireumothorax, a linear relation was found be

tw eon eflectiv e or tranamural atnal pressure and

stroke volume with an increase of 2 mm Hg
prov ithng an increase m stroke volume of 40 per

cent This relationship also apparently holds in

patients with high output failure and very laige

ventricular volumes

C Ventncular volume and stroke volume As
already indicated, compansons of direct measure-

ments of ventncular volume with pressure or vnth

stroke volume or stroke work hav e not been made
m the normal state m which the aggregate com
phcations of venous resistance intrathoracic

pressure, vascular volume, changing heart rate,

neurogenic factors, and humoral influences exist

However, highly suggestive evidence has been

obtained by estimating the ventncular volume in

sy'stole and diastole In dogs, this has been done

by measunng the cy die changes in an external

ventncular dimension (using the mercury filled

lube of HTiitnev or the sonar technique)
,
or by

measunng a changing internal ventncular dimen
Sion by an induction gauge A limited amount of

work 13 available m which stroke volume has been

simultaneoitely determined by the sonar or dec
tromagnetic flow meter technique applied to the

aorta In humans the diastohc volume lias been

estimated from the X mv silhouette while the

stroke volume has been directly determined

using the Pick or dye dilution principle The
essentia! findings follow

In man and the dog, the left ventncular dias

tobc volume and stroke volume increase in tlie

recumbent position as compared to the more or

Ie«s upnght position Concurrently the central

blood pool or thoracic blood volume increases by
about 400 cc The cardiac output and heart rate

change in opposite directions on alteration of

position, 1 e
,
in the supine position the cardiac

output increases and the heart rate decrease*

Correspondingly, assuming the upnght position

is accompanied ’oy a reciuc'tion in ’neart size anci

stroke volume

In the resting dog an increase m v enous return

induced by a rapid infusion of blood or by dis

placing blood from the splanchmc area into the

thorax by abdominal compression increases the

left ventncular dimension without significantly

altering stroke volume or stroke work Excite

ment or startle or the anticipation ol exercise

just before treadmill activity can lead to a transi

tory increase m stroke volume with enlargement

of the loft ventnelo

Nonexhaustive exercise by healthy dogs and

normal Untrained human subjects may be ac

compamed by increased cardiac output, primarily

resulting from tachycardia with httle or no pro

gressive increase in stroke volume as the level of

exertion increases Stroke volume dunng such
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exertion nia> onU occneionnllj e\ceo(I tlic resting

recumbent \alues in healthi dogs or untrainetl

human subjects Coneiirrentl\, the left \rntncu

hr dimension of the dog s heart remains the sam©

or becomes smaller How ercr, t rainetl athletes an^

patients ivith chronic volume loads such as in

valvular insuffjcienej msj increase lardnc output

vsith a significant augmentation of stroke volume

and a lesser degrro of tach^ csrdia The rclativ el^

small hearts of untrained persons mij show n
tendenc> to reduce their diastolic size diinnR exer

CL«e but the end dnstolic size of the laigc hearts

of athletes gets much smaller

Evidence for increased eontractihtj of the

xo^Wis;xJ.’jAro eye.wse j<> m Jhe

rate of tension development rate of blood ejection

and mto of relaxation as seen in the v entncular

pressure curves and the aortic flow curves

The preceding evidence suggests but does not

ofler quite certain proof, tint the fundamental

propertj of cardiac muscle of a relation between

end V entncular diastolic size and cnergj release m
not dominant but rather that m the normal dog
and man an increase m cardiac output during

exercise is achieved maiolj bv an increase in

heart rate with a constant or sbghtly increased

stroke volume A little rofloclton will indicate,

liowever, that this is a self regulatmg mcchamsin
and cannot alone explain the ob«crv ed changes in

cardiac output When the heart accelerates the

output per beat can be kept constant onl> if the

venous inflow is adequate only under such cir

cumstanccs can the minute volume be increased

If, for example, the beat of the heart has occurred

at the end of a penod of rapid filling, i e before

or at the moment that the heart chambers are

filled, simplj increasing the heart rate will cau^e

the beat to fall earher m the penod of rapid filline

Reduction m the stroke volume m proportion to

the increase la rate must result and no increasem
the minute V olume can therefore, occur At very

rapid heart rates, as m paroxjsmal tachjcardia

a point is reached at which the heart does not
relax sufBciently between beats to take on au
adequate load of blood, and the minute volume
IS actually reduced

The contribution which cardiac acceleration

can make toward the imnute v olume is therefor^

stnctly limited for rates from ISO to 200 are

about the maxunums to which the healthy heart

can be speeded up This is only about 2}i to 3
tunes the normal rate With a constant stroke

volume, therefore cardiac acceleration could not

ihc irnaate laJoiwv? thsn jjhc'Ui 3
times Yet reliable data have shown that the

cardiac output of untrained man doing strenuous

exercise may increase ninefold {from 5 to 6 liters

per nun at rest to 35 to 45 liters) and the oxygen

consumption 12 times (from 250 cc oxygen at

rest to 3 000 cc ) In this circumstance, it must

be concluded that the stroke volume increases 2

to 3 times (even at a maximum pulse rate) to

account for up to 50 per cent of the cardiac output

increase

Thu 13 home out by some of the data m table

231 The left v entncular respon*e to treadmill

exercise of nativ es of the Morococha, Peru region

(elevation 14 900 ft ),and of natives of the Lima

Peru region (elevation 500 ft ), was studied at the

chistt<7it nhere the} had ahra}^ hied Itesnhc
seen that at sea level, on the avenge about half

the increase m cardiac output comes from an m
crease m stroke volume from 41 to 75 cc In one

group at Morococha exercising at a somewhat

lower level of treadmill actmty (490 to 580 kg m
per mm per m *) the cardiac output and cardiac

work were abnost entirely explainable by the in

crcaec m heart rate and systemic blood pressure

The data m the second group at Morococha

obtained at a higher level of treadmill activity

(650 to 749 kg m per mm perm *) represents an

alteropt to stress the left vcntncle to maximum
external effort Each of the five persons m this

group stated at the end of the exercise that he

was "completely exhausted " Two of them at

tamed a cardiac output approxiinatmg 35 liters

per mm and a stroke volume of about 200 cc

On an av crage, the «;troke v olume increased from

53 to 88 cc
,
and accounted for about 66 per cent

of the increase m cardiac output

The preceding also mdicates that the cardiac

size decreases m exercise If the ventncle docs

become smaller durmg diastole and systole then

the heart must possess an adequate residual \oI

umc to effect an increased stroke volume or a

constant stroke volume PrC'sumably, as already

pointed out, the human heart at the end of

systole contains about 400 cc blood divided

equally among the four cavities This will give

each ventncle a residual volume of 100 cc m the

recumbent position and about 45 cc m the up

right position and which is used as the ventncle

becomes smaller with exertion This diminiahca

the volume reserve of the ventncles in severe

exercise Presumably, it is replenished during

each diastole from the blood volume in the

thoracic pool The mechanisms for this are not

oadeistDod butjt can be demonstrated that the

stroke volume is chrcctly, and the heart rate m
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directly, related to the volume of blood in this

central compartment

In Bummary, it can be stated that both i^nges
m stroke volume and heart rate contribute sig

nificantly to regulation of cardiac output in man,
but no firm conclusion can be drawn as to the

relative role that stroke volume, heart rate and
diastolic and systolic volumes plaj under various

conditions of stress Proper understanding will

follow the dev elopment of adequate methodology
for determining cjclic changes m ventricular

volume and stroke volume in animals and espc

ciallj m man
D Body A VOt tfiiference Since the bodj

ovjgen usage can mcrease 12 times in ewrcise it

is important to know the mechanisms by which

this amount of oxj^en is supplied to the tissues

Continuous measurements of A V 0i difference

from the onset of exercise have not jet been made
and so it is not known how early these changes

occur The A V Oj difference is generally calcu

lated from the bodj oxjgen usage dmdod by the

cardiac output, the former being determined by

collection and oxygen aaalj-sis of (Jie expired air

and the cardiac output by the dilution technique,

which does not require cardiac cathetenaation

The oxygen extraction nsca but considerably

more slowlj than does the cardiac output, reach

ing m very heavy exercise a calculated maximum
of 13 to 16 cc per 100 cc of blood Since most of

the mcrease in blood ffow is presumably through

the exercising muscle, this means that the oxygen

extraction at times must be very nearly complete

ID the latter, a situation similar to that which has

been observed in the heart muscle with maximal

activitj In well trained subjects, it appears that

the nse in A V Oidifference, as well as heart rate,

are somewhat smaller, while the stroke volume is

larger

E Other hemodyTMJme t’orwiles in ezerexte In

addition to the heart rate and stroke volume

alterations occurring in exercise, many other

changes are involved which maybe mild or almost

insignificant in light exercise, or which maj be

massive m strenuous activity (table 23 1) In the

presence of heavy exercise and a very large m
crease m cardiac output, the CWI of the left

ventncle maj increase 4 tunes, the sj stemic blood

pressure may mcrease considerably, the aricnal

pressure pulse may increase from 50 to 100 mm
I Ilg, the total peripheral resistance maj decreaee

greatly Presumably, the latter results mamly
from vasodilation m the metabohcally active beds

for, since splanchmc blood flow m man is de

creased in the presence of an elevated sjstcimc

blood pressure resistance m the splanchmc bed
must be increased In the pulmonarj circulation,

the artenal pressure rises moderatelj
,
while the

resistance undergoes very little change Finallj,

as pointed out earlier, the central venous, atnal,

and ventncular end diastolic preseure do not

neccssanly increase The alterations in manj
hcmodjaiamic parameters during exercise is mdi
cated in figure 23 4

The cause, sequence and relatne importance of

these and other factors m the control of cardiac

output during excitement and muscular exercise

is still an emgma Following the discoverv of the

baroreceptors it was quite natural that they be

invoked as the major mechanism controlling car

diac output dunng exercise This was especially

felt to be so since as olreadj mentioned, it has

been established expenmcntallj in the dog that

if the blood pressure in the carotid sinus is

lowereil, there results reflexlj an increased heart

rate, decreased gj stemic peripheral resistance, m
creased peripheral venomotor tone increased

cardiac contractility (prcsumablj no catechol

amine rolca«c m the heart) and increased cardiac

output This presupposes a fall in artenal blood

pressure cau«cd bj the vasodilation in the work

ing muscles as the factor which initiates the

hemodynamic changes resulting m an augmented

caixliac output However, mtra artenal blood

pre<sUTC in man and dog at the tran«ition from

rest to work has been shown not to fall and of

course later in the working penod it mcreasee

Another important expenment has indicated that

the output of the heart in exercise is not related

to the extent of vasodilation for, if pneumatic

cuffs are placed on the exercising extremities of

mao BO lliat about 50 per cent of the working

musculature is cut off, the oxvgen usage maj be

halved, but the cardiac output and heart rate are

not decreased

F Simulafcd exercue Finally, attempts have

been made to simulate in the normal anunal the

cardiovascular events which are known to occur

m exercise with the hope that one might serve as

the proper expenmental substitute for exercise

The«e include mcrcased venous return (already

coasidered), decreased peripheral resistance

through injection of i«oprotercnol, injection of

autonomic hormones, electncallj induced tachy

cardias at rates existing m exercise, chronic stimu

lation of the sjTOpathetic nerves to the heart and

chronic stimulation of the central nerv ous sj'stem

lirft ventricular performance dunng exercise

could bo fairlj accurately rcproducetl by iso
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ART B P

CENT VEN PRESS

HEART RATE

ABOOM FLOW

CARDIAC OUTPUT
LIMB AND HAND FLOW

STROKE VOLUME

OIAST
HEART SIZE

SYST

ABOOM RESISTANCE

TOT PER RESISTANCE

SMALL VEIN PRESS

’cent blood pool’

Fjo 23 4 Lefl side, hemodynamic responsesm exercising man and right Bide, hemodynamic responses
in the unanesthetized dog to exercise to stimulation of the cardiac sympathetic fibers and of the h) po
thalamic area Dotted lines represent the Jess usual responses

proterenol infusion and stimulation of the hypo
thalamic region in the unancsthetized dog

IlEGIO'tAL DISTRIBUTION OF Ol CONSOUFTION
AND BLOOD FLOW The preceding discussion indi

cates that despite much study of long familiar

functions, their operation in the adjustments of

oxjgen and cardiac output to exercise is poorly

understood The response of ox>gen usage and
blood fiow, of course, represents the axerage re

quirements of organs and regions of the body At
present, adequate knowledge is not axailabic of

the allocation of cardiac output m the resting or

exercising ammal, let alone man Simultaneous

measurements of flow through major regions or

organs such as the heart, kidney, bnun, bver,

intestines, cannot be made m the same person at

the same time Even m the expenmental animal,

the only method available (based on the dilution

principle) invokes anesthesia and/or excitement

so as to vitiate the interpretation of the findings

Despite this, table 23 2 is presented showing data

on distnbution of flow and oxygen consumption

m resting and exercising man, obtained by differ

ent types of measurement by different observere

on different subjects (In some instances, values

are extrapolated from animals) The values are

ccrtamly not absolute but the general pattern of

distnbution may be nght The kidney blood flow

of 400 cc per 100 grams of tissue is about 6 times

greater than that of any other organ (nearest is

the heart with a flow of 70 cc ) The heart per

umt of tissue, on the other hand, uses consider-
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TABLE 23 2

Dtslribulion of eardtae outpvl and oxygen usage

We ght
1

Blood Flaw
1

Oxygen Huge 0, ExIriction

K?
1

T^r
cc /m
gm /mia

%
Toul

ec/100

ma
ortt/
100 cc
blood

A VO,

Total 70
'

100
'

5 4 100 250 100 14 5 4 5

Brain 1 54 2 2 0 83 15 54 63 23 3 7 12 5
Convulsion 1 15 20 75

Heart 0 33 0 5 0 22 4 70 23
1

9 7 0 7 : 12

Liver, Intestines 2 86 4 0 1 54 29 54 55 20 1 95 15 4 0

Kidney 0 33 0 5 1 43 27 430 20 7 6 0 17 2 0

Skeletal muscle 34 0 ^ 50 0 0 92 .7 77 55 20 0 16 12 5 6 5
Exercise I 35 0 80 100 2700 90 7 9 3 16 0

ably more 0x5 gen than any other organ Four
organs—brain, heart, Iner and intestine, and
kidney, make up about 7 per cent of body weight

but receive 65 to 70 per cent of the output of the

heart and account for 60 per cent of the total

oxygen used at rest The skeletal muscles repre

senting 50 per cent of body weight reccne only

20 per cent of cardiac output at rest and account

for onlj 15 per cent of body oxj gen usage, but

during exercise they maj account for 80 to 90

per cent of the oxygen consumption and cardiac

output The brain which is only 2 per cent of

body weight requires more than 20 per cent of

the total oxygen used by the body and dunng
convulsions (observed in monkejs) (lus fraction

may increase to 40 per cent and the brum fractioo

of cardiac output from 14 to 20 per cent Thus,

the cardioi oscular response is not limited to an

adjustment of the cardiac pump, complicated as

this may be Certainli, real changes occur in the

distribution of the output of the pitmp There i®,

however, no integrated picture of the circulatory

rcspon'cs that occur and the underlying involve

ment of the central nerv ous «>j stem and pcnpheral

mechanisms m the allocation of oxygen and car

diac output 13 unknown

Cardiac Reserve

Heart Rate, VrNTBiCT3i..iR Volume, Blood
Flow, Coronary Venous 0»,

Ventricular Efficiency

l’rc«cnt knowledge of the reserves available to

the heart to cope vvith vanous stress impacts

permits btUc more tlian their enumeration The
potential reserves are its heart rate, its systolic

and diastolic volume, its blood flow, the oxygen

content of the body mixed venous blood, the,

cardiac vvork, the changing efficiency of the heart,

and possibly the stores of catccholammes
The resenc m heart rate is about 130 to 140

beats per mm
,
resulting in a maximum heart rate

of 210 Tlie reserv e m stroke v olumo is 80 to 100

cc since each ventricle normally contains about

150 to 170 cc
,
of which 60 to 70 cc is ejected

dunng systole This figure is somewliat lower

than the measured figure of 190 cc for maximum
stroke volume in Peruvian natives in the moun
tains, exercising to exhaustion on a treadmill

Attomaient ol such an increased stroke volume

indicates an increaacd contractility of the myo-

cardium The reserve in blood flow approximates

30 Iitcre per nun ,
since maximum cardiac output

IS about 35 liters per mm in man working to

e.xbaustiOD, and the resting cardiac output is

about 6 liters The potential reserve of oxygen

wi^n the body is about 900 cc This is based

upon the fact the body mixed venous blood con

tains 15 to 16 cc oxygen per 100 cc blood, and

the blood volume is 5500 cc However, neither

normal persons nor persons wnth heart disease

utilize tins oxygen to the full Vith maximum

exertion, the oxygen extraction approximates 14

to 16 volumes per cent This is supplemented by

the ability of the human body to take up a maxi

mum of 3000 cc oxygen permm ,
or an excess of

about 2700 cc over that in the basal state The

reserve work of the heart is at about 75 kg per
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ram, since tlic maximum kft \cntnclo work

recorded is about 80 kg per mm , and the

resting left \cntncle work approximates 5 to 6

kg per mm
In the whole bodj, tiic efficiency value for

performing external work h fairlj easily obtained

bj measunng the cxtemnl work performed by
the subject and dividing this bj the cnergj equiv

alcnt of the difference between total body oxygen

consumption and the oxj gen usage of the body

during rest For the beating left ventricle, the

cfficiencj 13 calculated in a similar wraj by dmd
mg the external work of the xcntncle by the

difference between the cnergj equiialent of its

o^gen usage wlule beating and while at rest

The external work of the ventricle is determined

bj the method alreadi indicated, the oiQgcn

usage of the left ventricle is determined from the

product of coronary blood flow through the left

mjocardiura and the coronary A V oxjgcn dif

ference This is converted to kilognm meters of

work per minute by multipljing bj 2057 which

IS the energj equivalent of 1 cc oxjgco m kg m
Accurate determination of ventricular effi

ciency in man is not possible since left ventricular

weight cannot be detenmned and, hence, total

left ventricular flow is not available In the un
anesthetued dog, efficiencies of 31 per cent are

reported In the anesthetized dog with good

cardiac output and sjstemic blood pressure,

efficiencies have been found to vary from 7 to

54 per cent

By definition, mechanical efficiency is work

done per umt of energy output The work of the

heart is performed during the first part of the

period of ej stole, but as in skeletal muscle, energy

IS released by the heart (oxygen used) when it is

domg no work Oxygen is used before, during, and
after ventricular systole A certam amount of

oxjgen can be used during the early part of sys

tole from the onset of the elevation of intraven

tncular pressure to the time of opemng of the

pulmonary and aortic valves (isometnc contrac

tion penod) dunng which time no blood is moved
and no external roechamcal work is done Also,

dunng diastole, oxygen can be used but the

muscle fibers are relaxed and not shortening The
cardiac efficiency wall, therefore, vary in part with
the extent of contribution of the oxygen consump
tion dunng the resting and isometnc contraction

penods to the total oxygen usage In general, the

former will tend to lower the calculated efficiency

at low levels of work and to mcrease efficiency as

the work is increased

Published data on mjocardial efficiency ore of

particular interest because thej do not include

ox3gen values for the resting ventricle or ventn

clc doing no external work The mjocardiunj

takes up considerable oxygen m diastole as well

as 8>stole With our present poor methodology,

separation can onlj be made by measunng oxygen

uptake, first m the beating heart dunng repeti

tivc systoles and diastoles, and then in the relaxed

heart or dunng prolonged diastole, and finally,

obtaimng the oxygen usage dunng systole bj dif

ference To do this, the coronary artenes are per

(used with blood under constant pressure while

coronary A V oxygen difference and left coro

nary inflow arc measured continuously, first m
the beating heart and then in the heart stopped

by vagal stimulation or removal of an arterial

pacemaker, until a new equilibrium had beeii

established, usually within 20 to 25 seconds The
resting metabolism (absence of heart rate, blood

pre.^sure and cardiac output) dunng cardiac ar

rest approximates 25 ml ovjgen per 100 grams

left vcntncle per nun
,
or about 25 to 30 per cent

of the value at the pnor working level This value

dunng diastole averages about one third that

dunng systole for the same tune period Thee%

values ID the vagal stopped heart have some
interesting characteristics Oxygen uptake is un

affected by ventncular diastobc sue They are not

fixed but vary greatly with the control metabohe

level ID the beating heart before it u stopped

Under some circumstances, the oxygen usage m
the resting heart maj equal 60 per cent of that

in the beating heart In addition, in the non

working but beating heart which has been emp
tied by hemorrhage and suction, the metabolism

of 3 4 ml per 100 grams of left ventricle per min
^

13 considerably greater than that with vagal,

asystole Adjustments of the mcchamcal effi

cienig' takmg into account the usual oxygen usage

la the vagal arrested heart and m the beating

empty heart, are m table 23 3 The apparent

effiaency is mereased thereby from an assumed

efficiency of 15 per cent to 26 per cent While it

cannot be stated that alteration of the mechanical

efficiency by these amounts is correct, the data

do emphasize that until the oxygen usage of the

myocardium doing no external work is known

under various phj'siological conditions, calcula

tion of or reference to figures for cardiac efficiency

Is premature

The bole of catecholaiiines The findings

that the heart contains significant stores of nor

adrenaline, and that stimulation of the cardiac

sympathetic fibers (isolated from the stellate

ganglia) may increase stroke volume and stroke
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TABLE 23 3

Effect cf oxygen usage tn the nomcorhng left tentnele on the ealentaled left venineular effictency

Efficiencj

Efficiency

Efficiency

Effleiencj

Left ventncular work (kg m /mio ) (100)

(Tot'll left ventricular Ot used

1 2 (100)

resting Oj used) 2 0o7

8 1-23
1 2 (100) _
8 1 - 3.1

work without changem heart rate has stimuKtod

interest in the catecholamines os a possible

powerful re«er\e mechanism The role pla\ed by
local stores of catechol hormones m circulatoi^

regulation at \anous points of the cardioiascubr

sjstem IS now the subject of much current mvcs
tigation

The presence of catecholamines hag been dem
onstrated in the mammalian heart (von Euler

19-16) and in the trails of blood lesseU (Schmiter

low 1948) Isoradrenalme forms oser 90 per cent

of the total tissue catecholamines adrenaline less

than 10 per cent

The noradrenaline content of tliesc ontans is

closelj related to the number of adrenergic fibers

supplying them and il disappears almost com

pletelj following postganglionic sjmpathetic

deneristion (Goodall 1931) Simitarh adminis

traiion of rcserpine to the expenmental imroal

results in practically complete diiappcarance of

noradrenaline from the heart (BertUr and asso

ciates 1956) and the walls of artenes (Bum and

Rand 19o8a)

It was shown that isolated atna of animals

prcxuouslj treated with rc«erpine exhibit a slower

rate and lesser amplitude of contractions tlian

control animals (Bum and Rand ISoSb) Da'jed

on this obsen ation it ls suggested that the stores

of catecholamines normally present in the heart

contribute to the regulation of cardiac activity

by accelerating the spontaneous rate As of now,

how'cxer, there is no direct evidence confirming

this view

Isolated aortic stnps of anunak previously

treated with ro'serpine were shown to be more

sensitive to adrenaline and noradrenabne than

'trips taken from aortae of control animals

(Burn and Rand 19oSa) The le«8er sensitivity

of normal (as compared to re«erpine treated)

vessels IS tentatively interpreted as indicatmg

that the catecholamine stores contained m them

are functional an<l contnbute to the mainte

nance of normal vascular tone Again more direct

evidence is needed before any firm conclu«ions

may be drawn regarding the physiological gig

Dificance of thexe stores

In the adrenal medulla catecholamines are

secreted by chromaffin cells Cells containing

chromaffin granules exist also outside the adre

nals ID various tissues They were recently dis

covered m the skin (Adams Ray and Nerden

stam 19o6) It is 6u^e«ted that thev produce

catecholamines which play a role iti the local

control of the penpheral circubtion The admmis
tration of reserpme results m a decrease of the

noradrenaline content of the skin iccompinied

by the disappearance of chromaffin granules

(Bum and Rand 19oSa) Thg chromaffin renc

tion however ig not specific for catecholamines

and their prc«once will have to be confirmed by

other means

The abov e inv estigations point out the v anoug

possible roles that local stores of catechol hot

mones may play m the regulation of the circuLi

tory svstem At the present tune all of these

tnechantsms must be regarded as hypothetic-il

awaiting further expenmental confirmation
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THE CORONARY CIRCULATION

General Consideration

Begioiung ivjth Harvey in tlie foventeenth

centurj, the anatomical and djTiamic dctaik of

this s}'stcm have been gradual!} elucidated

Anatomical. Two coronarj artcncs, the nght

and left, carrj blood to the mjocardium \bout

2 mm from its ostium, the left coronar> Trterj

divndes into the loft circumflex and the antenor

descendens branch Tlic foimcr runs in the atno

ventncular (A groove to the left, ending m a

postenor descending branch The antenor de

ecending branch runs downward m the inter

Ventncular groove toward the apex Near its

ongm, septal branches are given oft The nght
corona;} descends in the nglit (A V) sulcus and
ends postenorlj as several descending branches

On the nght and left ventncles The subduTstons

of the mam coronar> rami dc'ccnd superflaally

in the general direction of the apex and giv'e off

myocardial branches which course directly into

the ventncular muscle At or near the apex, w here

the superficial muscles form a spiral and pene

trate to form the innermost (subendocardial)

iiyer of muscle, the ferminaf coronary artenea

go along with the muscle to supply the inner layer

of both ventncles and the papillary muscles

Anatomical studies in both the dog and human
heart indicate that vessel branching withm the

myocardium is related to muscle bundles, but

numerous commumcations exist between the

different muscle layers

As jn any other vascular system, each of the

two coronary artenes connects with its capillary

bed, its superficial myocardial venous bed, and
eventually with the nght atrium (fig 24 1) The
epicardial branches of the coronary artenes and
coronary vems also anastomose wnth each other

and vnth evtracardiac artenes and vems niere
are numerous arteriovenous shunts In addition

to these pathways, the arterioles as well as the

capillaries and superficial veins connect directly

with both ventncular cavities by discrete, deep

drainage channels, tlie artenoluminal, the ar

tenosinusoidal and the Thebesian vessels which

together comprise the deep coronary dramage

circuit

In man, approximately 50 per cent of hearts

have the nght coronary artery predominant, 30

per cent have a balanced coronary circulation

and 20 per cent have the left coronary artery

prwlominant Tlie arterial pattern of the dog

heart compares nith the situation ui man in

which the left coronary artery is predominant

In the latter, the left coronary artery nourishes

about 85 per cent of the heart mu«clc, supplyang

the whole of the left heart as well as portions of

the nght ventncle

rBnrAB.vTioN ANP Methodology

The objective of studies of the coronary circula

tioQ is knowledge of the determinants of coronary

flow, of the oxygen uptake (coronary flow tunes

the coronary artenovenous oxygen difference) by

the myocardium, and of their relation to the work

of the heart m states of normalcy, of increased

or decreased stress, and of disease m man This

objective IS far from being realized

The ntot tube, orifice meter, rotameter, bub&re

flowmeter, and thermostromular ate used to

measure coronary flow by insertion between the

cut ends of a coronary vessel The thermo

stromular also measures flow in the mtact coro

nary artery The electromagnetic flow meter has

also been used successfully to quantitate coro

nary flow m the anesthetized and unanesthetizod

exercising dog In addition, the nitrous oxide

method can be used in the normal dog and human
being, and if used with care, reasonably accurate

values for human beings can be obtained All

except the bubble flowmeter and nitrous oxide

methods permit continuous recording of flow All

measures mean flow, the orifice meter, Pitot tube,

and efectromagnetic flow meter can be used for

recording phasic flow ITie oxygen saturation of

coronary artenal and venous blood is obtained

by continuous withdrawal of aliquots of the

respective bloods through indwelling tubes and

their analyses by the Van SIvke, Beckman, or by

310
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RT COR L DESC COR L C RC COR

Tio 241 Bchematic representation of the coronary circulatioo The areaa enclosed within the circles
depict the capillary beds collateral communications and A V shunts (Gregs and Sabiston Cireula

oximeter tcchjiiques The first two methods give

average oxygen values over a period of time the

last permits continuous recording of the arteno

V cnous ox> gen difference

Utilization of the soperficial versus the
DEEP drainage CIBCOTTS IN THE NOIUIAL KEABT
As determined by clamping of the coronary

arteries all blood in the superficial veins of the

heart arises in the tw o coronary artenes and none

comes 'irom'ine fieep 'lying connections wrtnm'fiie

cardiac cavities Despite the presence of lhe«e

deep channels and the existence of a favorable

prc'ssure gradient during diastole for flow through

them into the ventricular cavities they are not

u«cd Balance studies of coronary inflow and

outflow have shown that most of the blood enter

mg the left coronary artery drains into the coro

nary sinus The remainder of left coronary inflow

IS recovered m the superficial (anterior cardiac)

veins of the right my ocardium that dram into the

right atnum Most of the nght coronary artery

inflow appears m the^e anterior cardiac vans

and the remainder (10 to 20 per cent) drains into

tl p coronary sinus Thus essentially all coronary

inflow can be collected m the superficial veins of

the heart leaving little or no blood to dram by
the deep cliannels into the heart cantifs Pre

'umablj a similar utihzation of anatomical path

ways exists m man However m man it is re

ported that 16 per cent of left coronary flow enters

the left ventncular cavity by the deep drainage

channels This has not y et been confirmed

The deep drainage channels could have an
important functional role if they served as arterial

channels from the left ventricle to the myo
cardium during coronary artery constriction or

occlusion or as venous channels for the whole

myocarhium m t’ne presence ol extensive super

ficial vem constriction or occlusion Regarding

the first situation although es«eLtially complete

occlusion of the coronary artenes in human beings

has been found at autopsy the presence or extent

of development of extnicardiac artcnal collatenh
IS not known In addition with functional separa

tion of one or both coronary artene« from the

aorta no blood flow from the ventricles into the

supcrficialcoronary venous system can be demon

strated and the hearts do not survive Eegirding

the second situation with acute closure of all

visible superficial coronary veins although such

hearts may survive large intra and extracarriiac

superficial venous channels quickly appear

Hence known observations are conflicting and

any conclusion regarding the utilization of deep

COTonary venous drainage channels in diseased

hearts IS difficult
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UfiL OF LFFT COROVAR\ ARTLR\ FWJU TO
CFTffFK wmi TUF Cllf WfCAI. COMPOSmON OF
COROSAH\ 811»0S BLOOD AS AN INDEX OF LIFT

•NTNTRICOT^n METABOLISM It J3 ROt po«?Slblc tO

qtiTntitate nccuratclj the metabolism of the nght

\ ontncle m the dog because its superficial fintenor

cardiac ^eins ha\c man\ exits into the nght

atnum and Ihtir contained blood is gro«3lj ton

taminatcd bj blood from the left coronarj arteij

Howe\er, drainage of the left mjocirdium is

accessible In most instances quantitative changes

in the metabolism of the left \entnele cm be

obtained from measurement of the chemical com
position of the coron irj «inus blood together with

the left foronaij mfloiv This is because (1) coro

narj sinus blood is almost entirtlj from the left

coronary arttn
, (2) b^ means of a special can

nula which permits collet lion of all blood draining

into the coronarj sinus, the percentage of left

eoronarj arlcrj inflow recovered m the coronarj

Sinus IS quite high (80 to 90 per cent) and reason

ablj constant dunng the induction of a variety

of phj siologieal variables and drug injections,

(3) the O’ content of the venous blood from the

left coroaaty artery not draining into the coro

narj sinus is generally onlj sbghtl> lc«s than that

in the coronary sinus This is a verj important

and practical consideration because of the wade

spread use of these measurements in man and dog

for just this purpose

Basal data In the resting state, the coronary

data for dog and man agree With the left a entnc

ular cardiac work index approximatclj 3 5 to 4 6

Kg M left coronary flow approximates 72 to 85

ml per 100 grams of left ventricle per minute

Correct values for left coronaiy flow during nat-

ural maximal stress such as exercise, are not >ct

available but in the anesthetiied open chest dog

values as high as 600 ml per 100 grams of left

ventricle per minute have been recorded Al

though the heart can remove essentially all ox>

gen from the coronary blood m its passage

through the rajocardium normally about two

thirds IS extracted vnth an arteriovenous differ

ence of 12 to 14 ml and a coronary smus value of

4 to 5 ml This extraction changes httle with in

creased stress, signifying that the oxygen supply

13 well balanced with metabolic demands

Oxygen uptake per 100 grams of left ventricle

IS 8 to 10 ml per minute Oxygen consumption

dunng systole averages about 3 times that in

diastole for the “ame tune penod

MrOCABDlAL RESPONSE TO ANOXIA The COR)

nary vascular bed is v cry reactive to the stimulus

of anoxia, occlusion of a coronary artery for as

short a time as 5 seconds results m a temporary

increase in blood flow Reactive hvTJeremia is

considered to fx the excess blood flow (over the

control flow tliat normally would have occurred)

following rcloa«e of an artenal occlusion (fig

242) The reactive hyporcmic blood flow and its

duration increase wath lengthening pcnoiis of left

circumflex artery occlusion up to 120 see , peak

flows also increase but m smaller amounts The
theoretical blood flow "debt (control blood flow

multiphcd by the duration of occlusion) is usually

greatly overpaid Reactive hyperemia in skeletal

mu«cle vascular beds shows these same charac

tcnstics except the blood flow ‘ debt is vanablj

under or overpaid (ch 25) Coronary vasodilator

agents do not consistent Jy affect my ocardial reac

tive hyperemia while Pitressm usually decreases

the response

The oxygen consumption dunng myocardial

reactive hyperemia is measured by determining

the left coronary artery blood flow (rotameter)

and the oxygen saturation of the coronary “inus

blood (measured continuously wath a densitom

elcr) The thcoretnal oxygen debt” (control

oxygen consumption tunes duration of left coro

nary artery occlusion) is overpaid for 15 and 30

sec but sbghtly underpaid for 10 second occlu

sions In contrast to skeletal muscle, where the

artenovenous oxygen (A V Oj) difference de

creases during reactive hyTiercrma, the myo
cardial A V oxygen difference increases dunng the

penod of increased blood flow The rate of oxygen

consumption dunng the mcrcased blood flow

penod is greater than m the control state, show

mg that the my ocardium has been stimulated to

take up more oxygen The basic hypothesis

governing the calculation of the oxygen “debt ’

in these studies is erroneous lor the oxygen in the

blood m the coronary vascular bed dunng artenal

occluston, the metabolic rate dunng the cireula

tory stasis and changes in cardiac work are not

considered As further evidence that the myo
cardium develops an oxygen deficit, i e ,

anaerobic

metabolism occurs, it was found that lactic acid

increases m the coronary sinus blood, often m
compansoQ to pyruvic acid levels, following the

penod of anoxia

The contracting myocardium can withstand

much shorter penods of artenal occlusion and

oxygen deficit than resting skeletal muscle, and

repays its oi^gen ‘ debt” with an mcreased blood

flow but a decreased A V oxygen difference
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The Determinants of Coronary Flow

Consideration of the mechanisms that control

the blood supply to the myocardium involve

certain difSculUCS not encountered in similar

mvestigations m other organs of the body The

myocardial wall of the left ventncle not only

furnishes the pressure head for driving blood mto

the coronary artenes but also may cither offer

to c.oton'ary AO's ot actually aid

flow by its muscular contraction around the coro-

nary vascular bed Similarly, the right ventncle

rapidly changes resustance to nght coronary flow

at the same time that left \entncular contraction

presents blood to it under a pulsatile head of

pies'iUTC Hoasever, coronary flow is related to the

piessure difference (effective pressure) between

the central coronary artery (identical to aortic

pressure) and the nght atrium dindcd by the sum

of the viscous resistances to flow in the epicardial

portion of the artery and m the penpheral con>

nary bed Viscous resistance to flow (aside from

>.K«tng>» to hematocrit) is mainly' governed by the

mean caliber of the coronary vascular betl Since

the artcnal resistance is ntghgiblc, the mean
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coronary diameter and, hence, flois arc controlled

bi the effective intnvcwl pit“<sure and by tno

peripheral mechanisms, i e
,
active changes in the

state of the small mass of intravascular smooth

muscle bmlt into the coronary vessels, and the

mecharacal or pas«ive effect on flow everted dur-

mg vcntncular sj'stole by the large muscle mass

around the coronary vessels The penpheral

mechanisins are regarded as more important jn

controlhng coronary flow than the central coro

narj or aortic pressure which docs not change

grcatl} even in ercrcise It is estimated that

doubling the aortic pressure might double the

coronary flow, but doubling the average radius

of the coronarj bed might increase coronary' flow

about 16 times

Insight into the complexity of the integrating

action of these three flow detciminants has been

obtained from recording of the penpheral coro

nary pressure and the phasic, or moment to

moment changes, in coronary mflow and outflow

m the epicardial artenes and veins (fig 24 3) At

L COR ART - AORTIC PERF P

the onset of isoraetnc contraction of the left

ventneic, there is an abrupt ilecreose in left coro-

nary inflow (solid fine) or even the appearance of

Iwckflow With the nse m aortic pressure, for

wArd flow increases initially and rapidly, only to

decrease to a new intermediate level in late

systole With the onset of isometnc relaxation,

coronary flow increases significantly
,
peaking at

early diastole and then dechtung progressively

The velocity of coronary inflow differs somewhat

from the estunated intramyocardial flow (doited

hne) The deficit during isometnc contraction

13 caused by tlie compressing action of the mjo
cardium on the coronary capillanes, forcing blood

into the superficial vessels Early in the period

of ejection, the flow excess is caused by' the uptake

of blood m the superficial coronary artenes, m
diastole, the excess is cau«ed by the uptake of

blood to fill the prevaously compressed capillanes

Tlic«c demarcations of flow are much le«s obvnous

in the nght coronary inflow pattern, which

roughly resembles the prevailing aortic prcs'ure

R COR ART -AORTIC PERF P

Fio 24 3 Senes of curves relatmg phasic vanations la left and right coronary inflow and coronary
8mua anterior cardiac vein outflow to aortic pressure, ventricular pressure and penpheral coronary
pressure Coronarj inflow (toltd Itnet) and anteriorcoronary vein flow obtained « itnonfice meter, coro
nary sinus flowwith pitot tube Broken fines, estimated intramural velocity curves (Gregg D E Coro
nary Circulation Encyclopedia of Cardiology, Vrf l,Ch 23, McGraw Hill Blakiston, iSew York, 1959)
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cune Thus, blood js flowing through the mjo
cardium throughout the cardiac cjcle, except

possibly for a brief period in early systole in the

left coronary arterv In the left coronary artcr>,

the sjstobc rate of flow is less than that during

diastole m the nght coronary artery, the systolic

rate equals or exceeds the diastolic In contrast

to the left coronary inflow pattern the flow cunea
in the coronary sinus and anterior cardiac leins

n'te and fall smoothly with most flow occurring

during systole and very little during diastole

The preceding account indicates that the coro

narj bed lias a fluctuating resistance to coronary

flow In the left coronary artery, the peripheral

coronary maximal systolic and minimal diastohc

pressure values approximate 80/20 nun Hg,

respectively, and inflow is cut off at those pressure

levels when the left coronary artery is perfused

under constant pressure In the nght coronary

artery, the contour and time relations of the

penpheral coronary pressure cur^e are similar,

but the values for systole and diastole and for the

cutoff of flow are considerably lower

EIe\ation of nght atnal pressure muH increase

coronary \cnous pressure and deertase the flow

of blood m the coronary artenea pro\ided no

compensatory mechanisms sot m Such studies

have not been made However, mild elevation of

the pressure in the coronary veins, draining the

left coronary artery by coronary sinus constnc

tion may only decrease coronary flow and in

crease coronary artenovenous oxygen difference

Even marked constncUon of otcUmpmgof the

coronary sinus may cause only moderate reduc

tion m artenal pressure and left coronary flow

The smallness of the effect on coronary flow,

despite elevation at times of the coronary venous

pressure to near aortic systolic level n presum

ably caused by the compensatory increased lunc

tiomng of collateral venous communications with

the anterior cardiac veins whose flow increases

considerably Similarly nght coronarv inflow is

not greatly reduced by clamping most of the

anterior cardiac veins, presumably for the same

reason

The relation of coronary perfusion pressure to

coronary flow (P/CF) is generally such that the

calculated coronary resistance decreases as the

coronarv flow rises This holds for almost any

dvnamic state of the coronary system (excised

fibnllating or beating heart heart tn situ) and

also exists in the pulmonary artery, penpheral

vascular beds, and m an artificial set of ngid

"^‘ubes In the heart, it is impossible to say what

tion of the flow change is caused by passive

dilation from the perfusion pressure per «e, since

the oxygen consumption per minute and per

heartbeat is elevated without any other obsena
ble systemic dynamic change Accordingly

,
if a

physiological variable alters coronary pressure

and flow by about the same amount and hence

the ratio 13 unaltered it is impossible to know
whether the change in coronary flow is due to a

change in effective head of pressure alone or

whether the variable directly affected resistance

However, a gross change in the va«omotor state

of the bed occurs when coronary flow changes

considerably with a constant pre==ure or when

flow and pressure change considcnblj in oppo

site directions

Separation and quantitation of the deter

mmanta of coronary flow lyong within the myo-
cardial wall le, the intravascular and extra

vascular muscle are of extreme importance To
do this continuous measurements are made m
the open-chest dog while the left coronary artery

IS perfused with blood under a constant pressure

first It IS done in the beating heart and then

dunng ventricular asystole induced by vagal

stimulation or by (l]»connecting an external pace

maker which dnves the ventricles the latter

manifesting complete atnoventriculir heart block

which had been surgically produced earlier By
cither means the mcchamcal effects of v cntricular

contraction are largely removed Figure 24 4

illustrates that induction of ventncular a^v stole

by vagal stimulation always increases mime
diately (wnthin 1 lecond) left and nght cotoruiry

inflow, m this instance from 66 to 78 and from 9

tollcc per minute respectively Thus ventric

ular contraction acts to impeile coronarv flow

through the ventncular wall The extent of the

rise of flow is taken to represent the magnitude

of the mechanical or passive factors limiting coro-

nary flow The magnitude of this mechanical

throtthng effect on coronary flow dunng sv«tole

normally vanes from 31 to 300 per cent and

averages about 50 per cent The new flow level

represents that state of coronary dilation related

to the condition of the intnnsic smooth muscle

of the coronary v es'^els at the prev ailing coronaiy

pressure ITie relative coutnbution of extr3va«cu

hr and intravascular resistance to an increase of

coronaiy flow has been tested under the different

conditions of increasing heart rate, decreased

artenal blood oxygen saturation aortic constnc

tion, transfusion and drug injections In all in

stances the major portion of a flow mcrcaKC ts

through active dilation and cot through reiliic

tion ID extrav oscular resistance The largest re
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duction (40 per cent) in exlra\'ascular rc‘»istancc

cijmc from a decrease in artenal oxj gen satura

tion

Octerminanls of Piormaf Cnrdiac

'Metabolism

Metabolic pattebvs is the heart The
abilitj of the heart to do \\otk depends basicallj

on its biochemical acti\nt> leading to muscular

contraction Carduac mu«clc has been found to

liare basic chemical patterns similar to those of

skeletal muscle The cataboUsm of fat, carbohj

dratc and protein produces free enc^y, about

half of which is dissipated as heat and half is

captured as phosphate bond energj which is used

for muscle cell work and for vanous anabolic

activities such as ejuthesis of glj cogen, lipids,

proteins and ensjmes The^e catabohe and ana

bolic reactions proceed simultaneously under the

influence of a complex system of enzymes, co

enz\'mcs (from the \ntomm B complex), and
hormones

Coronary sinus cathotenzation studies lo man
and (log have indicated that the heart is able to

choose its fuel from a vanetj of foodstuffs These

include mainly glucose, lactate, pyruvate, fatty

acids (nonestenfied) and to a les«er extent, ace

tate, ketone bodies and ammo acids To deter

mine thor quantitative contnbution to the

energy production of the heart, le
,
its oxygen

consumption, mca«urements have been made of

their cardiac extraction (coronary artery — cor

onary “inus difference), their total uptake (coro

nary flow tunes (coronary artery — coronary

smus differenrfi ofjubstaneeXV^nd themy ocardial

re«piratory quotient (coronary smus — arterial

carbon dioxide difference) divided by (coronary

artery ~ coronary sinus oxygen difference) Ex
cellent correlation has been demonstrated be
tween the myocardial respiratory quotient and
the myocardial uptake of substance The extent

to which each sul^trate contributes to the energy

requirement of the heart tn nto is influenced by
its concentration (above threshold) in arterial

blood In addition, the state of nutrition of the

organism markedly mfluenees the kind of sub-

strate used for energy production of the heart

Under postprandial conditions, or after glucose

infusion, myocardial metabolism is mainly glu

co«e lactate and pyUTivate, since its respiratory

quotient approximates 0 9 with a high extraction

of carbohy drate and a negligible uptake of ammo
acids Ev'en the substitution of 5 to 10 per cent

oxy gen for the normal 21 per cent in the inspired

air does httle to change carbohydrate uptake fay

Pio 24 4 Response of left and nght coronary
flow to vagal induced asystole hote the prompt
increase with the induction of asy tole Tune lines

are 1 sec apart (Sabiston and Gregg, Circula

tion, 1957, 15. 14 )

the normal heart Dunng overmght fastmg, the

heart denves much of its energy Irom fat, as

indicated by a myocardial respiratory quotient

of 0^ with a low extraction and uptake of

carbohydrate Wth prolonged fastmg, the extrac

tion coefficient for carbohydrate practically disap-

peara, those for fatty acids and ketones are maxi

mal, and the respiratory quotient is 070 As

regards the uptake of oxygen, the coronary A*VOs

differences ui man vary Imearly with the arterial

oxygen content through a range from mild

anemia to marked polycythemia, so that the

myocardial extraction coefficient (A'V)/(A) is

coostsat

In addition to patterns of my ocardial metab-

olism m the normal heart, other metabohe
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changes have been reported m some pathological

and diseased states Patients with heart failure

and decreased cardiac work due to %alvular dis

ease show an increased carbohydrate uptake bj

the heart with a normal evtraction of lactate and
pyruvate and increased glucose e’ltraction The
heart m the patient with diabetes appears to

denie most of its energ} from fat c^en in niild

cases with a postabsorptne respiratory quotient

of about 0 7 and an increased uptake of fatty

acids and a decreased carbohydrate uptake

Thus, the heart demonstrates broad flexibility

in the utihzation of substrate for energy produc

tion. without a change in work performance or

work capacity This makes it largely independent

of fluctuations in its chemical environment There

IS no evidence that substrate lack occurs in any

clinical situation to the extent that it embarrasses

the cardiac work capacity Similarly the meta
bolic disturbances such as diabetes melhlus which

alter the fuel mixture available to the heart do

not also alter cardiac function It is, however,

well to defer detailed CQn«ideratioa of other data

because an interpretation must lie based on the

assumption that oxidation of foodstuffs to carbon

dioxide and water is the sole factor tn the deter

mination of the myocardial nspiratory quotient

and of tho myocardial extraction and uptake of

these compounds including oxygen Without

doubt, storage of and/or conversion into other

compounds is occurring concurrently and these

activities are especially prominent in the presence

of a changing cardiac lev cl of activity or changing

levels of blood substrate

DeTEUSIIVANTS or Oj tSAOE OF THE MrOCAtt

must Our know ledge is only sufficient to introduce

the subject With present poor methodologv

,

•separation can only be made by measuring oxy

gen uptake, first in the beating heart dunng

repetitive systoles and diastoles, and then in the

relaxed heart or dunng prolonged diastole and,

finally, obtaining the oxygen usage dunng systole

by difference Estimation of the metabolism of

tho myocardium in the absence of a heart beat,

that IS dunng prolonged diastole has been made

m the vagal arrested heart as previously ile

senbed under determinants of coronary flow The

oxygen saturation of the artenal blood and

coronary sinus blood is also measured rontinu

ously This permits left toronary artenovenous

oxvgen difference as well as coronary inflow to be

measured continuously first in the beating heart

and then in the stopped heart until a new cquihb

num is established, usually within 20 to 25 sec

y ends

Typical results arc shown m figure 24 5 As
coronary inflow rises immediately with asystole

from 70 to 90 cc per minute the oxy gen satura

tion of blood m the coronary sinus also rises from

a low control value of 44. per cent to a very high

'ralue of 81 per cent, thus greatlv reducing tho

coronary artenovenous oxygen difference The
Oi usage at rest is 35 per cent of that in the

beating heart Calculations in many experiments

show that as the result of the combination of

increased coronary flow and decreased coronary

artenovenous oxygen difference, the average oxy

gen usage per 100 grams of left ventncle per min
,

decreases from the average control kvel of 8 1 m
the beating heart to 2 3 ml in the resting heart,

or to 30 per cent of the control Indiv idual values

ranged from 1 0 to 4 0 ml This oxygen consump

tion m diastole is about one third that in systole

for an equivalent time period

Attention is also directed to the values for

oxygen usage obtained in the ••amc tyjx: of

preparation but m which the external work of the

heart IS reduced to tero by other means In the

potassium slopped heart, the oxygen u«age of 2

cc during diastole IS about the same In the beat

iDg heart emptied by suction and hemorrhage

and m the heart with induced ventricular fibnlla

tion the oxygen usages of 3 4 and 3 8 cc are much
greater These oxygen values have some interest

ing characteristics Tho oxygen uptake during

V agal arrest or removal of the artificial pacemaker

IS unaffected by the ventricular dia«tolic siw

Id any one expcnmeiit, the value is not fixed but

vanes greatly with the control metabolic level m
the beating heart With intracoronary artery

epinephrine or norepincphreine injection the

values are especially high and may equal 50 per

cent of thasc m the control state The implaa

tions of such experiments in relation to wntritu

br efficiency have already been considered in

chapter 14

Patterns of Response of the Coronary

Circulation

The preceding gives some idea of the fractiona

tion of the control of coronary flow anil oxygen

uptake within the myocardium dunng a cardiac

cycle There are certain general patterns of hemo-

dyraamic resjjon'es of the heart and coronary tir

cubtioD which follow pnmary changes m stress

The loformation has been obtained from both

humans and aniraab and has been a«scnibkd

from many bboratones (Table 24 1)

Metabolites The coronary flow i« greatly in

creased and the coronary artenovenous oxygen



Chapler Si THE CORONARY CIRCULATIOX 327

CONTROL 30 SEC ASYSTOLE

HEART RATE 120 10

COR A-V 0, II ml 4 ml

COR FLOW 70 ml/mm 90 ml/min

0, USAGE 7 7 ml/min 3 6 ml/min

ei7o

COR SINUS
44 70

SATURATION

LEFT COR
lllllii/ V

INFLOW V ll 1/

0 10 20 30

SECONDS ASYSTOLE
Fig 2i S Reproduction of tracing from original record shoeing changes in left coronary inflow and

coroRarj 8inu4 gen aatdratioa during prolonged ventneutar as^'9to]e (Gregg D E Verh Dtsch
ges KreialaufTorschg 1055 21, 22 )

diSerence decreased by some chemical constitu

ents of the blood, but this response does not

occur vnth others in both ca«es there is little or

no change in sj’stemic djuamics (blood pressure,

cardiac vroiV, heart rate) or myocardial <rt>gcii

Consumption The coronary response to Carbon
dioxide and decrea«ed pH is minimal, intracoro

narj injection of intermediate metabolites mil
increase coronary flow and decrease oxygen ex
traction but it is doubtful that the nonnal con
centration of these cheimcaLs mthin the coronary

scs'els effectively alters flow, since it has not
been possible to demonstrate m the coronary
sinus blood substances having vasoactive or

chronotropic action on the coronary circulation

or myocardium However, coronary flow is

markedly mcreased coronary re«i8t3nce and
artenov'enous oxygen difference are decreased by
mild anemia, by short penods of ischemia by

reduction of the oxygen content of the inspired

air and by coronary perfusion with reduced blood

but without effect on myocardial metabolism

cardiac work, heart rate or systemic dynamics

Hexht RiTB Wben the heart rate IS increased

considerably by electrical stimulation of the my o

cardium aortic blood pressure minute cardiac

output and work increase while the stroke vol

iiTBft and stroke work decrease Simultaneously

minute coronary Bow and oxygen usage increase

coronary resistance decreases oxygen extraction

IS unchanged but the coronary flow and oxy gen

consumption per beat decrease Since acceleration

of the heart means proportionally greater time

per beat and per minute in 'systole than in dias

tole and since m systole coronary flow is less

than in diastole it would be anticipated that

increased heart rate per se should reduce coronary

flow Since it does not, it must be that increased



328 CSRCULATION Sefijoji II

TABLE 24 I

Ctrevtatory rttpomes to tlreti elalea

Arrows merely iDdicate direction ol response, not magnitude, i e , no change, ^ increase or

\ decrease

caroiiioi jgy n Cor Oxysen

BHBBB
£«eb«Bia, «lXd. BQeat& aod, anoxia, aetuxiItt«BH5HB:|g

He*rt Tfit«,y^CO {trea^futiea)

acrtie cottxei«X UEirxtitexli30«i«

Cardlao ayofaUiette nemt, eplnephrloe
aa& &ereplaerbrlA« 1 v

Serere asenl*^ ul anoxia^

1

r

I

1

1 1
-*

Byjatberala, ahoek (henoribagle)

Heart faUun (extTcae}3

1 B —
Aortic ecaretatton (eoc^late) BBlH B _
Bypertcflalxc earaieraaeuiar Aiieata BHH1 ^ 1

-*
1

Jcsrdlse output—» or ^r. s-t Og ^r. *•» Cig

flow IS due to arteriolar dilation from the in

creased metabolic activity The same trend of

flicw. and oxiR«a utage p« beat aad pet m«vute

also occurs at the faster heart rate when minute

cardiac worik is held constant or when corapan

SODS are made at the same stroke work This

means that cardiac acceleration can suRTneiA the

energy metatiolism of the myocardium without

manilestations of the extra energy as norl

Tbinsfusiov Augmentation of ventricular

load by increasing lenous return and hence eir

culating blood volume through infusion has a

cfmicaf counterpart in the load placed upon the

human heart by transfusion or by an aortacaval

fistula The increasing coronary flaw is partiflBy

exphiinable on a raecliamcal basis, since the

slowing of (he heart should increase comnary

flow per beat and per minute by increasing

diastolic time m which flow is greater However,

presumably sctive dilation results from the in

creasing local chemometabohe activity associated

with the increased cardiac work The coronary

flow and oxjgcn are used economically, for the

mho of cardiac work to ovjgen consumption m
creases

Aortic covuctation With simulation of dim
cal coarctation by acute mechanical constnction

of the thoracic aorta just beyond the left sub

clavian arteiy
,
venous return to the heart by way

of the inferior vena cava la decreased, but com
pensatoiy flow through various branches of the

wcntvc arch may tocreoac, with a wjsultatit mam
tamed cardiao output and elevated left ventneu

br work toad With greater aortic con«tnction,

the net cardiac output decreases, causing the

cardiac work to decrease In cither case the cor

onary ddation and mcreased flow arise in large

part from arftte changes m the bore of the coro

narybed rebted to the metabolic demands and in

part passively from the increased blood pressure

and modcratelj decreased heart rate The cardiac

oxygen wmsumption « mcressed much more bj

this augmentation of prc‘«ure work than with an

equal increase of volume work following tran«{u

Mon No chrome studies of aortic coarctation have

been made, because, owing to development of

coUateial circuits, the aorta may be first partially

and then completely constricted at the arch with

out penaanent development of b>perfension

proximal to the occlusion In human coarctation
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not much change is reported m coronary fiov. and

o\-jgen uptake, but thi< might be e\pccte<i be

cau'iefNStcmic pressure was onl> eleantod

However, if true, the devaation might lie c\

plained bj the fact that in thc-'O hearts, which are

hj pertrophicd, there are fewer capdhrica per unit

of muscle to cairj the O'lvgen and flow

IIoiLMOVEs A TIvjrmd Tlie m> ocarclmm par

ticipates in the increase in oxv gen consumption

characteristic of all bodj tissues in th} rotoYieosis

This hjpcrmctabolism is accompanied b} an m
crease m coronarj blood flow

,
a decrease m coro

narj vascular resistance,and an increase in o'^gen

consumption per mmule and fx?r beat Since there

IS an increase m oxv gen u«age per boat, cardiac

ovjgen utilization is presumablj related not onl>

to the increase in heart rate but to the general

hjTiermetaljolism of the mj ocanlium as well

B Epinephrine The response of the aj-stemic

and coronarj circulation to intmcoronarj arterj

injection of a mimmal amount of epmephnne is

similar to that indicated for stellate stimulation

Probablj the coronarj changes c in be simiUrlj

explained With do'cs of 0 0002 mg or less,

coronarj flow maj increase wathoul anj clunge

m blood pressure or heart mtc and witli an id

creased coronarj arteriovenous oxj gen diflerencc

^ ith the same or larger doses, as the sj-atenuc

effects of the substance (increased aortic blood

pressure, cardiac output, and changing heart

rate) become evident, the coronarj effects are

exaggerated In those instances in which it has

been tested, norepinephrine affects the coronary

circulation sirmlarlj The circulatory responses

to cigarette smoking, i e ,
increased heart rate,

sj-stermc blood pressure, cardiac work, left

coronary blood flow, oxygen consumption, and
decreased coronarj vascular resistance, parallel

those with epmephnne mjection and arc pre

sumably related to its relea«e

C Acetylcholine This hormone, mtraartcnally,

increases coronary blood flow in the anesthetized

dog If the dose is properlj chosen, this response

m the beating heart occurs without a significant

change in blood pressure or heart rate The in

creased flow respon«e is completely abolished

after atropine This then increases the mean bore

of the coronary vessels, since the flow is elevated

m the presence of a normal or lower central

coronarj blood pressure Its effect on cardiac

metabolism has not been determined and whether

its effect is directly on the intrinsic smooth muscle

of the coronarj vessels or is induced through

metabolic changes of the heart is unknown
D Pttremn Of the hormones used clinically,

Pitressin alone increases coronary resistance to

flow Coronary flow decreases, the reduction oc

cumng throughout the cardiac cj cle m the pres

cnce of an increased central coronary pressure

It IS believed that this drug acts by direct effect

on the coronary artcnolcs, but the possibility of

a reduced metalwlic influence has not licen ruled

out

Nervous influfvces No critical evidence has

been adduced that stimulation of vagal fibers to

the heart causes coronary flow changes not ex

plainablc on some other basis, such as a change m
heart rate However, stimulation of the cardiac

fibers from a stellate ganglion increases mean left

coronan flow as the resultant of a decrease m sys

tolic flow and a large increase m diastolic flow

Concuixentlj
,

left ventncular metabolism, car

diac output, and cardiac work increase while the

systolic and dnstoiic size of the heart decrease

The decreased ratio of pressure to flow indicates

an increased mean coronary bore The major part

of the dilation is explained b> active ciianges m
the coronarj bed resulting from llie release of an

epmephnne like substance which directly cn

hanccs myocardial metabolism This process is

very wasteful because the oxygen uptake is

greatly increased even when cardiac work is not

permitted to nsc The fact that the central

coronarj pressure and heart rate do not neces

sanly change rules them out os a necessary part

of the fiowMjonlrolbng mechanisms About 30

per cent of the flow increase is due to the marked

shortening of systole and lengthemng of diastole

IVhen the heart rate and blood pressure are ele

vated, the systemic and coronary effects are

greatlj accentuated

Reports have appeared suggestmg that coro

naiy flow can be influenced reflesvely and ad

vep=ely by impulses arising in vanous body re

gions, especially the heart lungs, and abdominal

visceni, but the importance of these reports is

doubtful because of the methodology used

Antuia The coronary sj stem participate ac

tivcly in the circulatory adjustments to anemia

For hemoglobin values of 10 grams or more, the

systemic circulation is essentially unaltered, and

the compensation of the coronary sj'stem to the

decreased oxygen carrying capacity is similar to

that with hjTXixia, i e , an increased coronary

flow without change in oxygen uptake When the

hemoglobm values reach 6 to S grams, the re

spouse of the systemic circulation is mamfested

by tachycardia, mcreased cardiac output, cardiac

work, and a fall in peripheral resistance The
eoraoaiy flow may now tnplo, coronary venous

blood may contain leas than 2 volumes per cent

oi^gen, the coronary arteriovenous oi^gcn dif
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ference may be 4 ml or less, and OTjgen uptake

IS coD«idcrably increased The increase in coro-

nary flow IS related m part to the decreased blood

Tiscosity and in larger part to the active dilation

associated with mjocardial hypoxia, which in

turn arises from the low hematocrit and from the

increased metabolism Ultimately, myocardial

failure wiU occur in severe anemia when the coi

onary vessels have approached maximal dilation

and cannot further compensate for the decreased

OX) gen carrjmg capacity of the blood either by
increased flow or by mcreased ox)gen extraction

In the presence of coronary stenosis associated

nith anemia, the effect of coronary arteriolar di

lation in mcreasing coronary flow is minimized by
the high fixed resistance of the stenotic artery,

and m)ocardial depression and failure occur at

lesser degrees of anemia

Valvular lesions Acute elevation of nght

ventricular pressure by puhnonar) arteiy con

atnction initially decreases nght coronary flow, to

be followed quickly by a mamtained increase in

8)stohc, diastohc, and mean flow in the nght

coronary arteiy and, to some extent, in the left

cotonaiy artery Upon release, nght coronary

flow temporanly increases still further Dunog
the sustained response, the 6)8temic blood pres

sure can be fairly well maintained At the same

time the nght ventncular work declines and its

metabolism mcreascs, the former arsing from the

increased pulmonary artery pressure and cardiac

output, the latter from a combination of increased

nght coronary flow and a greater oxygen extrac

tion from the coronary blood The coronarj re

sponse to elevation of left ventncular pressure by

aortic constnction central to the coronary ostia is

similar to that mth pulmonary artery stenosis

In 1x1111 instances, the sustained how increase

indicates a dominant influence of active coronaiy

dilation over the increased mechanical flow in

hibiting effect of mcreasing extravascular com

pression which earlier was dominant These mam
tamed changes in the coronary circulation could

well be the carl) response in the human being to

gradual moderate stenosis of the corresponding

valves

Heart failure The heart shares mth other

l

)

^08 of muscle the characteristic that an op

timum exists be)ond which further stretching

reduces the force of contraction and leads to

m) ocardial failure In acute heart failure with

progressive deterioration of the m)0C8rdiiun

I from pulmonar) alter) stenosis, the changes in

coronar) flow and ox)gen usage per minute and

per beat may be m the same direction as those

desenbed for the nght m)ocardium but of lesser

magmtude If the heart failure is severe enough,

extravascular compression can become dominant
over any active coronary dilation from metabohe
processes, and coronary flow and ox)gen usage

may be normal or decrease, with the oxygen
extraction at times reaching 90 per cent The
cotonaiy circulation in the heart failing with

severe aortic stenosis undergoes sunilar changes

When acute heart failure and chrome congestive

failure simulating the human condition are in

duced by surgical complete heart block, changes

m left coronary flow and ventncular ox)gen

consumption also rather closely parallel altera

tions m the reduced left ventncular work In

chronic left heart failure due to rheumatic, ar

tenosclcrotic, and h)pertensive heart disease, the

coronary circulation apparently responds by a

sbght increase m ox)gcn usage through main

tenance of the left coronaiy flow and an increased

coronary artenovenous oxygen difference This

corresponds with the changes indicated above for

the light heart in one stage of failure Such hearts

have considerable difScuIty in transforming re

leaded energ) into realizable work Studies of the

coronary circulation m bigh-output failure from

excessive transfusion or a chronic aortacaval fis

tula are not available

IItpothersiia. The circulatory and metabohe
adjustments of the heart dunng hypothermia

have been partially explored The associated

changes that occur which tend to reduce the

coronar) flow are a diminution in blood and

murele temperatures, cardiac output, heart rate,

cardiac work, oxygen usage b) the heart an m
creased blood vn«cosity, and a greatly lengthened

penod of ventncular s)'stoIe Opposing these fac

tors are Vhe relaxation ol the major coronary

vessels, which is known to occur with hypo

thernua, and dilation of the coronary bed caused

by the hj'potension per se As a n“sultant of these

determinants, coronary flow is decreased at low

temperature However, the percentage of rcduc

tion in cardiac output is greater than m coronaiy

flow, which results in an increase m the coronary

fraction of cardiac output at temperatures of 25

to 26“C There is little change m penpheral re

sistance m the coronar) bed, whereas in the

systemic bed an increase m penpheral resistance

occurs M)ocardial function appears to bo ado

quate However, many hearts arc apparent!) not

too far from failure, because if total vinous inflow

occlusion (which decreases coronary flow c!o«e

to zero) IS now added to permit open cardiotomy,

mjocardial failure supervenes, as evidtneed b)
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elevation m mean ngbt atnal pn.'ssurc iind post

mortem findings This trend can lie ix.\er®eil bj

perfusion of the coronarj sjstcm with Btnall

volumes of oxjgenatcd blood

Shock Stand inhzeil ohgcmic shock in dogs is

characterized during the hj-potensue phase bj a

decrease in cardiac output, systemic blootl pres

sure, cardiac work, stroke volume, stroke work,

and bj an increase in heart rate and an adequate

central venous pressure Coronarj flow and

coronarj resistance are greatly decreascil Coro

nary flow la generally greater and the resistance

generally less than can be accounted for by a

simple decline in arlenal blood pressure At the

same tune, the oxygen uptake decreases, and the

coronary artenovenoua oxygen difference is

generally unchanged The coronary response to

sustained hypotension through spinal anostliosia

or injection of procaine and Elamon is similar

l^lth restoration to normal systemic blood pres

sure by rcmfusion (intraarterial and intravenous

routes are equally effective), coronary flow is

grefiter and flow resistance ts less than at an
equivalent artcnal blood pressure m the preshock

state, and the augmented flow is mamtauied
after circulatory failure subsequently interrcnes

The fact that early in the hypotensive phase

ventncular end diastohc pressure does not n«c
indicates that the functional capacity of the heart

w adequate for the work performed However,
that myocardial depression or failure is partially

responsible for the hemorrhagic shock syndrome
IS suggested by the fact that at times after pro

longed hypotension there may be evndent cardiac

dilation and elevated left and nght atnal pres

sures with the heart eventually proceeding to

ventncular fibnllation or standstill Gross and

mieroscopic evidence of myocardial injury ap
pears m both reversible and irreversible shock

Such myocardial depression could be caused by
an insufficient coronary flow dunng either the

hypotensive or the posthemorrhagic penods The
high coronary flow dunng the restoration penod

would seem to preclude an inadequate coronary

flow as an adequate explanation Dunng the hy
potensive penod, the actual coronary flow is

greatly curtailed The problem is whether the

associated sizable reduction in coronary resistance

is sufficient to permit enough blood to reach the

myocardium to prevent it from faihng In some
instances, at least, this loss of myocardial con

tractihty is consequent upon an insufficient cor

onary flow, since the relation of atnal pies&ure to

cardiac size can be reversed by increasing nuldly

with a pump left coroiury flow without change

to uthcr the hypotension or blood volume

HyPTRTFSSlVE CAnDIOVAKJCLATl DISEASE An
exception to the general picture of coronary com
pensation to increased sy stcmic stress appearh to

be the response of the chronically hypertensive

heart In essential hypertension with a normal

cardiac output and elevated systemic blood pres

sure, the coronary flow and oxygen consumption

ate unaltered while coronary resistance mcreascs

This increased rcsustance is shared with the renal

and cerebral circulations Since the«e hearts art

gencmlly hypertrophied, total coronary flow and

oxygen usage arc increased This deviation 13

explainable if it is assumed tiiat such hearts watli

known coronary artery disease have an increased

amount of perfused fibrotic tissue

Correct values for left coronary flow and mvo
cardial oxygen consumption dunng natural

maxima! stress, such as exercise, are not available

because of technical difficulties of mstrumenta

tion and application Ilonevcr, the data suggest

tliat with a normal licraatocnt and normal

artcnal oxygen content, maximal work is deter

mined by factors nitlun the muscle and not by

lunitatioa of coronary flow and oxygen supply

Is there one over-a}) unifying mechanism con

trolling coronary flow? Is there a Bimjlar raech

onism rontroDiog the oxygen usage of the myo
cirdjum? The answer has been sought for many
years From the preceding discussion, it is ap

parent that when the primary change in stress

IS an increased heart rite, increased venous re

turn (whole blood tnnsfusion) increased cardiac

work, aortic coarctation (moderate), thyTotoxi

costs, cardiac action of fibers from the sympa
thetic nervres, intrav enous injection of epmephnne

or norepinephrine, sev ere anemia or anoxia, there

IS an increase in cardiac w ork and cardiac oxygen

usage Concurrently, coronary flow mcreascs

while coronary vascular resistance decreases In

situations of pnmary decrease m stress such as

hemorrhagic hypotension, hypothermia, and ex

treme heart failure, the cardiac work and oxygen

consumption decrease as does the coronary inflow

Ad exception to this general picture of coronary

compensation to changing stress is that 0/ com
plete aortic coarctation which may be tbarac

tenzed by a reduction in the output and work of

the heart but an increased left coronary flow and

o'^gen usage A second exception is that of

chronic hypertension m which the cardiac work

is increased, but cardiac output, oxygen usage

and left coronary flow are unaltered while coro

nary resistance to flow increases Thus in most
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instances, coronarj flow follows a pnmarj change

in cardiac stress However, correlation of coronary

flo« IS best with Oj u&ige This relationship is

under«tandable since the oxjgen consumption la

den\ ed from the product of the coronary flow and
the coronary arteno\enous oxjgen difference

Normallj, most owgen is removed from the

coronarj blood and the Iciicl of coronarj smm
oxjgen IS usually fairly constant under stress, i e

,

It does not cliange more than 10 to 15 per cent

In those instances in which the coronary arleno

%enous oxjgcn difference increases or decreases

by this amount, it docs not greatly affect the

relation of coronarj flon to oxjgen usage since

the change is very small relatire to the magm
tude of the coronary flow change

No final answer has been obtained as to the

control of coronary flon It has been %anously

related to the oxjgen tension of the arterial

blood, oxygen tension within the mjocardium,

and the action of local metabolites or vasodilat

ing substances Ultimately, at the cellular level,

presumably, it is related to the rate of reduction

of cytochrome oadasc and the needs of the hj

drogon transport sjstem

It nould be expected that the oxjgen consump

tion dunng sjstole when ventneubr muscle is

shortening and developing tension, nould depend

m some nay on the dynamic adaptation of the

%entnele to its work The presence of some such

correbtion was first illustrated by the expen

ments of Evans and Matsuoka, and of Starling

and ^ i«scher, indicating in the i«obted heart a

linear rebtion between diastolic volume and ox>

gen usage More recently, it has been found that

oxjgen usage correbtes best with the total ten

Sion developed by the left ventncle

Most of the information thus far considered is

ba'sed upon observations in the open-chest dog

It is not known to what extent it applies to nor

mal situations since it has been obtained under

conditions far removed from normal as the result

of insults from ane«thesi3, surgerj and trauma

It IS true that semiquantitativx! values for coro

narj flow and oxjgcn usage are avaibble in the

resting liuman and dog No information exists,

however, in normal humans and ammals as to the

regubtion of the coronarj circubtion exposed to

the stresses of everj dav life such as exerci«e and

excitement

A start IS being made m alleviating this situa

s tion Successful direct measurements of coronary
^

flow have been made in norrcml unanesthctized

dogs bj applJ^ng chromcallj an appropriate

electromagnetic flow meter (a somewhat modified

Kohn tj-pc) dircctlj to the circumflex branch of

the left coronary arterj \lthough this gives

correct flow values, very often it causes throm

bosis within a fen dajs because of the violent

heart action To remove the probe to a quiet area

it 13 applied to the left internal mammaij artery

just above the site of its chrome anastomosis to

the peripheral end of the left circumflex coronary

arterj (sec section on coronary artery colbtcrals

in this chapter) Illustrated in figure 24 6 are the

changes in phasic and mean coronaij flon in such

a dog 15 months after construction of the anas

tomosis and 7 neeks after jmpbntation of the

electromagnetic flow meter probe First, he stood

on a treadmill then ran for 3 minutes at 12 miles

per hour at a 5 per cent grade, and finallj , he

stood at rest Although not measured the blood

pressure and cardiac output obviously rose in

this dog as thej have m other dogs A pube
pressure pattern has been sketched in for onenta

tion purposes The control flow is 46 cc per mm
ute, with moat of this occurring during diastole

Within 15 to 20 seconds after the onset of ever

CISC, the changes m the coronarj flon response are

complete and do not change further dunng the

3 minute penod of cxcrcb.e The changes include

an increase in heart rate from 80 to 220 per mm
ute, a reduction in duration of both sjstole and
diastole per beat, an increase in mean flow from

46 to 111 cc per minute, as the result of a brge

reduction in sjstolic flow and an merea«c m
diastolic flow per beat, and accentuation of back

flow dunng ej stole Calculation shows that the

flow per heart beat is midllj decreased and

hence, the mean flow mcrea«e is cntirclj on the

basis of the increase m heart rate Mithm 5

seconds after sudden stoppage of the treadmill

the patterns and flow haie started to revert

toward normal, the return to normal i-, completed

withm about 7 minutes The last record was taken

60 that a comparison could be made between the

maximum diastolic rate of flow dunng exercise

and that during reactive hj-peremia It was taken

shortlj after the 7 minute recovery penod and

immediatelj following a 5 second occlusion bj a

pneumatic cuff of the coronarj arterj in which

flow was being measured De«pite the slower

heart rote, maximum dia«to1ic flow dunng reac

tive hj’peremia is about the same as that dunng

exera-e Tins coronarj flow response to exercise

shown 13 not that which one observes when the

workload of the heart is increased bj transfusion

or elevation of aortic pressure bj aortic coastnc

tion It does, howev cr, resemble a combination of

the effects resulting from a mccliamcal increase m
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Fia 24 0 Response ol the unaneathetized, intact dog to excm*e Curve* are redrawn from the
original exponment Phasic flow curves obtained with an electromngnctic flow meter monitoring an
internal mamroary circumflex coronary aoasloniotlc shunt Upper eurre, aortic pressure Lover turret
phasic circumflex coronary flow (Qregg, D E unpublished d ita)

heart nte b> means of an artificial pacemaker sire of infarcts, c\erei«c tolerance, and finally,

and from the augmentation of cardiac contmc* on the injectable and functional collaterals m the

tility resulting from stimulation of the cardiac presence of coronarj occlusion or insufficiencj

fibers from the left stellate ganglion or following All arc difficult to evaluate because of the con
the intracoroaaiy injection of epinepbnae or eidcrable lanability of the size of the naturally

lexartereno] The ultimate interpretation remains occumng collateral circulation

to be detennmed The measurement which is most important,

least subject to error, and wluch has jielded most
Tile Coronarj Artery Collateral CircuIaUon jjjonnaUon. » that of the collateral flow Thi:, is

The state of the human heart in the presence determined by collecting the xolumc of blood

of naturally occumng coronary insufficiency or that flows extemaltj from a tube inserted into

occlusion, or the state of the dog's heart m which the penpheral end of an occluded coronary artery

coronarj insufficiency has been experimentally This is done acutelj m the open-chest dog before,

induced, can be improved by augmentation of and sometime after, a lanable has been chron-

the coronary artery collateral circulation which icallj induced to improie collateral flow Tins is

naturally functions, by retrograde perfusion of collateral flow before it passes through a capillary

the ischemic coronary bed with artcnal blood, or bed Collateral flow can also be measured after it

by elevation of the ventncular fibnllation thresh has passed through a capillary bed and has ap

old, thus giinng tune for collaterals to develop peared m the coronarj sinus This can be done

In addition, m man, positive and subjective when extracardiac tissue with a i-ascular stalk

benefit could anse through psjchogenic effects has been previously placed on the heart to stimu-

which are not necessarily related to the heart late cdlateral development The coronary sinus

Information on the coronaiy collateral mrcuU flow is measured before and after clamping the

tion is no better than the method used to obtain potential extracardiac source of collateral blood

it and experimental tools for study of the col The difference in flow represents that which has

lateral circubtion are admittedly crude These traversed the capiHarj bed

areconcemed with measuiemenfs of the effects of Natural response of the corovart col-

lanous prophylactic and posteoronary occhisron lateral cibcclation The natural responses of

procedures on the electrocardiogram, mortahty, the coronaiy system during expenmental core
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nary artery constriction and occlusion, and vhich
presumably are also happening m the heart of

man, ha\e been studied extensively ^Vithm 1

minute after occlusion of a left coronary artery

branch, the intracoronary pressure beyond this

pomt drops to about mm Hg and useful

function IS lost, for the muscle now lengthens dur
ing Bjstole of the left ventncle T\Ticn, however,

the peripheral end of this ligated coronarj arteiy

IS permitted to bleed externally, collateral arterial

blood appears immediately, averaging about 30
ml per minute for about 50 grams of potentially

infarcted m>ocardium Probablj not more than

2 4 ml of this blood (containmg 0 5 ml of oxy

gen) would perfuse the myocardial bed if the

collateral flow were not permitted to bleed ex

tcmally This is because of the peripheral resist

ance existing beyond the point of occlusion and

averaging 23 mm Ilg This level of collateral

flow and ox>gcn content is estimated to be up to

40 per cent of that calculated as necessary to

mamtain indefinitely the viability of this mjo
cardium, since the oxjgen uptake of 50 grams of a

heart with perfused coronarj artenes at rest and

doing no external work approximates 12 ml as

compared to the immediately available collateral

oxygen supplj of 0 5 ml

Ilcncei it IS important to try to increase tm

mcdiatelj tins collateral flow or backflow The

level of backflow does not naturally increase and

RETROGRADE FLOW cc/fiiin

Fio 34 7 Relation of retrograde coronary flow

to mean arterial perfusion pressure in dogs (Kat

tus and Gregg Circulation Res , 1959, 7, 628)

cannot be made to mcrease for 8 to 10 hours bj’

drugs or by any known phj-«iological means such

as mcrcased heart rate, increased flow m the

other coronary arteries, induction of bj’poxia or

hypoxemia m the other coronary artenes It can,

however, be mcreased by passive elevation of

arterial blood pressure (fig 247) Why the col

lateral flow remains fixed, why the anastomoses

function as a set of inert tubes and why they do
not participate in the vasodilatorj response of

the normal coronary bed is not known It con

trasts with the rapid development of collaterals

w other vascular beds such as the femoral and

carotid artenes

This retrograde flow can be greatly reduced by

at least two conditions, namely, by excessive

stretch of the myocardium and by the presence

of reactive hyperemia in the other coronary

artenal branches One suspects that the reason

for the decreased collateral flow m an occluded

coronary artery branch while reactive hyperemia

exists m the other coronanes is also the excessive

stretch of the normal myocardium Thus, the

improvcmcBt that occurs m the human heart

with drugs such as Xco-Syncpbnne m the pres

once of coronary insufficiency and mfarction

arises because of a good dynamic re«potise in the

normal but over-stretched myocardium This

would increase the collateral flow by increasing

the coronary perfusion pressure and by making a

smaller heart

Most hearts with an occluded coronary artery

branch die within a number of hours Others arc

more fortunate collateral wise for if they survive

the first few hours then, for some completely

unknown reason, within 12 hours collateral flow

starts to nse, doubling within 2 days and within

3 to 4 weeks it may approximate 40 to 100 per

cent of normal inflow into that coronary artery

At the same time the peripheral coronary pres

sure pulse beyond the point of Lgation of the

coronaty artery branch may approximate in pat

tern and ordinate values the aortic prc«sure pat

tern simultaneously recorded

These are the ordinary hearts In other hearts,

stres*^, some known but mostly unknown, pro

phylacticallj enhance the potentual collateral cir

dilation without the stimulus of coronary in

sufficiency or occlusion (Table 24 2) Tliesc art

exemplified in man by the mcrca^e m the mci

dcnce of the injectable coUateral bed in the prc«

ence of hypertrophy, valvailar disea«e, cor pul

monale, and anemia, and probably high altitude

This 13 exemplified m ammals by an incria=.c in

both the injectable and functional collaterals in
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TABLE 2i 2

Prophi/laciie auffmentaiion oj toronarp artery eollaierola hy natural elimuU

I

Known Btimuli

Man ' None
’

1

—
Hypertrophy 26 -
Valvular disease ZS —
Cor pulmonale 73 -

1

Anemia 39 —
i Coronary constriction 11 > 63 -
Coronary oeclualon 90 - 100 —
High altitude (man & pig) y

Pig Anemia too —
Dog Transfused anemia 9 art.

Dog Mild coronary constriction

and exercise

j

3 art

the presence of lugh aitjtudc and traasfused

anemia ^o good expenmcntal cndencc exists to

indicate that physical exercise per ee augments

pTophvlacticallj the collateral floir as measured

m a normal coronary arterj immediatelj afterits

occlusion E\en wth a combination of moderate

coTonary artcr} constnction and cxcrase, the

rctrognde flow docs not increase

Dnuos yEnscs conovany coilateral rtevc

TiON Since the \ascular bed beyond an occluded

coronarj arterj is presumably maxiraally dilated

bj anoxia, it is unlikely that a drug could unproi ft

a heart by immediateh increasing flow to this

area Actually, the best experimental evjdentc

oBers no support for the belief that any drug

penetrates the connecting collaterals or exerts any
beneficial influence in the ischenuc bed It has

not been possible to increase the flow of blood

mto this ischemic area inthm a short tune after

coronary artery occlusion or to retain myocardial

«hortemng by the use of drugs that are known to

dilate the normal coronary bed, such as papax

erme, nitroglycerine, epinephrine, aminophyl

line, coramin, and khellin In chronic experiments,

cortisone and ACTH do not promote collateral

flow or reduce the sue of infarcts The hypothesis

that coronary occlusion rcflcxii'cly decreases flow

ID the nonoccluded coronary artery to a fatal

lex el, It IS not borne out by the espcnmental fact

that flon m the ronoccludcd coronary artery

generally n«es mth coronary artery ligation The

alleged favorable effect on survival of prophylac

tic and therapeutic drugs, such nspapaxenne and

qvundme, is better eVTilamed by their knoin)

action ui raising tlio fibrillation threshold and in

reducing the excitabibtj of the myocardium

NatOIHL response of the AOPJI-in BUT OVER

STBESSED PoRTio'i OF THE mocARDiuxt Smce the

collateral flow docs not mercTSe for =onie hours,

any early natural compensation must occur, not

by unprovement of the circulation in the affected

area, but through enhanced action of the normal

myocardium which is not involved Deletion of

contracting muscle blocks following coronary

artery occlusion not only reduces the total rayo

cardial force available for raismg intraventricular

tension, but some of this pressure is spent m
stretching the icchemic area and thus is lost for

expelling blood mto the aorta The immediate

consequences of this which lead to a hyTioefynamic

ventnele are a reduction m left ventncular svs

tolie pre<?sure, aortic piiLe pressure, systolic and

diastolic pressures, duration of systole, and in

stroke volume and stroke work In this situation
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left coronaiy inflow decreases considerably be
cause of the mechanical reduction in size of the

penpheral %ascubr bed Honever, mthin a few
minutes, the normal portion of the heart puts into

operation compensatory mechanisms by means
of which djTiamic conditions are lai^ly restored

to normal, provided the normal myocardium is

in a good responsive condition Bnefly, as the

result of the lesser expulsion of blood mth hypo
dynamic beats, the accumulating systohc re

mainder added to the oncoming blood stretches

the viable muscle more and rai'es the ventncular

end diastolic pressure or left atnal pressure This

combination of increased pressure in and m
creased radius of the ventncular cavity, causes

the normal mu'cle to contract more vigorously,

thereby restonng normal hemodyiiamics In this

situation of increased cardiac work per unit of

functioning myocardium, coronary flow, arteno

venous oxygen difference, and metabolism of the

left vcntncle increase The increase in oiq^gen

uptake IS equal to, and at times can be much
more than that lost by the deletion of noncon

tractile mu«cle

However, not all hearts react as well because

the viable portion of the myocardium may not

respond to stretch, or the same lack of respoase

may occur later after an initnl salutary response

This has been especially studied when the coro

nary obstruction has been induced by totni

coronary injection of micitwphercs This leads to

acute or progresuve heart failure as«ociated with

a profound hypotension vnth a decreased cardiac

output, and the cliiucal signs and eymptonisof

a ohocklike state similar to that which occurs

following the lo«s of blood or plasma The clinical

infcrtncc that this is due to the supervention of

penpheral arculatory failure has not received

heavy expenraental support On the contrary,

evpenmenta! work favore the vnew that in this

situation, circulatory failure not due to severe

irccgulanty of the heart beat is due, successively,

to defection of useful contractions in the ischemic

area, a loss of contractile energy through expan

Sion of the affected area, and failure of the still

VTabIc fractions to compensate adequately

EFTECTS of DRLGS VND KS EXmveORPOBEAt

CIRCULATIQV IV THE PRESEVCE OF ilTOCAIlOIAL

iNTARCTiov WITH SHOCK SiDcc protractcd hypo

tcn'^ion can, at tunes, lead to myocardial damage

and failure, and since expenmentally , the coro

nary collateral flow VTines passively with the

temic blood pressure, attempts have been made
to improve such hearts evpcnmentally and chni

cally by drugs and a veno arterial perfusion

The state of the heavily stressed normal myo
cardium could be improv ed with drugs either by

increasing its oxygen supply or by usmg the

available oxygen more economically The major
mechanism for increasing the oxygen «upply is by

mcreosed coronary flow since, normally, the oxy

gen IS largely extracted from blood passing

through the myocardium The drugs would have

to promote coronary flow in the heavily loaded

normal myocardium in which oxygen usage

coronary flow and coronary A VO2 difference are

already at a high level IMiether any drug has

the desired type of dilation (active myocardial

vessel relaxation, decreased extravascular com
pression, minimal increase in metabolism and
cardiac work, nummal effect on other vascubr

beds), and whether it also increases ventricular

efficiency, rcinams to be iletermincd In the

normal dog, drugs such as papaverine, lutro

glycerine, epinephrine, aminophyUine, coramme,

the ade&osme nucleotides, and khelhn augment

the myocardial oxygen supply
,
but generally at a

considerable expense to the heart, through de

creased coronary sinus oxygen (wvth mtroglyc

enne coronary sinus oxygen is increased), and
increased cardiac work and metabolism In nor

Dial man, sublingual nitroglycerine leads to an
increased myocardial oxygen usage (increased

coronary flow and constant coronary A VO* dif

ference), with little or no change in cardiac out

put and cardiac work, and with a decreased effi

ciency In patients at rest with coronary urterv

disease, coronary flow is normal Following mtro

glycerine, coronary flow and oxygen usage are

unchanged, but systemic blood pressure, cardiac

work and cardiac output are reduced, hence,

coronary resistance is not changed, while effi

ciency IS decreased It would thus seem that the

dilator capacity of the coronary tree with coro

nary artery disease is exhausted The mecliani^m

whereby nitroglycerm relieves pain is not that of

general coronary dilation and is unknown

The incidence of cardiogenic shock compheat

ing acute myocardial infarction has been reporteil

as 12 per cent Mortality associated with this

complication may be in excels of 80 per cent

Vasopressor drugs have been widely employed m
this situation The improvement that occurs in

the liumaa heart with drugs such as ncosvneph

nne,m the presence of coronary insuffieiiney and

infarction, arises because of a good dvnamic R
sponsc m the normal but overstretched myo

oirdiuia This presumably augments the coronary

collateral flow by increasing the coronary per

fusion pressure and by making the heart “mailer
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AUhougU llic ue* of \"asopa‘KS)r agents mlucrs

mortality m mjocardiil infarttJon with "hock, at

hast liall fail to rc«i)ond In such patients, extra

corporeal circuLatorj support is being tnetl

whereby blood is pumped from a convenient vein

to an arterj The major objective is to produce a

su-slained increase in aortic pressure and, hence,

an increase m coronarj, cerebral, and other im

portant regional cireulations, and jet without an

increase m left ventncuLir work that might cause

further t srehac detcnoration Conclusiv c evidence

of the benefit of this procedure has not vet been

obtained

VrTEMPTS TO IMPnOVTl COnONAnV COLLATEnXL

CJRC0I-.VTION The state of "uch hearts can be

improveii considerablj bj vatious plij-siological

and surgical procedurea The pnneiples of the

procedures \i«ed together with the surgical manip

ulations arc portraj ed (Table 24 3) TliC'C include

section of the cartkac sjmpathctic nerves, indue

tion of mjocardial hnioxia bj various mampula

tiODs of the coronary venous «j stern production

of chronic epicardial granuloma bj rocchanicat

and chemical means, application of extncardiac

tissue to the heart, internal mamiuan artery

ligation, sham operations, coronary endartcrec

tomj and coronary artery bypa<s

A Antrnafa Many of thc=c procedures in the

rapenmental animal arc of positive benefit to the

heart and give immediate or sustained protection

against subsequent ligation of a major coronary

artery ramus This is iHustratcd in the data ob

tamed in many laboratones (Table 24 4) Liga

tion of a major mmus of the left coron-iiy artery

causes about a 70 per cent mortality mthm tlie

first 1 to 2 hours, and chronically there is con

giderable infarction \^'hln partial or complete

occlusion of the coronary «mus prtcedes coronary

arfciy bgation, or when a portion of the coronary

beil IS perfused in retrograde fashion by connect

ing the coronarv smus to an arten , the immediate

mortality is reduced considcrablv W ith the ex

ccption of section of cardiac sympathetic fibers

and internal mammary artery ligation, all other

procedures listed—chrome coronary venous

maneuvers, application of various chemical and

mcchamcal irntants, separately or m combina

tion, and application of cxtracardiac tissue to the

heart load to a significant reduction m mortality

and infarction There is an increase in the inject

able and functional collaterals with the chronic

coronary venous maneuv’ers and with the apph

cation of mcchamcal and chemical imtants to the

heart The level of collateral flow, 5 to 12 cc la

T\BLE 24 3

Pfoc<dt<r<* /or improttn^ coronary /unction (nian and onmol)

Xppixiaoiss TJ.so,

mggmggm
XlyocArdial hypoxia

Chiotue pefic&rdsaV (rxautoms
via tnecliaucal and cbemlcal
meaflf

Applies II OB rxii» cardiac liaaue

(0 tb« heart

iguniiigii

IHBICoronary by pais and endartereclonip



338 dSCDLATlOJr tSeclton II

TABZ.E 21 4

Phytiolost^al effeeis of pritphytactte proeedaTe$ on coronarj/ collaterals (dog)

Directional atroMs merely iixdicate direction, not maemtude, i e ,
—» oo change, y* increase or

\ decrease

I

Acute ramut
i-T-raT'ta1 Paraialanca

UPT.HHfl Infarction
:mii

None 70 IBMlOil
Chronic None 70 Croat iCH
Chronic Section csrdiee eympatbetic flbrei —a.

Acute {Coe fimit cOfletrlction or ligation)

(AorU'caronerv «lnu« (hunt) i'Rl
Chronic (Cox iinue eonetrlction or Ueetion) j

1

1 (AoTU-coronarv elno* XlZ art ytt

1

Talc aibeitoe mechanical nbr^elon
! X SO art

mica yhenol iilver citrate etc

|

Xinui reduced to 3mm (al-fieck 1

1

Sart

Chronic Extracardiac tiasua mvacU lung

ictaatica omantum pedicla akin
\

Z act

flan internal mammarY iftetY

Cbreaie ligaWoa tniarnal mammarr hrt<ry
1

S art -

Cbrenle Sham eparatioD Tart -

Chronic cor bY'pata and coronary
Ddartcrectoeny - - - - -

itiOTt instances, coasiderably exceeds the control

flow of 3 cc with acute artcrj ligation alone, and

approximates that necessary to mamtsm viaVnhty

in the potcritially mfarcted area Thene is as jet

no e\idence that the protection of the heart af

forded by artenaluation” of the coronary sinus

arises Irotn passage of blood wtrogradely from

\ein to capillary Such a procedure reduces left

coronary inflow, hence, it is more htely that the

benefit anscs from the increased cdHaleial flow

which IS associated with the induced mjocardjal

hjTDOxia In general, the o^er all protection to the

heart by the various procedures is probably on a

collateral flow basis, but since sham operations

inioUing manipulation of the heart aI<5o increase

collateral flow, the possibility must be entertained

that there maj be no specific eflcct of some of the

maneuvers, they may act by raising the ventneu

Inr fibrillation threshold, thus giving time for

collaterals to develop

In some procedures that applv extracardiac

tissue to the heart, such as a pedicle skin flap,

internal maminaTy artery ligation nr its myo
cardial implantation, the collateral flem does not

incrca«e Tliesc studies, howci'cr, are incomphte

Further work should be done to detenmne, m
addition to Ihe usual arterial collateral flow meas

urements, whether blood brought tn by the extra

cardiac tissue actually flows through the capillary

bed of the myocardium in the presence of chronic

as well as acute coronary occlusion If it docs,

then it should be possible to demonstrate its

presence in the coronaiy sinus flow Preliminary

expenments indicate, however, that damping of

the extracardiac source o! a myocardiaUy no

bedded artery, pedicle skin flap, etc ,
does not

usually affect coronary sinUS flow

B Man All of the procedures listed in Table

24 3, designed to promote collateral development,

mcluding the sham operation, have been applied

to the heart ofman suffering from coronary arton

disease AU appear to mcrei^ to some extent the

work and exercise tolerance and to decrease the

cardiac pain These observations are not neccs

santy explained on the same basis of the improve

mentm the collateral circulation of the dog which

follows such procedures This is because in the

dog, Burgery precedes coronary srteiy hgation,

whereas in the human, =urgery follows coronary

artery occlusion Surgery lo the dog ts dcaigncd
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to promote coUatcnIs m the presence of a normal

coronarj circulation Surgery m the human la

dc«igned to promote collatenl circulation alter

the coronarj insufficicnci has been naturally

established In man, hv’poxia, the greatest knorm
lessel dibtor, and a natural stimulus to collateral

derelopment, has alreadj been working formany
months To be efftcti\-e, the surgical procedure

must supplj a stimulus to collateral de\elopmcni

far more potent than hjpo'cia This has ne\er

been demonstrated in animals m which coronary

insufficienej has prenoudi been induced

The explanation of the results m roan arc not

clear Undoubtedlj
,
some subjects are protected

and L\e longer bccau«c of the known expen

iKVfvTir.’ M\? Avirr^ <riTihftnnfs AV?

\'entncular fibrillation threshold Some maj In*

improwd bj procedures "uch as de-cpicardializa

tion which could obliterate the afferent pathwaja

for pain nowe\cr, results of the slum operation

of LiUchei, Adams and of others, ms olsing onlj n
skin incision, stronglj suggest that much of the

po^itisc benefit n on a psjchogcnic basis

Coronary cndartcrectom}
,
which lias been op

pbed to roan, is on a «ouad phj'siological basis,

and its purpose is eatirelj different from the pro

ceding The suigcon directlj re-cstablishcs coro

narj flow through the original coronarj artery

by removing its atherosclerotic plug It docs not

reqmre collateral de^clopmcnt and «hou!d be
effecln'E provided there exists a gross coronary

insufficiency of blood bejond the obstruction,

proMded the sessel remains patent and thrombi

do not form, and prodded there are no sizeable

atherosclerotic lesions bejond the region of tbiv

occluded coronary arter) Although initial opera

tions were apparentlj faiorable to the patients,

relieving their angina, improrng their electro

cardiograms and work tolerance, a later report is

not 80 sanguine Many more operations will haM;
to be done to estabhsb the possible merit of this

procedure m humans
Finallj, bypass of a length of an occlude^

coronary artery by anstomo^is of its penphcral

patent end to a sy’stemic artery has not yet been

attempted m man In dogs, a nonsuture anasto

mo<»is by intima to mtuns contact between th®

left coronary artery and the left internal mam
mary artery has been highly successful In almost

all of the dogs, the anastomoses have been dem
onstrated to be patent and without myocardial

infarction, as e%ndciiced by gross obsenation,

angiography
,
and measurement of coronary blood

flow through the anastomosis up to the tunc of

abg saenffee to ‘li months ai'fer operation/

Since such an operation is almost always success

ful and without sequelae in the dog in which the

anastomosed \esscl3 are only 2 to 2 S mm diame

ter, there should be no difficulty at all m the

human heart in which the coronary artery

branches ha\e n much greater diameter This

procedure could, therefore, have a very practical

application in the creation of a permanent new
blood supply m the pre«cnce of coronary artery

disease in roan

There is, however, a probable late complication

to successful coronarj endarterectomy or coro

nary bypa«s m man which must not be over

looked In the presence of such a large new blood

EUpplv, the existing collateral Cow might disap

pezr 2! eadthercatofUQ <3<xlas{<ja sub<e<iacatij

occurs, the patient would be in difficulties be

cause he had lost his collaterals

Summary

From the preceding, it would appear that m the

normal heart a moderate collateral crrculation

exists which functions immediately following a

coronary artery occlusion Different prophylactic

procedures are successful cxpenmcntally m pre

serving hfe cither by compensatmg for a deficit

ID the supply of collateral oxygen or by prevent

mg ventricular fibnllation This protection

against occlusion of a coronary artery may be

a«{!ociated with a collateral development on the

arterial side of the order of magnitude of that

e<sential for viability Human coronarj surgery

which follows coronary insufficiency has no

counterpart in animal experiments and these

human coronary e-xpemnents cannot as yet be

interpreted on a physiological basis
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SPECIAL FEATURES OF THE CIRCULATION IN DIFFERENT
REGIONS. BRAIN, SKELETAL MUSCLE, SKIN.

Tlic Cerebral Circulation

TLe rprebral cirrulation has been investigated

e.Nten«i\eU in vanous experimental ammala m
the post The traumatic procedures nctessar> for

obtaining blood flow measurements, however,

prohibited the stmlj of the circulation in the

human brain This became possible onlj since

the introduction, rccentlj
, of a method permitting

tndirect measurement of cerebral blood flow in

unancsthctizcd liuman subjects

The nitrous oxide method (Ket> and Schmidt,

1948) is based on the Fich pnnciple (see ch 18)

The subject breathes a gas mixture containing

15 per cent N-O, while blood samples are obtamed
from a peripheral arterj and from the mtcmal
jugular vein (representing mixed cerebral venous
blood) Orebral blood flow per unit weight of

brain maj be calculated from the artens! and
V enous gas concentrations and the partition cocfli

went for nitrous oxide between brain and blood

Results are usuallj expressed as milliliters of

blood per 100 grams of brain per minute, in rest

mg, normal joung men the mean value is 54 ml
Assuming a weight of 1400 grams for the brain,

total cerebral blood flow is about 750 ml per

minute

In experimental animals, where it is possible

to check the results obtamed by this method
against direct cerebral blood flow measurements,
there is good agreement between the two Con
sideration of the cerebral circulation here will be
hmited to mfonuation derived from studies in

man
Cerebral blood flow is determined by two

opposing sets of forces the effective perfusion

pres.sure and cerebral vascular resistance (see

fig 25 1) Effective perfusion pressure is the

gradient between arterial blood pressure and
internal jugular venous pre«sure, cerebral vascu
lar resistance is defined here as the Bum of all

factors opposing the flow of blood through the

brain, such aa intracranial pressure, blood viscos

it> and vascular diameter

Internal jugular venous pressure for all praeti

cal purposes is ncghgible as comparwl to arterial

pressure Even the obstruction of the vcm by

means of a tourniquet pfaced on the neck, pro

ducing pressures up to 300 mm of water, has

no effect on cerebral blood flow (Mojer and

associates, 19543) Thus, arterial blood preseure

IS the sole important determinant of the dnnng
force of blood flow across the brain

The relation of arterial blood pressure to

cerebral blood flow is determined by the level of

the blood pressure itself A lowenng of the mean

nrtcnal pressure to a level of about 60 to 70 mm
Hg by means of high spinal anestheeia, paroly zing

most of the sjTnpalhetic vasoconstrictor nenea

has no effect on cerebral blood flow, which re

mams constant (Klemerman and associates

1953) Tins indicates a compensatory lowenng

of vascular resistance m the bnin («ee below)

Similarly, an elevation of blood pressure is with

out effect on blood flow due to a secondary m
crease in resistance (Moyer and associates,

1954b) TJus autoregulation of the cerebral circu

lation becomes jneffectne, however, when mean
blood pressure falls below 60 mm Hg In this

hypotensive range, a lowenng of blood pressure

resultsm a reduction of blood flow Initially, this

IS compensated for by increased oxy gen extraction

by the tissues, but at mean pressure levels of

about 50 mm Hg, when cerebral blood flow is

reduced to about 30 ml per 100 grams of tissue

per minute, signs of cerebral ischemia appear

(Flnnerty and associates, 1954) Conveisely

taismg the blood pressure under these conditions

mcrcases blood flow, unlike m the normotcnsive

range

As seen in figure 251, several extravascular

factora contribute to “cerebral vascular resist-

ance ’ Intracranial pressure, exerted upon the

freely collapsible capiUanes of tlie bram is a force

opposing the flow of blood Any increase m this

pressure^ resulting from an esgiansion of the con

tents of the ngid cranial box (such as a bram
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Fig 25 1 Factors determining the cerebral
blood flow CBF, cerebral blood flow, AlABP,
mean arterial blood pressure, ijp, internal jugular
venous pressure, CVR, cerebral vascular resist
ance (From Kety S S

, m Circulation, Proceed
mgs of Harvey Tercentenary Congress, p 329,

tumor) delates cerebral vascular resistance in a
direct, linear manner (Kety and associates, 1948)

In spite of this, cerebral blood flow does not

dimmish until intracranial pressure reaches very

high levels (about 450 mm of water) 'nteroamte

nance of normal flow is due to an increase of

8} stemic blood pressure brought about by penph
eral vasoconstriction It has been suggest^ that

the stimulus for the latter is ischemia of the

medullsfy vasomotor center

Viscosity of the blood increases resistance to

flow in polycythemia cerebral blood flow is con

Biderably reduced, it is restored to normal levels

after correcting the increased viscosity by
phlebotomies (Nelson and Fasekas, 1956) In

anemia, on the other hand, cerebral blood flow

IS increased m proportion to the decreased red

cell mass, transfusion produces a return to normal

flow (Robin and Gardner, 1953)

The most important component of cerebral

vascular resistance is the diameter of the cerebral

blood vessels Their adjustment is responsible

for the remarkable constancy of blood flow over

a wide range of perfusion pressures, discussed

abov e The exact mecharusm of vasomotor regula

tion in the brain is not known Although the

cerebral vessels are supplied by sympathetic

fibers, there is no evidence to show that they are

phj Biologically active m man Bilateral blocking

of the stellate ganglia fails to produce any change

in cerebral vascular resistance or blood flow,

contrary to what might be expected if these

nerves were normally contnbuting to themamte
nance of cerebral vascular tone

In contrast to this is the marked sensitivity

exhibited by the cerebral vasculature to chaises

in artcnal concentration of carbon dioxide and

oxygen Carbon dioxide is the most powerful

cerebral vasodilator known Inhalation of a gas

mixture contaimng 5 or 7 per cent CO* ,
which

raises artenal pCOj by 9 irim Hg, causes a 75
per cent increase m cerebral blood flow Systemic
blood pressure rises without any change in cardiac

output, indicating a peripheral vasoconstrictor

effect, but cerebral vascular resistance falls, show
mg the specific vasodilator action of carbon
diojade on the cerebral vessels (Kety and Sch
midt, 1948) Hyperventilation, which lowers

artenal pCO* ,
reduces cerebral blood flow

Hiese effects of carbon dioxide are not related

to associated changes in hydrogen ion concentra

tion Intravenous infusion of sodium bicarbonate,

which produces an increase of the total carbon

dioxide content of the blood and a systemic

alkalosis, has the same qualitative effect on cere

bral vascular resistance as inhalation of 5 per

cent COj, which also raises total blood carbon

dioxide but results m acidosis Conversely, an
infusion of NH«C1 duplicates the cerebral effects

of hyperventilation both procedures reduce the

total carbon dioxide content of the blood, but
the accompanying pH changes are m the opposite

directions (Schievc and Wilson 1953)

The vasodilator effect of carbon dioxide is a

threshold phenomenon No change in cerebral

vascular resistance is detectable for artenal pCO*
increases of up to 4 5 nun Hg, beyond this point

there is progressive vasodilation with further

artenal pCO* increments (Patterson and asso

mates, 1935)

In view of the pronounced cerebral vasomotor

activity of carbon dioxide on the one hand, and
the absence of any demonstrable neurogenic con

trol on the other, it is logical to postulate that

cerebral blood flow is regulated, at least m part,

by local carbon dioxide concentrations It was

calculated that a reduction m blood flow of about

30 per cent would be required for capillary carbon

dioxide tension to reach the average vasodilator

threshold level of 4 5 In all likelihood, however

a reduction of this magnitude is not necessary,

smee under physiological conditions any increase

m carbon dioxide concentration would be accom

panied by hypoxia (see below)

The cerebral vasomotor action of oxygen is

qualitatively the direct opposite of that produced

by carbon dioxide Inhalation of a gas mixture

containing 10 per cent oxygen, which reduces

artenal oxygen content by about one third,

causes a 35 per cent mcrease m cerebral blood

Bow, despite a fall m systemic blood pressure and

a decreased artcnal pCO* and pH (due to in

creased pulmonary ventilation) (Kety and Sch

midt, 1948) The net effect of this degree of

hypoxia on cerebral vascular resistance equals
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that produced by the mlnhtion of 5 to 7 per

cent COj Inhalation of high concentrations of

orjgen which increase nrtenal pOj , causcs a

reduction of cerebral blood flow, but reccntl> it

was stated that this does not occur if caro is

taken to prevent concomitant hvpocapma (Tur

ner and as'jociates, 19o7)

If as it mav seem plausible, hjiicrcapnia and

hjTxixia act «> nergisticallj on cerebral vascular

resistance po<<5iblj in combmalion m(h other

metabolic products resulting from a duninislied

blood supplj, this could well explain the mccha

ni«m of autorcgulation exhibited bj the cerebral

circulation Anj impairment of blood supplj re

suiting from a drop m pcrfu«!ion prc«sure would

automaticallj Ic id to an accumulation of meta

bohe products which when present in suflicient

concentrations, would act to restore blood flonr

bj produang vasodilation At the present tune,

however, this is still an unproved hjiiothcsis

IVliatevcr is the exact mechanLsm of cerebral

vasomotor regulation cerebral blood flow shows

a remarkable constancj underavanetj ofphjsio

logical conditions studied so far ^^lld exercise

(Mcmerman and Sancetta, 1935) produces a
flight increase in cerebral vascular resistance,

probably due to the concomitant drop la arterial

pCOi secondarj to hj-pcrvcntilation Intellectual

efforts, such as mental arithmetics, hav e no effect

on cerebral blood flow (Sokoloff and associates,

loss) Anxictj also seems to be devoid of mflu

enees on cerebral hcmodjTumics (Schcinberg

and Stead, 1W9) Natural sleep induces cerebral

vasodilation and a small increase in blood flow

without changes in arterial oxjgen or carbon

dioxide tensions (hlangold and associates, 1955)

Eating does not affect cerebral blood flow (Rowe
and associates, 1939) The effects of tilting from
the supine to the upnght position depend on the

degree of tilting Moderate elevations (20® from
bonzontal) have no effect on cerebral blood flow

(Sbenkm and associates 1948), but more near

vertical positions which lower the mean arterial

pres'sure at head level below 60 mm Hg cause,

as it might bt expected, a reduction m blood flow

despite a decrease in cerebral vwcular resistance

(Sciiemberg and Stead, 1949)

The Cutaneous Circulation

The Anatomy of the Cutaneous CmcuuiTiON
AND Skin Color

The architecture of the vessels of the skm has
the general pattern already described on page 158

The arterioles upon approaching the bases of the

Fio 25 2 The bed of the finger nail in a healthy
subject, showing the capiflarj loops and the sum
outs of the skin papillae {After Lewis)

papillae (i e , the laj er of the conum immediately

undorljmg the epidermis) turn honzontallj and

give nsc to mctartenolcs from which ongmate

in turn, liairpm shaped endothelial tubes—the

captlhry loops The proximal or artenal bmb
of (he eapdlarj loop asccncU m the papilla and

then turns upon itself to form tbe venous limb

The latter on reaching the base of the papilla

joins with the venous limbs of neighboring loops

to form a eolUettnff tenuk Tbe collecting venules

anastomose with one another to form a neb

plexus—tbe subpoptllary tenons plexus—which

runs honzontallj beneath the bases of the papilla

It drams into deeper veins The capillary loops

can be seen readily in the living skin under the

low power of the microscope The vessels at the

base of <fic human iSngemaif are «hown diagram

maticallj in figure 2o 2

Tbe color of the skin is not dependent normallj

upon the most superficial vessels, i e
,
the capil

lary loops but upon the subpapdlary venous

plexus The vessels of the plexus, though more

dccplj placed, present a greater area parallel to

the skin whereas the capillarj loops are disposed

chiefly at right angles to the skin surface

When the skm is unusually pale and little blood

IS contained la the superficial vessels (subpapi!

lary venous plexus), the skm is more transparent

and die deeper venous plexuses then contribute

largelj to the color of the skm, often adding a

leaden tint to the pallor When tbe overljang

vessels ore open and the skm is well supplied

with blood, these deeper vessels are hidden from

view
Apart from pigmentary effects, and assuming

the general artenal blood to be normal the color

of the skm, i e
,
the dominance of the reddish
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or of the bluish hue, depends upon the extent to

which the oxjhemoglobm becomes reduced dunng
the passage of the blood through the cutaneous

vessels The degree of reduction will depend
entirely, as a rule, upon the rate of blood flow

When the flow is rapid or slow the blood is, re

specti\ely, more artenal or more venous in char

acter The tint of the skm vanes accordingly

The depth of the skin color, j e
,
the intensity of

color apart from hue is dependent upon the

diameters and the degree of engorgement with

blood of the superficial vessels

So, taking into account both the hue and the

depth of color, an intense scarlet color of the skin

indicates a normal or increased blood flow and

dilated %essel3, a deep blue color accompanies a

slowed blood flow and dilated vessels (such as

would result from obstruction to the venous

trunks), or artenal desaturation (cyanosis)

Pallor or a light pink color of the skin is seen

when the vessels are constneted or of moderate

tone, and the blood flow normal or rapid A
slowed cutaneous blood flow nod constneted

superficial vessels tend to produce a leaden or

ashen type of cyanosis for, as mentioned above,

the dark blood in the deeper venous plexuses then

becomes faintly visible

ExPERHIE'ITAL IKVESTIQATION OF SKIN BLOOD

FLOW Blood flow m the skin serves two mam
functions (1) the regulation of body temperature,

and (2) nourishment of the skin The mvestiga

tion of the regulation of skin blood flow has been

through the effects produced by direct or indirect

wanning or cooling, by phannacological agents

which act similarly to nervous system transmit

ters, by dru^ which block the nervous supply, or

by direct stimulation of nerves baroreceptors or

spectSc areas ol the hrsin Stitee the ekia of sot

mals (except for the paws) differs from human

skin in possessing probably only vasoconstrictor

fibers, data obtained from humans will be pre

sented unless only animal studies are available

The skm of dogs and cats lacks eccrme glands,

and sweating is absent (except in the paws)

Techniques of blood flow measurement m human

skin include plethysmography, continuous tern

perature recordmg, calorimetry, clearance rat«

of readioactive materials, oxygen polsrography,

blood o\y gen saturation of cutaneous v eins, pulse

volume studies, and direct micro«copie inspection

of the vessels (ch 15) It must be emphasized

that clearance rate studies do not always agree

with plethy smographic measurements The rea

son for this diapanty is unknown although il bas

been suggested that the former measures only

capillary flow while the latter determines total

flow (capillary and shunt flow) The limitation of

human skm studies is the lack of a direct method
of blood flow measurement

The control of skiv blood flow and the
RECOLATIOV OF BODY TEVIPERATURE The skin

blood blow m regional areas reacts and is, evi-

dently, innervated differently Cutaneous vessels

are regulated by the sympathetic nervous sys-

tem, a parasympathetic supply has not b^n
shown in any area Usually the sy-mpathetic

mnervration is demonstrated by blocUng its

effects with adrenergic or ganglionic blocking

agents or sympathectomy This presumably rules

out a somatic or parasymipathetic nerv ous system

control of the vasomotor reflex being studied Tlie

type of end organ transmitter involved in the

sympathetic responses is determined by the use

of adrenergic or cholinergic (atropine) blocking

agents It should be pointed out that the sym
pathetic fibers travel with the mam somatic

nerves m the extremities so that both are blocked

by anesthetization of the deep nerves

A Ctiianeoua Bhod Flow in the Hand ond Foot

Only a vasoconstrictor nerve supply with

adrenergic sympathetic fibers has been identified

10 the hand or foot to be of importance in the re

flex control of body temperature The demonstra

tion of specific cholinesterases by histochemieal

methods m the digital artenovenous anastomose^

suggests they may be chohnergically controlled

Also, it Kvs been postulated that the sympathetic

nme supply to human fingers exerts a tome

dilator influence on vessels through the release

of acetylcholine The indirect cvadence for this

theory includes the dilation of vessels by extracts

of bamaa digital artenss, its preientioTi by

atropine, and the possession of a pseudo-cholmcs

terase activnty More recently, a substance called

“bradykinm ’ has been suggested as an important

factor causing active vasodilation in human fore

arm skin and, evidently, in any skin area contain

ingeccnne sweat glands (palms and solra) Dunng
activity of the sweat glands, a proteolytic enzyme

13 released mto the tissues where it acts on an

Unknown protein to produce the polypeptide,

bradykinm (fig 25 3) The latter substance is a

powerful vasodilator, and its concentration has

been demonstrated to increase m forearm skin,

refiexdy vasodilated by body warming, even before

Bweatmg or a rise in skm temperature have oc

curred The ecenne glands are presumably acti

vated by a chobnergic substance via the sym

pathetic nervous system Tins pathway is not
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SCHEMATIC DIAGRAM OF BAAOTKININ FORMATION IN HUMAN SKIN

Ftc 2oJ3 Sfhematlc (hagram of bradt Un»n formation in human forearm akin during body warming
SjTapatbetie stimulation of the sneat gland releases a protco1>tie en2>'me which acts on a tissue fluid

protein to form a pob-pcptide (bradykmin) The polypeptide has a vasodilator aetioo of the cutaneous
vasculature (from Barcrofl <l at )

believed to account for all reflex Nasodilation for

the vasodilation has been obeerxed without an
apparent change in s'aeat gland actunty, and

nee ttrsa

Bod) warming elicits a reflex x'asodilxtion in

the hand or foot which has been shown to corro-

Ista with a release of vasoconstrictor tone (a

dccreaaed number of impulses traNelmg o\er the

sympathetic ner\e fibers) The reflex may ongi

nafe eiffier m cutaneous receptors or 6y centraf

ner\ous system stimulation The vessels, them
sehea are also evidently eensitue to warm tern

perature for the dilation following va'^omotor

nenous inhibition (by blocking agents) can be
augmented by local heating of the hand When
the human body is cooled the toe temperature

approaches environmental temperature, whereas
the finger tips cool but show more fiuctuation in

temperature and blood flow Similar coolmg of the

hands and feet occurs reflexly to cold applied to

one area of the body, such as the forehead The
transmitter substance invoU ed in the cutaneous

\asoconstnction mediated by the sympathetic

nervous system has been shown to be adreneipe
m nature, but whether epinephrine, norepincph

nne or a related anune is ini oU ed is not known
Smee xaeoconstnetor tone develops earlier and

is more stable and less readily rei ersed by body
warming in the feet than m the hands it has been

suggested that the lower extrcmiti^ are con

ccroed with gross adjustments while the upper

extremities prondc the fine regulation of body

temperature

If a finger is immersed in cold water it« tem

perature falls rapidly to the bath temperature

and blood flow slows, the xe«sels then fluctuate

ID cycles of constnclion and dilation Both the

sympathetic xasoconstnetue reflex and the local

direct effect of cold on the les'els are mxolved in

I'fie roducfion of* fii'ootf iTow The x^asoohatory

mechanism dunng the cyclic changes remains

partially unexplained It 13 probably an effectn e

protection against cold injury Lewis thought it

was «econdsry to a local or axon reflex (via the

dorsal root xasodilator fibers) but the absence

of sensory fibers only reduces not abolishes the

response As mentioned before there is evidence

for an active vasodilator innerx'ation of the

artenoxenous anastomoses which may take part

m this cold xasodilation

Artenoxenous anastomoses are commumca
tions between smaller arteries and artenoles and

the corresponding xenous channels through

whidi the blood may be shunted and capillary

areas short circuited (figure 25 4) Included m
the shunt defimtion of artenox enous anastomoses

should be the pr^ence of a direct or mdirect

regulatory mechanism These commumcations

have been studied mostly in animals especially

the rabbit In the rabbit ear, artenox enous
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C

(6)

Fig 25 4 Rciction of anastomosia and aa
sociRtcd vessels to lowering of body temperature
A', arterj , A*, arteriolo, AV arteriovenous
anastomosis, C, vein Upper figure («) anastomo
SIS open, lover figure (6), anastomosis closed
(After Grant

)

anastomoses hate been shown to be verj effective

in controlling the bodj’s temperature ^\'hen

open, these channels would offer tery low resist

ance \ cesds through which large volumes of blood

could flow It has boon demonstrated bt a method

in\ oh ing the injection of microsphcres that more

than one third of the total flow through the

rabbit car or dog paw maj pass through such

shunts Tlic micro^pheres are suitablj selected id

size to pass through anastomotic vessels but not

capilbincs Animal artenov enous communications

are prcsumablj supplied by constnetor sjmpa-

thetic fibers and comstnet or dilate to a vanely of

stimuli Human digits and palms (glomus areas)

and cars have large numbers of these potential

shunts The glomus areas contain muscular tufts

of artenov enous anastomoses and receive a nch

nervous innervation In man, little information,

escept that mentioned prcvioaslj
,
evists regard

mg the control or function of the artenovenous

anastomoses Although they have been postulated

as plajing a large role in the regulation of body

temperature bj increasing or decreasing the radia*

tion of heat, their participation m such reflexes

has not been shown in man Tlie high rates and

wide, rapid variations in digital blood flow (1 to

150 ml per 100 ml of skin per minute) are often

attributed to these channels It is evident Uiat

new methods of study are needed to further our
knowledge of these interesting communications

B Cutaneous Blood Flow of the Forearm

The blood flow of the forearm skin has been es

timated to varj from 0 to 70 5 ml per 100 ml of

skin per minute using rates determined plethjs

mographically before and after abolition of flow

by iontophoresis of the sbn The skin of the fore

arm has been show n to possess both a syrnpathctic

vasoconstrictor and vasodilator nerve supply m
contrast to that of the hand and foot It was dem
onstrated that the increase m forearm blood flow

secondfliy to body heating occurred in the skin

and not m the muscles by the following (1)

iontophoresis of the forearm ekm with epmeph
nne abolishes the increased forearm flow response,

(2) venous oxygen saturation from cutaneous

superficial veins nses while that from mviscle

veins remains stable during body heating, and

(3) the temperature of the skin nses with body

heating but that of muscle does not By blockage

of the forearm skm nerve supply with local nng
anesthesia or deep nerve blocks, the vasodilation

reflex was prevented The vasodilation could bo

blocked partly by atropine indicating cholinergic

sympathetic fibers were involved The expen

meats demonstrating the bradykmin mechanism
and its activation by sympathetic sudomotor

stimulation (as explained above) were performed

m the forearm skin Bradykmin vasodilation, the

release of vasoconstrictor tone, and the direct

effect of heat m relaxing the blood v essels may all

play a part id the vasodilation which occurs in

forearm skin during total body warming A
parasympathetic mnerv'ation has not been

demonstrated

The skin temperature and blood flow of the

forearm decrease in response to body coolmg A
longitudinal temperature gradient from the

warmer trunk to the cooler hands and feet u
maintained The cooling of the forearm «km ls

evidently no sympathetic constrictor fibers as

m the hands and feet

It has also been demonstratetl that subcutane-

ous mjections of COj in humans causes a v a'wxlila

tion probably of the small resistance vessels In

do^, low pH solutioas mtra arterially elicit a

marked increase m cutaneous blood flow while

alkaline solutions reduce flow

Human skin studies utilizing the oxvgen

polarograph have shown that the oxygen tension

inccasos with temperature elevations up to, but

not over, about 43* C It ls postulated that heat

mg causes an mcrcased blood flow, dissociation
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of oTj gen from hemoglobin, and increased suppl>

of o'Qgen and blood to the shin At higher tem
perature«, the ox>gon utilization would outstrip

the increased supply The role of skm roetabolism

in the regulation of its blood flow has roeciicd

Uttle micstigation

C Cutan€ou9 Blood Tlovs to Other SHn Atttu

Skin areas other than the extremities haxerc

ccived little studj because of the bek of tech

niques for measuring blood flow Most axaibble

studies ha\c utihzed the qualitative measure

ments of blood flow determined bj the photoclcc

trie plelhjsmograph or surface temperature

changes The forehead skin la believed to have a
weak or absent vasoconstrictor nerve suppl>

During cold exposure, the siir/ace temperature

of the head and trunk fdl rcbtnelj little and

high rates of blood flow continue This has been

an important finding leading to the u«e of head

gear to prevent heat loss m cold weather Vnso

motor reflexes to noise or distal application of

cold which severely decrease hand flow, have

oulj a sbght effect on foreliead blood flow

India ink injections show the vascubr plexus

of the forehead to bo very extenswc wh^ the

rapid clearance of radioactive sodium and vol

ume pulse measurements demonstrate the blood

flow to exceed that in the akin of the calf, fore

arm and trunk The forehead and check evidently

do not possess glomi so this flow is all through

the capilbrj beds Pharmacological agents (mco
tunc and, histamine and others) increased the

skin temperature in these areas but not in the

toes Or fingers Adrenergic and ganglionic block

log agents had no effect on forehead skin tem
perature It has been suggested that diolinergic

sjTnpathetic fibers mamtain vasomotor tone in

the forehead and cheek areas but expenmental

evidence for this is too indirect

D The Effect of Pei/unon Pre$sure on Skin Blood

Floip

Ihe mechanical effects of perfusion pressure

on blood flow were measuredm isobted cutaneous

b®fs of dog hind limbs The tn eitu vascubr bed
was perfused no the saphenous arterj from a
reserv oir who«e height could be \ aned to change

perfusion pressure \kTien the rate of flow was
plotted against changes in perfusion pressure a

parabohe cur. e (fig 25 5) w aa obtained instead of

a straight line There was a progressive decrease

in resistance to flow in the vessels as tlie perfusion

pressure rose ^ith an increase of vasomotor

tone in the vascubr bed the flow for any given

Fio 2o 5 Plot of relationship between per
fusion pressure and blood flow through the akin

siipphcii bj the saphenous artery in the hmd
limb of a dog in which vasomotor actmtv re

mamed practically constant at a high level Sohd
aytt hols represent data obtained at different times

during a 7 1 our interval Jhllov ti/mhols represent
the animal g mean arterial blood pressure at these

times Ordinate scale represents the perfusion

pressure in mm Hg expressed as the difference

in pressure betiwo arterisi sad voaous pressures

Atiscissal scale represents the blood flow m milli

liters per sniDute (ShghtK reodiGed from Green
Lewis Nickerson and Heller )

pressure decreased The oonlinear relation be

tween flow and perfusion pressure ma> be second

arj to a progrtssiv e decrease m viscositj of blood

(bi^use of a more axxal flow of red celL,) or to a

mccbanical dilation of blood vessels with the

nsmg perfusion pressure

E The Cutaneous I ct»w

In dogs and cats, it has been shown that the

superficial large and small v eins of the skm bav e a

nerve suppb ,
undergo rhj thmic changes in diam

eter and respond to pharmacological agents The

small veins may contract separately and mde

pendentfy from the lai^ veins or artenal vessels

during sj-mpathetic nerve stimulation Smee the

email veins (and large veins) constrict, an mcrease

m pressure results Thus a reduced blood flow

maj occur through the vascular bed without a

mechanical obstruction bemg present In humans

forcaim cutaneous vein segments, which were iso

lated i» aitu bj pressure have been demonstrated

to constrict following a variety of normal and

noxious stimuli The venoconstnction was

blocked bj chemical or surgical sjTnpathectomv

or infiltration of an anesthetic solution around

the vein Venous tone decreased during the vaso-
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Fig 25 6 Dermographism (From Adami'a
textbook of Pathology, after Hyde and Onnsby )

vagal sjTidrome and bj stroking the skin o\er

the \eiD The fact that cutaneous veins constrict

by cooling and are not affected b} narming is

evidence for the existence of only a vasocon

stnctor nervous Buppl} The active innervation

of veins 13 evidently very important m response

of the cutaneous circulation to ordinary and
abnormal stimuli, and also in determinmg the

color of the «kin

F Vascular Responses of the Sktn to Stmulalton

by Mechanxcal and Other Agencies Dorsal

Root Vasodilator Fibers

1 The white reactiov If the surface of the

skm IS stroked lightly with a blunt ‘‘pointed”

instrument, a line of pallor appears in IS to 20

seconds wbch traces the path taken b> the instru

ment The line attains its maximal intensity in

from H to 1 minute, and then grailunll) fades to

disappear in from 3 to 5 minutes TTie white

reaction proper is due to direct sltmulatum of the

capillary wall and has not a nerious basts It has

been shown by Lewis to be due to the tension

exertof open rile whi'& of the mraori; vissefe

—

capillary loops collecting venules and especially

of the subpapillary v enous plexus—which respond

to the stimulus by contraction The sharply

delineated character of the white line, and the

fact that it can be obtained after the circulation

through the region has been occluded by com
pression of the larger v essob, show that it is an
active capillary rcspoa«e, and not the result of

arteriolar constnction

2 The triple response This comprises (a)

the red reaction, (b) the flare, and (c) the wheal

(a) The red reaction If the pointetl instrument

be drawn more firmly across the skm, especially

of the forearm or back, a red instead of a white

band appears after a somewliat shorter latent

penod (3 to 15 seconds), reaches its maximum
m from to 1 minute, and then gradually fades

Lake the white reaction it is strictly localued to

the line of stroke, it is due to dilalwn of the capil

lary vessels The red reaction can be induced m
its full intensity in the skm from which the circu

lation has been occluded, so it is due to active

dilation of the latter vessels and not merely a
passive result of arteriolar dilation The red reac

turn IS not dependent upon nenous mechanisms

since tt occurs after section and degeneration of the

cutaneous nerves

(b) The spreading flush or flare If the stimulus

IS unusually strong, or is repeated often enough,

the reddening of the skin is not confined to the

line of stroke but surrounds it for a v’ariable dis

lance (1 to 10 cm ) according to the intensity of

the injury inflicted The temperature m the suf

fused area is definitely raised This flare reaction

appears a few seconds (15 to 30) after the local red

bne, and fades sooner but remains a bright arte

ml color throughout It is due to dilation of the

arterioles, since it docs not appear after the circu

lation of the part has been occluded by means of

a tourniquet, abo, unlike the red reaction, the

flare m dependent upon local nerious mechanisms

{axon reiex) It occurs after the nerves are divided

but not after they haie degenerated

(c) Local edema or wheal When the stimulus i-j

still more mtense, the skin along the lino of the

injury becomes blanched and raised above the

surrounding area to a height of 1 or 2 mm or

even more Such a wheal or welt is commonly

produced m a normal person by the lash of a

whip and other types of strong localized stimula

tion In Ettscppiiblc indinduals, even hght stmm
lation, such as drawing a pencil wnth moderate

pressure over the skin of the back, wall produce

linear wheals surrounded by a diffuse red halo

iiArmr riV«f penen’k fnrcA' la tker way letlea, or

other designs may be embossed upon the skin

{fig 256) This phenomenon is «poken of ns

dermographism or factitious urftcana Tlie wheal

IS preceded by and completely replaces the usual

red reaction It makes its appearance in from 1

to 3 minutes from the time of injury and is at its

maximum height m 3 or 5 minutes It is sur

rounded by the flare described abov e The riLseil

patch at first is clearly demarcated, but as time

passes it increases m diameter and decreases in

height, loses its sharpness and finally, though

perhaps not for some hours, disappears The

wheal IS due to the transudation of fluid from

be minute ve«seb involved previously m the red

reaction, it is, therefore, a localizwl edema. In

ereased pcrmeabibty of the capilbry wall is

judged to be the immediate cause of the localized
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otlcma ttlnch constitutes the wheal Increased

idtracapillar} pressure, distension of the opillaij

lumen, or reduction in pre-surc in O'ctracapillatj

spaces ha\c been shown bj Lewis to be not re

sponsible Tliat increased permeabihti rather

tJian simpl} a nse m the filtration pressure is the

dominating feature is also manifest the high

protein content of the transuded fluid Tins more

nearlj approaches that of blood scrum tlian the

fluid of ordmarj edema ^\’heal production docs

not depend upon a ner.ous mechanism

\ considerable weight of indirect e\idencc has

been presented bj Lewis to support the concep

tion that a diffusible substance is responsible for

the tliree reactions comprising the tnpJc response

Tins material, which he calls // substance, is

thought to be litcratcd bj the injurc<l cells of the

epidermis Ijing beneath the homi lajcr and

superficial to the papillae Tlie pos«ibibtj that

more decpij Ijing ti'ssucs, when subjected to

injurj
,
maj release the substance is not excluded,

but a needle which do« not penetrate bejond the

epidermis elicits the tjpical threefold reietioo

The chemical substance clo^elj resembles hi#

tamtn# m its action It apparently causes the red

reaction and the wheal b> a direct action upon

the capiUarj wall The flare is bclieicd to be due

to chemical stimulation of the sensorj endinp
of the «kin, thus bringing about artenolar dila

tion through the mechamsm of the axon reflex

Although the evidence for this theory is indirect

and actual proof of the existence of such a hu
moral mechanism is lacking, the results of Lewis’s

vanous ingenious experiments carrj conviction

The cutaneous reactions following injuries of

\anou3 sorts, eg, burning, freezing, efectncal

stimulation, are believed to be produced bj the

same humoral mechamsm The cardinal signs of

inflammation—redness, heat and to some extent

the swelling and pain—can be sumlarly explained

namelj
, direct action of the dilator H substance

upon the minute vessels, and an indirect effect

through the medium of the axon reflex, upon the

arterioles of the surroundmg area The ultraviolet

bght reaction m man is evidentlj secondary to a
different mechanism It has been shown that the

ultrav lolet light erj-thema is not reduced by pre

treatment with antihistamines Abo histamine

introduced into areas of ultraviolet erjthema

produces its usual triple response Thus, Lewis's

tlicor} of all cutaneous mflammatorj processes

being secondary to release of the H-sulwtance is

not universal^ applicable

The dorsal root of the spinal cord contains

vasodilatorj fibers suppljing mostlj the eutane

OU3 vessels Tlicj do not convey impulses to or

from the higher central nervous ‘sjstem centers

for control of tlic cutaneous circulition No true

cutaneous vasomotor reflexes are seen after

8}’mpathectom> Expenraents have ‘^hown that

the dorsal root vasodilator fibers do not engage

m the baro or chemorccejitor control of vascular

tone, nor m the regulation of heat loss from the

skin The transmitter substance of these fibers

IS unknown but tlicv probablj act m an axon

reflex arrangement to affect regional blood \ easels

Tliese are probablj the fibers tliat, upon damage
to the superficial tissues, are involved in the

vasodilator (flare) reaction of the triple rcspon«e

An> stimulus causing damage to tlie skin acti

vates these fibers such as setcrc cooling heating

orpain It was mentionexl previouslj thatanaxon

reflex maj be involved in the cjclic vasodilation

occurring when a finger is placed in cold water

Severe cooling would cbcit the axon reflex in

these fibers from the dorsal root with a conse

quent vasodilation m the linger The latter would

warm the finger stopping the axon reflex dis

charge nnd then vasoconstriction would recur

<7 Cenirol A'enou# System Control of Ctdanfous

and Muscle Blood Flow

The central nerv ous sj stem regulation of blood

flow IS through the sjTnpathetic fibers

A vanetj of stimuli affecting peripheral re

ceptors elicit spinal vasomotor refiexes whose

efferent limbs are the cutaneous sympathetic

vasoconslnctor fibers These reflexes are lisuallj

scgmentallj or rcgionallj arranged Also m cer

tain animal preparations the preganglionic sjm
pathetic neurons in the lateral horns of the spinal

medulla maj exliibit spontaneous activitv mde
pendent of afferent stimuli

The vasomotor center located m the oblongate

medulla is bebev ed to be the primary coatrollmg

factor of cutaneous and muscle vessel vasocon

stnetor tone Experiments on dogs and cats have

shown that stimulation of the nudhne of the

oblongate medulla leads to vasodilation in both

skin and muscle This vasodilatorj response is

not blocked bj atropine and, therefore is second

ary to a release of vasoconstrictor tone Stimula

bon lateral to this vasodilator area elicits vaso

constnction in the same areas Both these

nspon^es are absent in sjmpathectomized am
mals The vasodilator and vasoconstrictor areas

may act as an integrated umt and, evidenth, arc

pnmanlj mvolved in vascular reflexes ansmg
from the baroreceptors m the carotid ®inus and

aorta A decrease in blood pre«sure causes reflex
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vosoconstnction m the dog bindlimb »a the

carotid suius bnroreceptors while stimulation of

the carotid sinus Der\e induces vasodilation in

skin and muscle

The vasomotor center possesses automaticity

’A 'l/offi'iiiTgnq, mpdata Ti’/AiwcA.

apparent afferent stimuli from the penphery or

higher autonomic centers The marked fluctus

tions from moment to moment tliat occur in the

digital and forearm arteries and veins, and that

disappear following sympathectomy, are thought

to be secondary to the actmt> of the vasomotor

center The patterns of these contmuous vana

tions in pulse volume of the fingers, toes and cars

appear to correlate with the personality tjrpes

(emotional stability or labilitj) of the human

studied

Stimulation of a more lateral area to the vaso

motor center invokes a vasodilation in skeletal

muscle through the actmtv of the cholinergic

(blocked by atropine) svmpathetic fibers (fig

257) The visodilatorj area of the vasomotor

center his no anatomical or apparent functional

connection with these cholinergic fibers which

pass through the oblongate medulla

Tlie antenor hjpothilamus is often referred

to as the ' heat loss center” for it controls the

vasoconstnetor fibers in association with the

vasomotor center Local heat applied to this area

inhibits vasocoastrictor fiber discharge (vasodila

tion) while electneal stimulation excites the fibers

(vasoconstriction) This center is thought to

predominantly regulate the cutaneous vessels

and, maybe, the arteriovenous anastomoses

Symipathectomy, also, abolishes the«e effects of

the hypothalamus Stimulation of certain areas in

the hypothalamus may ebcit a vasodilation in

muscle «a the cholinergic fibers which synapse

m this area This muscle vasodilation is often

associated with a v asoconstnction of the skin

Many areas of the cerebral cortex have been

found that influence, by excitation or inhibition,

vasoconstrictor fiber discharge For example,

stimulation of the motor or premotor cortical

areas results m cutaneous vasoconstriction A
muscle vasodilation also occurs but is evidently

eccondary to a baroreceptor reflex from a nse in

blood pn^sure The cholinergic vasodilator fibers

to skeletal muscle are also represented near the

motor cortex These fibers, which are distributed

probably only to muscle synapse in the hvpo
thalamus and mesencephalon and pass through

the oblongate medulla as described above Their

function in man is not completely understood,

but they appear to bo involved m the control of

the blo^ flow needs of muscle and not in the

regulation of blood pressure

Skeletal Muscle Circulation

Resting forearm skeletal muscle blood flow has

Vaeivi xsfcffiasAai Aw v/wsTOfiJAv tioxw I tw

9 6 ml per 100 ml of muscle per minute (com

pare to foreann skin flow on p 348) Thebloodflow

in sLeletaJ muscle is affected and controlled by a

multitude of factors Many of these regulations

are pooriy understood and their relative impor

tance in the normal functioning of skeletal muscle

13 not known Investigation of skeletal muscle

blood flow IS performed m man by similar tech

niques outlined under skin blood flow Tlie

plethysmograph measures both the skin and

muscle blood flow, the forearm is considered

representative of muscle while the hand or foot,

of skm (because of the relative amounts of each

tissue in these regions) The skin is often lonto

phore«ed with epinephrine to limit or abolish its

blood flow in order to obtain forearm mu«c!e

determinations In ammals, blood flow maj be
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measurwl bj more direct metJiods and (he results

of central ner\ous <»jstcm manipulations maj be

studied

NEmOtS S^STFil CONTROL OF FKELFTAt MUS

CLE BLOOD FLOW Vasoionstrictor fibers lia\c

been shown to supplj skeletal muscle bj the

demonstration of an mcroa'!c<l blood flow m hu
man forearms follow inR ner\e blocks, and b>

other indirect procedures The trnn«milter eub

stance for thcao constrictor fibers is not known
but adrenergic blocking agents remo\e the \aso

constrictor tone Intra arterial epinephrine has

lioth a vasodilator and \asoconstrictor effect on

human skeletal muscle \c«scls, while norcpi

nephrine has Onlj a vasoconstrictor action Vaso

dilator cholinergic sympathetic fibers also supply

'keletal muscle as demonstrated by a responsne

ness of the bed to acctalchohne, blocking of the

vasodilatory response mth atropjne, and the re

suits of studies performed during vasoiagal syn

cope Despite a fall m blood pressure m the lat

ter, the forearm blood flow increases (and liand

flow decreases) If the patient had a sympathcc

tomj
,
the forearm blood flow does not increase

demonstrating that an actuc \asodtbtion no
sympathetic ner\ e fibers had presumably occurred

m the intact extremity These vasodilator fibers

appear to be actuated by higher bram centers

and do not participate m reflex blood pressure

adjustments

At present, the vasoconstrictor fibers are be

heved to be pnmanly concerned in postural and
other homeostatic blood pressure adjustments

\\'hen the legs of a subject are raised, an increased

blood flow occursm the forearm but not the hand
This reflex has been shown to be secondary to an
increased volume of blood in the thorax and an
elexated central venous piMsure which probably

stimulates receptors in the low pressure vascular

bed of the thorax Since atropme does not abolish

the forearm vasodilation, it is considered to be a
result of a release of x-asoconstnetor tone

Humoral factors in skeletal muscle blood
FLOW Recent studies m humans have shown that

the increase m forearm blood flow during hyper

ventilation is prevented by breathing an air mix
ture contaimng 5 per cent CO*

,
occurs only m

the muscles and not m the skin, and is not abol

ished by blocking the nerve supply to the hmb
Tins eiidonce points to a humoral mechanism,
invoUnng a low COi tension, which causes the

increased forearm blood flow by a direct action

on peripheral x essels

An elevation or a decrease m the pH of blood

perfasmg a dog’s bind limb ebcits a xasodilation

Lactic acul increases the blood flow, but sodiuro

lactate titrated wnth a buffer to a pH of 7 4 does

not There is mdircct cxndence that the xaso-

dilatorj effect of cpincphnnc may be through the

action of released lactic acid

Mechanical effects on skeletal muscle
BLOOD FLOW IVlicn pcrfusion pressure is plotted

against skeletal muscle blood flow (as determined

m isolated muscle beds of the hindlimb of a dog)^

a parabolic shaped curx c Ls found in the upper

and lower ranges (fig 25 8), as in the 'km \ oscular

bed These two normal relationships of pressur<;

to flow are joined in the intermediate range by

sigmoid cun c (a large drop in perfusion pressure

changes blood flow little) It was postulated that

the reason for the sigmoid curve was a roactixe

dilation at perfusion pressures below mean norma)

aortic pressure to maintain blood flow to the

muscular bed The two parabolic areas on the

cunc would represent perfusion pressures during

two states of vasomotor activity of the vessels

Because of the shape of the curve changes itj

vasomotor activity
,
secondary to a variable being

tested, cannot alwTiyB be predictwl from th^

pcrfu«ion pressure and blood flow

Metabolites and skflctal muscle blood

FLOW
,
exercise AND REACTIXB ftTPERLMlA Th%

skeletal muscle vascular bed is subjected to very

active and wndely rasgmg fluctuations in blood

flow The idea has often been expressed that th^

formation of metabolites by tlie muscle cells is th^

mam factor in controlhng the bed Since direct

stimulation of an ammal’s curanzed muscle still

ebcita an increased blood flow
,
while motor nerx ^

excitation does not, it la felt that the hyperemia,

of contracting muscle is secondary to a local phy s

icochemical change Also, humans with sympa

thectoiDizcd extremities can perform as well a^

tho«c with an intact innervation Local or reflex

warming or cooUng has little effect on the mtnii‘’i(;

vasomotor tone of muscles It has been suggested

that the metaboUtes, accumulated from muscle

cell metabolism, may act directly on the smooth

muscle cells of vessels or indirectly no a local

nervous mechanism, such as peripheral ganglion

cells or an axon reflex The existence of ganglion

cells among the muscle fibera has not been pro\ en

In the dog, muscular activaty induces a dilation

of the femoral artery which is mediated by an

axon reflex (eUcitable by acetylcholine) This

mechanism, if it was shown to be present m the

smaller arterial branches, could account for the

vasodilation In the cat limb, post exercise, mus
cle hyTieremia is blocked by substances (cocaine

botulmum toxm) which are likely to abolish such
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Fic 2S 8 plots of relationship between perfusion pressure and blood flow in the portion of the
canine ouadricens muscle supplied by the branches of the femoral artery between the infenor epigastric
and sapnenoua branches Plots A and B were obtained 6 hours apart in the same animal A* and BK
dashed lines, flow during first 2 seconds of perfusion at each pressure, A and B solid lines, stabilized
flons after maintenance of perfusion pressure for 10 to 20 seconds Arrons indicate change of flow with
time at each perfusion pressure MP, represents the level of mean artenal pressure Ordinate scale
represents the perfusion pressure in mm He expressed as the difference between arterial and venous
pressures, abscissal scale, blood flow m millibters per minute (from Green, Lems, Nickerson and Hel
ler)

axon reflexes The \asciilar rcaclivil) is not

paralyzed by these agents for the \ easels continue

to respond to epinephrine and acctychotinc Since

botubnum toxin specifleally paral} zes choline^c

nerve endingx, the flbere in the axon reflex may
be cholinergic However, a strong argument

against this theory is that the xasodilation of

exercise hj^peretma is not blocked by atropine

(although atropine has been found not to block

Sbe/s la a’J

Tlie role that local metabolites play in stimu

lating such axon reflexes is not known Anoxia,

increased COj tension, lactic acid, hydrogen ions,

histamine, acetylcholine, adenosine triphosphate,

adenylic acid, and potassium ions, have been

suggested as the local determinant ehciting eser

else xasodilation Most of the metabobtes baxe

been studied by infusion into the muscular xascu

lar bed or by examination of venous blood ieaxing

the muscle following exercise hyperemia Each

has received bttle support as the dilator metab

obte, but a combination of too or more of these

factors may proxnde the answer

The circulation in human skeletal muscle has

been studied during sustained muscular conlrac

^ tion by indirect methods It was found thatbelow

a certain critical strength of sustained contraction

of the calf muscle, blood flow was not decreased,

but, above this critical point, the vessels were

endently compressed, for a hyperemia followed

release of the contraction

During rhythmic contraction of calf muscles,

blood flow was increased during and immediately

following exercise It was felt that increased flow

(vasodilator metabohte mediated) alternating

with decreased flow (mechamcal compression of

raKfel?,) ^la.xB.Uftkid ih&

of the muscle 'Mechanical obstruction, metabolite

formatioa, and the action of muscles on the

venous flow are probably all mtneately involved

m the muscular blood flow of exercise It has been

shown that an increase in venous pressure may

alter artenal inflow to muscle The sympathetic

nervous sy’stem probably docs not have a signifl

cant effect on the circulatory changes dunng

exercise, for vasodilation is similar dunng and

after exercise in normal and sympalhectomized

hmbs Also, the vascular bed of the exercising

hindbmb of the dog is not responsive to sym-

pathetic stimulation

Following a penod of complete occlusion of the

artenal supply to a limb, the blood flow increases

martcediy and then returns to the control level

This phenomenon has been named “reactive
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hj'pcremia ” Actuallj
,

it is tlie blood fioir id

excess of tliat expected (the control blood flow)

which IS usualij referred to as rcacti\ e hj peremia

The response occurs both m skin and muscle and

can be decret^cd by coobng, cpmephnne, or

tobacco smoking The reacti%c h>porcmic Mood
flow and its duration correlate mth the pnvmos
length of occlusion of the arterj TJns has been

shovm to be true for occlusion periods up to 10

minutes

Tlie blood flow and oxjgen debt incurred dur

mg the period of occlusion arc calculated by

multlplJ^ng the control blood flow or oxygen

usage before circulatory arrest by the duration of

occlusion Of course, this assumes that tlie blood

flow and oxygen usage of the muscle would ln\e

remained at the previous control rates if the blood

flow had not been occluded and that the metabolic

rate of the muscle is not affected by the circuh

tory arrest In the isolated, gmcilis rausclc of

dogs and tn the human forearm, the oxj gen debt

was approximately repaid for different periods of

occlusion, vfhile the blood flow debt repayment

ranged from 50 to 200 per cent of tliat exjiectcd

It appears probable that the muscle blood flow is

at least partially controlled by the need for otj

gen

The metabolites incnmmated as the cause of

exercise hy*peremia haxc also been postulated as

eliating reactive hyperemia Since reactive

hyperemia occurs m sy mpathcctoraucd and
denervated limbs, nervous system control is not

considered as important The mechanical effect

tks- (K^scAV la AV efoyrng’ the

penod of occlusion has been demonstrated to play

a role m the dilation If the forearm is "packed

'

with venous Mood before the circulatory arrest,

the ensuing reactive hyperemia is decreased

However, the peak flows of the reactive hy
peremias are not altered so that intravascular

pressure cannot be the entire cause of the dila

tion licwis and Grant postulated that H-sub
stance was mvolved in the production of reactive

hyperemia, and gome observers (others have not)

found an incresised histamine concentrationm the

venous Mood after circulatory arr^t However,

antihistammes do not decrea<>e or abolish the

reactive hyperemia response As in exercise hy-
peremia, the vasodilator metabolites and effects

of pH cannot be ruled out by studying only the

venous blood, tissue studies would probably be

more mfonnative Failure to discover the causa

tive agent of vasodilation in muscular exerci-se

and following arterial occlusion has been a major

obstacle to the understandmg of muscle physiol

og} and the diseases involnog a decreased blood

supply to human limbs It seems likely that the

study of aerobic and anaerobic tissue metabolism

of skeletal muscle will be more profitable than

blood flow studies, which evidently do not corre

late with oxygen usage

ARTEniovEvors anvstomoses iv skeletal

MUSCLE The question of whether arteriovenous

shunts actually exist ns functional unitsm skeletal

rau«clc is still unsettled to most physiologists

Microscopic studies on the circulation of rat skele

til muscle revealed many communications be

tween small arteries and v ems which did not enter

the muscle proper During inactinty
,
most of the

flow was through these anastomoses and not to

the muscle fibers ^^Tien the rats were bled in

small amounts the muscular arterioles closed and

flow in the capillaries ceased while it persisted in

the anastomotic channels However, that such

commufucations actually function m man and

possess a means of shunt regulation his not been

demonstrated Indirect evidence for the existence

of functional anastomoses are decreased oxygen

consumption and increased lactic acid production

(hiring vasodilation, such findmgs would occur if

capillary flon was reduced

SUiUURY

Although much investigative work has been

performed, wide gaps still exist in our knowledge

of the physiology of the cutaneous and muscle

circulations Most of the information concerning

the control of these vascular beds has been gained

f(KT{a cctdfcvet amf civeaMisAnrAifi’ 27ft?

important limiting factor is the lack of a good

technique for the direct measurement of blood

flow m human skjn and muscle The indirect

methods, currently m use, all have their made

quaeres Another drawback is the difficulty m
distinguishing the many vanahlra (metabohe,

nervous, temperature, bradvkuua, arteriovenous

anastomoses) that aff^ect the cutaneous and mus
cle circulation In human experiments, skm and

muscle flow cannot be satisfactorily studied

individually, and the contribution of the Mood
flow m bone, fat and subcutaneous tissue cannot

be evaluated The central nerv ous sy stem control

of the pcnphcral circulation has been inv estigated

in animals only, much is known about efferent

fibers but little concerning afferent pathways The

study of the metabolic control of blood flow in

eLih has been neglected while that of muscle has

not advanced far enough In conclusion, many
isolated facta are known concerning the mecha

nisms controlhng cutaneous and muscle vascular
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reactivity, but little is apparent of their

tion in the homeostasis of these tissues

Peripheral Vascular Disease

RayVAUD’S PllENOilENOV AATl

Raynaud’s Disease

A distinction must be drawn between Ray
naud 8 phenomenon and Raynaud^a disease Ray
naud’s phenomenon is understood to be the

intermittent spasm of the small artenes of the

extremities The affected members, the fingers

and less commonly the toes, become cold, numb,
waxy pale (dead fingers) or cyanotic The attacks

are precipitated by exposure to cold It is second

ary to some other abnormal state, e g , throm
boangiitia obliterans, artenosclerosis, cervical nb,

etc

Raynaud a disease is the occurrence of Raj
naud 8 phenomenon as a primary affection, i e

,

not associated with some other arterial condition

U la a vascular spasm of the digital artcnal bed

and >s bilaterally sj mmetncal The disea«e, which

18 rare as compared with Rajmaud $ phenomenon,

was first described by Raynaud in 1862 Young
women are predomuicntlj affected The fingers,

sometimes the toes, or rarely the ears and no«e,

are the seat of periodic attacks of \ ascularspasms

The attack lasts as a rule for a fen minutes, but

may persist for an hour or tw o The color change

commences m the finger tips and spreads toward

the bases of the fingers As the attack passes off

the part agam becomes cyanotic, then rod and

hot, the numbness is replaced by burning pain

The pul«e at the wnst or ankle persists during

the attack Thrombosis of small artenes may lead

to ulcers, sclerodactyly, rarefaction of the ter

minal phalanges, and other trophic changes

Gangrene sometimes results

The disease has been generally attnbuted to

hyperactivity of the vasomotor (v asoconslnctor)

nerves Sy mpatbetic ganghonectomy is, therefore,

frequently resorted to in an effort to abolish Iho

attacks Lewis has shown, however, that a typical

attack may be induced in a subject upon whom
this operation has been performed, by exposing

the affected part to cold (as by immersing it in

cold water) He concludes therefore that the

fault lies not in the nervous control but in the

vascular wall itself The following observations

cited by Lewis substantiate his view

(1)

If one finger of a subject of the disease be

immersed m cold water, an attack confined to

this finger may be induced Such a localucd result

cannot be explained upon the basis of a nervous

reflex

(2) Anesthetization of the ulnar nerve of a

normal person by means of novocaine cau«es dila

tiOQ of the vessels of the little finger (removal of

vasoconstnetor tone) The vascular spasm m
Raynaud’s disease cannot be released in this way

(3) If a subject suffering from Ray naud s

disease affecting both hands, and upon whom a

unilateral ganghonectomy had been performed,

be seated in a cool room with both hands placed

m cold water, the vascular spa«m which results

IS more pronounced on the nonsympathetonized

side If, however, the rest of the body is warmed
while the hands arc immersed in cold water, the

attack 13 more pronounced on the sympathec

tomized side In the fir«t expenment the greater

degree of spasm on the nonoperated side is attnb

uted to the added effect of a vasoconstrictor re

flex The lesser degree of spasm on the nonoper

aled side in the second expenment could be

attnbuted to the inhibition of vasoconstnetor

impulses Though a nervous influence is evident

in these obsenstions the essentially local nature

of the fault is also indicated

Simp»OD and as«ociate8 do not consider that

Raynaud s disea«e is due primarily to a fault of

the vascular tissue These observers maintain

that only in the advanced stages of the disease is

the vascular well itself abnormal and that m
milder cases the fault is essentially vasomotor m
character They point out that Lewis’ crucial

experiments were performed upon severe or com
plicated cases ol tlic disease

Ganghonectomy, even though it may not re

move the fundamental cause of the condition,

docs often exert a decidedly beneficial effect Tlie

attacks are less frequent and intense after the

operation, normal vasoconstrictor lone and as

just indicated the reflex response to cold having

been abolished, a more intense reaction of the

arterial wall itself must occur before arrest of

the circulation to the part can result However

relapses often occur 1 to 2 y ears following the

operation m those who were benefited

Ebythboiiel.vlgia

Erythromelalgia is a rare but interesting condi

lion characterized by attacks of painful redness

of one or both feet, or occasionally of the hands

Tbe pam is burning in character and is induced

by warming or exercising the part, or by allowing

it to hang down Rest, elevation of the part or

the application of cold tends to relieve the pam

Eijthromelalgta has been attnbuted to vasodila
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tion resulting from some abnormalitj of the

%’ascular nenes Lewis finds, lio\\e\er, that the

essential abnormality in these eases is not laso-

dilation, for an oquiMilent degree of xiisodilattoa

ina\ occur m normal «ubiects in response to

warmth or exercise, jet pun docs not result

Erjthromelalgia, or erylhralgta as liCWTS prefers

to call the condition, is probablj not of vaso-

motor origin Ihe abnormalitj in these cases is

appirentlj a hjTicrscnsitiv e state of the cutaneous

paui fibers to heat or tension This “susceptible

state” of the skin in er3*thralgia u alte^ether

analogous to that seen m inflammation, and to

that which can be induced in any normal person

b\ certain tj-pes of cutaneous injury—exposure

to ultraiiolet light, repeated rubbing or stretch

ing, bums, etc It is ircll known that the pain

endmga of skin injured in these ways are very

sensitive to warmth or to tension Warming the

part either by increasing the blood flow through

Its vessels, or by the application of heat causes

burning pain Pam abo results when the part is

dependent, the engorged v csscU then causing ten

Sion upon the hypersensitive nerve endings

Lewis suggests that in the pain associatwl inth

erythralgia and with the ty-pes of cutaneous in

jury just mentioned, a chemical substance fiber

ated m the skin «erv es as the immediate stimulus

to the nerve endings The observation tlial the

pain which follows repeated rubbing or stretching

of the normal or of the erythmlgic skin is pro

longed and intensified by arresting the circulation

to the part, supports this conception

Acroctaaosis

In this disorder, the hands and le«3 commonly
the feet, are persistently cold, blue and sweaty

Exposure to cold intensifies the cvanotic color

In the case of the hands the cvanosis commences
at about the level of the wnst and deepens as it

15 tnced toward the fingers There is pufBne^s of

the fingers, but trophic disturbances are unusual

The milder forms of the disorder are closely allied,

according to Lewis, to chilblains The disorder is

prc«umably due to increased tone of the cutane-

ous arlenoks resulting from bypersensitmty to

cold The condition doG, not have a nenoas basis,

the fault ISm the vascular wall the cyanosis

persisting unchanged after anesthetizing the ulnar

nervewithnovocaine Inacrocyancsistbecutane

0U5 circulation is slowed as a result of siienolar

constriction, capillary dilation occurs with an
increase m the quantity of blood m the dm The
slower blood fiow, by allowing the hemo^obm to

give up a greater part of its oxygen store, 13 re

sponsible for the blue tint of the skin

TiiROiiBOANaims Obliterans

(BoERGEn’s Disease)

Tills IS an organic v ascular disease mv olving, as

a rule, the medium and small artenes {and to a
lc«3 extent the veins) of the extremities The con

dition m the majority of cases is confined to the

lower limbs However, coronary, cerebral, renal

and otlier systemic artcnal involvement occurs

The vessels are stiffened and hard Thoadventitia

is thickened, the media shows atrophy of its

muscle and an increase in connective tissue, and,

active proliferation of the intima occurs, several

bycra of cclb being formed Tlie marked narrow

ing of the vascular lumen n hich results is followed

by thrombosis This and not the intimal probfera

tion itself is responsible for the final obliteration

of the vessel Organization of the thrombus, 1 e
,

its invasion by fibroblasts and its conv eision into

fibrous tissue, follows Some restoration of the

circulation through the vessel may occur later as

a result of the formation of new channels within

the substance of the organized thrombus, but

whether or not such s process of revascularization

results the blood supply to the part is always

greatly reduced

Among some of the earber manifestations 0 !

the condition are fatigue of the limbs upon exer

tion, intermittent claudicstjon, hypersensitivity

of the vasoconstrictor reactions of the extrermtiea

to cold resulting in attacks of pallor or cj aniKis,

coldness and numbness or a dull ache, sujrerficial

migrotoiy phlebitis A definite reduction in blood

flow through the part may be demonstrated by

pletfaysmographic or calonmetnc methods Ex
treme variations in the color of the limb result

from altering its position m relation to the lev el

of the heart, when the affected member is de-

pendent, undue redness or cyanosis results,

whereas when raised above heart level it becomes

intensely pale and waxy m appearance

Ab the pathological changes progress, the pulse

disappears from the wnst or ankle, or even from

the p<^bteal or brachial artery , ulcers and other

trophic disorders appear and ultimately gangrene

ofthe toes or fingers sets m, reqmnng amputation

The v ascular obliteration tends ,
howev er, to creep

upw arfs necessitating amputation at successiv ely

higher levels

The cause of the disease is unknown, some be

here it to be of infective ongm Excessive use of

tobacco 13 strongly suspected of being a predispos

mg factor Bueiger and others have remarked
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upon the very high incidence of the condition in

Jews, of a senes of 150 cases reported by Brown
and Allen from the Maj o Clinic, over SO per cent

were Jews The disease occurs almost exclusivelj

in males, whereas Raynaud’s disease with which

it 13 hkely to be confused, especially in its early

stages, affects females predominantlj Another

feature distinguishing it from Rajnaud’s disease

IS that m the latter, the color of the skin is affected

httle or not at all bj elevation of the limb, and
the pulse in the la^er arteries does not disap

pear

It is, of course, onl> dunng the earlier stages of

the condition, i e ,
when spasm due to increased

vasoconstrictor reactivity is a contnbuting factor,

and before oiganic changes have progressed to

the point where they have occluded the vessels,

that treatment can be expected to bring about

any real benefit ^Vhen a spastic factor can be

demonstrated, sjTnpathectomj frequently results

in very notable improvement Even when the

larger arterial vessels are obliterated, sj-mpa

thectomj, by removing the vasoconstnetor tone

of tollatetal vessels, ina> be followed b> a definite

improvement in the blood supply to the part

Remarkable improvement often follows the mth
dranal of tobacco smoking It has been reported

that discontmufltion of smoking, in thromboangi

itis obhterans caus» a decrease m platelet adhc

siveness

There are several methods to choose from for

the detection of vascular spasm The temperature

of the part mav be taken b> means of a skm
thermometer or a thermocouple before and after

one or other of the following procedures, which,

normallj
,
causes v asodilation and raises the tem

perature of the part (a) heating the entire body

by a warm environment, (b) local anesthesia of

sympathetic ganglia (or by the ganglionic block

mg agents), (c) spinal anesthc«i3 which tem

poranly paralyzes the vasoconstrictors, (d)

anesthetization of a penpheral nerve, and (e)

general anesthesia A nse in temperature of the

part, following one of these procedures, indicates

the previous existence of a spastic element The

greater the degree of spasm the more pronounced

and rapid is the temperature n^e If the occlusion

IS entirely organic in nature, no change m tem

perature results

Instead of recording the skin temperature, the

blood flow through the affected part may be

estimated bj the plcthj smographic or calon

metnc method before and after one of the proce

dures just enumerated

Interjiittent Cwcdicatiov

This IS a condition (described by Charcot m
1856) in which, as a result of orgamc (usually

athrosclcrotic) narrowing of the arteries of a limb

(usually the lower hmb, elaudieare, to limp) and
eonsequent restnction of its blood supply, severe

pam IS ejcpenenced m the muscles during exercise

TTus pam occurs after the same amount of exercise

on each occasion and disappears wnth rest The
pam has been attnbuted to a muscular cramp or

to spasm of the v essels Neither of these explana

tions can be entertained, for the muscles are

flaccid dunng the attack The abnormal stiffness

of the artenes seems to preclude the possibility

of their being narrowed appreciably by spasm
and the smaller v essels are in all likelihood dilated

rather tliaa constneted dunng the attack

The essentia! cause of intermittent claudication

13 a relative anoxia of the muscles—they are

called upon to perform work for which the oxygen

supply IS inadequate Lewis lias shown that pain

identical in character with that occumDg in this

condition can be induced by exercising any nor

mal hmb dunng the arrest of its circulation l\'hen

the cu-culation is restored, an immediate increase

m the volume of the hmb occurs which is taken

to indicate that the vessels were dilated dunng the

pain In a patient suffenng from the disease in

one limb it was shown that the pain occumng in

the hmb dunng exercise was practically the same
with regard to its time of onset, development and

duration os that induced by exercising the sound

hmb dunng circulatory arrest

The fundamental importance of anoxia in the

production of the pam is also evident from the

observations of Pickenng and Wayne who found

that exercising the muscles of an anemic subject

in whom there was no evidence of arterial disease

caused the charactenstic pirn of intermittent

claudication Klssm also showed thit exercise

performed by normal persons dunng anoxia

(induced by breathing an air mLxture containing

a low percentage of oxygen) caused the typical

crampUke pain The clinical expenments of Lew ls

indicate that the direct cause of the pain is not

oxygen lack itself but the stimulation of sensory

nerves by the metabohe products of muscular

activity Ordinanly these are removed by oxida

lion, but they accumulate when the blood supply

IS inadequate He refers to the pam stimulus as

“factor P" The evidence supporting tins concept

15 as follows

(1) TTie pam does not vary with the mdividual

contractions but is a steady ache
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(2) Using a standard test (maxunal gnp ex

erted bj thumb and index finger, recoitlcd iso

metrical^ , and repeated at the rate of one per

second) it ivas found that in normal subjects with

the circulation to the arm arrested, the pain

commenced in about 35 seconds after the com
laenccment of the exercise and took another 53

«cconds to reach the point where it became m
tolerable The pam disappears withm 3 seconds

after restoring the circulation—presumablj as a

result of the removal of “factor P ’ If, on the

other hand, occlusion of the x cssels is maintained,

the pam persists

(3) Lems found that the tunc of onset of the

pam IS determined b3 the total amount of work

performed rather than bj the length of the excr

ci«e period Thu«, when the circulation of a
normal limb is arrested, pam ensues after the

same number of contractions of equal strength

whether thej are repeated m rapid or m slow

succes«ion On the other hand, if a constant rate

18 mamlamed, the pain follows sooner with strong

than wnth weak contractions If, howexer, the

circulation to the part is onlj partuUj obstructed

(Katz and associates) or if air containing a low

percentage of oxjgcn la breathed (lussm), the

amount of work neccssarj to cause pam is less

ened bj increasmg the rate at which the contrac

tions are repeated—the chemical factor presum

ablj accumulating more rapidlj as a result of

the shorter tune interx als allow ed for its remoxail

(4) If, after the pam has been relieved bj

restoring the circulation to the part the xesscb

are agam occluded ami the hmb exercised, the

time of onset of the pam ensues earlier, the shorter

the penod during which the blood had been

permitted to flow This result suggests that prod

ucts accumulated during the prexaous exercise

penod, if not given sufficient tune to be removed
are earned oxer to the second penod and the

concentration necessarj for stimulation is reached

sooner

The nature of the chemical pam factor is un
known, Katz and associates believe it to be acid

in character and nonvolatile The mgestion of

sodium bicarbonate was found to mcrease the

amount of exercise required to cause pam

“Imstersion Foot', 'TRE^CH Foot'

During the Second World W ar this name was
given to a state of the vessels and tissues of the

feet brought on bj sex ere and prolonged chilling

of the feet by cold water It was seen most fre

quentiym persons who had been shipwrecked and
immersed for hours m the sea at northern lati

tudes But it may al=o result if the feet alone are

kept cold and moist, sailors working under the

stnss of wartime conditions in wet boots, or

soldiers dunng dutj m wet trenches (trench foot)

maj then suffer In cases of mimer«ion foot the

feet dunng the penod of exposure are swollen,

numb ond pulseless Tlieir color vanes with the

temperature from bnght red to deep blue or

wax> white, or maj be mottled xnth areas of blue

and white or blue and red ^ ithm a few hours

(2 to 48) after removal from the water the feet

become hj^pcremic and eexcrelj pamful the pam
often being desenbed as burmng scalding or

stabbing in character The swelling increases

blistenng, ulceration, local wasting of muscles

and, in the xx orst cases, gangrene result CapUlarj

damage permits fluid of high protein content to

leak into the tissues These effects arc hkolx to be

most severe if the temperature of the members

has been quicklj restored to normal The h>

pcremic stage, after C to 10 wc>eks nia> merge

into one m wluch the feet are pale and cold and

verx scnsitixe to exposure to cold Damage to

penpheml nerves and sjmpathetic fibers is a

regular occurrence m severe chnioal immersion

foot Anesthesia, motor weakness and muscular

atropb> maj last for manj weeks

The hands ma> be affected bj cold water m
the came wa> as the foot but much le«s com
moolv

,
smcc the> are rarclj exposed to conditions

of such extreme seventj

While the members are actuallj exposed to the

cold water the vessels are in 'Strong constrictor

spasm and a decreased blood flow results A dc

crease in tissue oxjgen tension is found most

Iikeij «^condar} to the lessened dissociation of

oxjgen from hemoglobin (the oxjhemoglobm

dissociation curve is displaced to the left bj cold)

The metabolism of the tissues both as a r«ult of

the cold and the anoxia is greatlj reduced It is

believed therefore, that a minor d^ree of tissue

damage occurs at this time and the greater part

after remov al from the water, when the tempera

ture of the parts nsej>. The vasoconstnction is a

reflex response due to the action of cold on the

general bod> surface, as well as to its local effect

upon the vascular walls, and also probablj to the

absence of vasodilator metabolites In the hy
peremic stage there is maximum dilation of the

vessels, the warming of the bodj having over

come the vascular spasm

Smee the intensitv of the hyperemia and the

tissue damage are enhanced b> a nse in tempera

ture everj effort is made to prevent rapid warm
ing of the affected members Ice bags or blasts
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of cold air are, therefore, apphed locally to mam
tarn the skin temperature of the feet around
21* C It IS also necessary to keep the entire body
at as low a temperature as is consistent with

comfort, this u achieved preferably by means of

Bome form of cool cabinet

Frost bile Prolonged exposure to severe c<Jd

causes vasoconstnctor spasm, and when freeaing

occurs the circulation in the small vessels of the

part becomes completely arrested After the part

has thawed, intense hj’peiemia usually follows,

and most of the tissue damage is believed to be

caused at this time The increased capillary

permeabihty secondary to the freezing together

with the high capillary pressure of the hyperemic

stage causes edema and fiwelling of the part This

of itself may cause strangulation of the circula

tion, but thrombosis also occurs If the resulting

ischemia is extreme, gangrene follows Measures

are directed tonard the reduction of these effects

by thawing the part rapidly and by the admuus
Iralion of an anticoagulant, t g ,

dicouroarol or

hepann
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26
SPECIAL FEATURES OF CIRCULATION IN DIFFERENT

REGIONS. SPLANCHNIC CIRCULATION;
RENAL CIRCULATION

The Splanchnic Circulation

The Bplanchnic cumulation maj be represented

as consisting of three parts (1) the mesentcnc

bed, suppljnng the gastrointestinal tract, (2) the

splenic bed, and (3) the hepatic bed

A unique feature of this circulatory system is

that the combined outflow from two of the com
ponents (mesentcnc and splenic) constitutes the

major portion of the inflow of the third one (he

patic), through the portal Aem In its hemod}

namic imphcatioos, this anatomical arrangement

has been compared to the Wheatstone bndge in

an clcctncal circuit (Brodlej , 195S), because of

the placement of the resistance vessels (fig 26 I)

This serves mainly to emphasize the large number

of vanablea that influence blood pressure and flov.

m an> one point of the system, and the potential

fallacy of conclusions based upon measurements

of a single %anable, such as portal lenous pres

sure

As m other regions of the circulation, it is the

measurement of blood flow that presents the

greatest source of difficulties Direct methods to

this date can only be apphed at the cost of con

sidcrablc surgical and anesthetic trauma, and

mth vanous degrees of interference to flow (par

ticularh venous flow) due to cannulation pro

cedures Hus latter obstacle has been ehminated

bj the application of noncannulatmg eleclromag

netic flow meters (Green and associates, 1959)

Indirect methods, based on the Fick pnnaple

and the abiUtj of the Lver to clear certain dyes,

such as bromsulphalem from the blood stream

(Bradlej and associates, 1915), do not have these

di«advantage8, but—aside from their failure to

meet strictly the criteria of the Fick pnnaple

—

can be used onlv for measurement of total

splanchnic outflow (i e
,
hepatic v enous flow), not

for that of its vanous components

The Mesenteric Circulation

Ilemodj'namically the intestinal circulation has

both certain ftatures m common mth other

\ascubr regions and others peculiar to itself

Perfusion studies on isolated denenated in

tcslinal loops in the dog show that the pressure

flow rebtionsliips in the mesentcnc bed are cssen

tiall> simibr to those in other areas such as the

sjem or skeletal mu«cle (Selkurt and associates

1958) There exists a cntical closure ' pressure

of the order of 15 mm Hg below which flow

ceases, above this point progressive increments

of pressure result in greater and greater mere
mentsofflow in other words vascular resistance

decreases with increasing perfusion pressure The
rea.sons for this deviation from Poiscialles bw
(dibtstiOD of blood vessels with increased mtra

luminal pressure and the opening up of ‘ dor

mant” capillanes) Iiave been full) discussed in

chapter 25

The hemodynamic characteristics peculiar to

the mesentcnc circuit denve from the location of

these vessels in the walls of viscera capable of

actively or passively changing their intramural

tension Isolated, perfused intestinal loops ex

hibit two ports of spontaneous contractile ac

tivity rhythmic segmental contraction-s, and al

tenitions of the muscubr tone Each of these has

a ilefinite influence on blood flow within the loop

(Sidky and Bean, 19^S) Dunng segmental con

tractions, there is an increase m venous outflow

and decrease in artenobr mflow
,
proportional to

the strength of the contraction, reverse changes

occur dunng relaxation In addition to these

phasic changes associated with individual con

tractions, there is close rcbtionship between mean

blood flow per unit time and the frequenev of

rhythmic segmental activity All other things

being equal, the minute volume flow increases
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Fid 201 The Splanchnic Circuits The vftscular resittancesln thcBpIanchnic bed (A) areehowQ here
iRdiag^rammatic form (li) The resistances indicated are determinants of pressurea in the portal vein and
iQ the liver sinusoids and of ftom throueh the portal vein and hepatic arter> Ri ,

hepatic arteriolar
resistance, Ri , splanchnic (i e

,
mesenteric pancreatic, gastnc anil splenic) arteriolar resistance, Ri

,

portal venular resistance, Ri ,
postsinusoidal or hepatic venular resistance The dotted line represents

a fifth reMstancQ Ijnn^ in the direct communications betrreen the portal vein and inferior vena cava
(Prom S E Bradley, C^frea/a/iijn, Proecedmes of the Harvey Tercenlenor> Congress, p 356, 1958)

tnth increasing frequency of contractions

Changes m the gut’s muscular tone arc of longer

duration and involve greater lengths of intestine

than segmental contractions An increase of

tonus results m reduction of both artenal inflow

and venous outflow Followmg cessation of tome
contraction, blood flow temporarily increases

above precontraetion levels, m a manner anak
gous to the reactive hyperemia observed m shin,

skeletal mn«cle and mjocardium (see ch 25)

Since segmental and tome contractions occur in

dependently from one another and may be more
or less supenmposed, their effect on intestinal

blood flow can be quite complex If these processes

observed in the I'olated loop also operate in the

intact animal or man, the musculature of the

intestme may emerge as a factor in the regulation

of splanchnic and systemic blood flow

Passive changes in intramural pressure, such

as those occurring m acute distension, also mflu

cnee intestinal circulation (Noer and associates,

1951) It was shown m serosal ve'ssels of rabbit's

inte«tme, that at mtralummal pressures of IS to

20mm Hg, segmental contractions cca^e, accom

panted bj slowing of blood flow m the ^nules

With progre«si\e rising of the pressure, circula

tion slows, then ceases, fiist on the \enous, then

on the artenal side While such lewis of mtra

intestinal pressures are clearly outside the phjsi

ological range, these circulatory changes are tlie

basis of the massii’c trapping of blood and leak-

age of plasma into the wall and lumen of the gut

observed dunng acute intestinal obstructions

In the maintenance of normal mesentenc cir

cuIatioD, the hemodynamic characteristics of the

local vascular bed and the possible influence

thereon of the intestinal smooth musculature are

supplemented by a nch network of vasomotor

nerves These nerves belong to the sympathetic

nervous sj’stem, their preganglionic fibers are

contained in the splancbmc nerves, the post^

ganghonic fibers form large plexu«ea around the

abdominal aorta and accompanj its branches to

all the viscera The function of vasomotor nerves

has been discussed in detail in chapters 21 and 25

Electrical stimulation of the splanchnic nerves in
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anesthetized dogs produces sharp dechne m
mesenteric artery flow, along with increasing the

arterial (and portal \em) pressures, indicating

that vasoconstnction has occurred There la no
evidence for the existence of \ asodilator flbers in

the splanchnic nerves (Deal and Green, 1956)

Intra arterially injected norepinephnne repro

duces the effect of splanchnic nerve stimulation

(see ch 21), while section of the nenes or ad
ministration of ganglionic blocking agents m
creases mesenteric flow

Vasomotor reactions in the mesentenc circuit

are of considerable importance m various cireula

tory adjustments (see p 253) Not all vasomotor

actmtj
,
however, is necessarily mediated by the

nervous sjstem In the dog, experimental eleva

tion of the portal venous pressure results in a
reduction of meocntcnc blood flow greater than

the decrease in meaentcnc artery portal vein

pressure gradient, indicating that mesentenc

vascular resistance had increased (Selkurt and

Johnson, 1958) This change m resistance is

shown to be independent from nervous activity

and due to ‘ mjogemc” response of the artenoles

to the pressure mcrease transmitted through the

capillaries (Johnson, 1959) It is not known tvhat

role, if anj , this venous arteriolar response plays

IQ the intact animat

The Splenic Ciiicolation

The nature of tho mtrasplenic circulation is a

long standing, unsettled controversy Lack of

agreement is centered around the manner of

connection between arterial and venous capil

lanes whether their lumma are continuous with

one another (‘‘closed circulation”) or is artcnal

blood discharged directly mto the raeshwork of

ihs puJp /raro whjcb w/is harJk into

the venous capillancs (‘open circulation’) The

basis for suspecting a discontinuity of the circuIa

tory bed (unparalleled elsewhere in the body) is

the presence of blood cells and mtra arterially

injected foreign material in the splenic pulp, seen

on histological examination, this is attnbuted to

experimental artefacts by adherents of the "closed

circulation’ theory Microscopic transillumina

tion studies in the living animal (I\’hipple and

associates 195-1) suggest that both open and

closed circulatory patterns function simultane

ously (‘ combined circulation”), but it is de

batable whether these observations on mouse

spleen are applicable to the human organ in view

of the demonstrated structural differences be-

tween the two (Snook, 1950)

In certain mammals (dog, cat, horse, guinea

pig) the spleen serves as a reservoir of blood
Under ordinary circumstances, blood is stored in

the distensible venous smuscs, to be released into

the circubtion when need arises (as durmg exer

CISC, anoxia, hemorrhage)

Evidence indicates that this splenic emptying
mechanism is under sympathetic regulation

(Green and associates, 19M) Stimulation of

splemc nerve fibers in the dog results in simul

tancoua decrease m arterial inflow, increase m
venous outflow, and decrease of splenic weight

The inflow response can be reproduced by intra

arterial norepinephnne injection, while the out

flow response can best be reproduced by injection

of epinephrine This suggests the existence of

separate mechanisms for the control of splenic

inflow and outflow a norepinephnne mediated

artenolar inflow constnction and an epmephnne
mediated emptying mechanism This latter might

be due either to venular relaxation causmg pass

ive ebstio recoil of splenic tissues, or to primary

contraction of splenic smooth muscle fibers

In man, there is no evidence to indicate that

splenic contractions take place under physiolog

ical circiumtances, nor do injections of adrenahne

raise the circubtory pbsma or red cell volumes

(Parsons and associates, 19-18) as one would ex

pect if the spleen served as on important blood

depot

The Hepvtic Circdlatiov

Id addition to receiving its artcnal blood supply

through the hepatic artery, the liver la also per

fu<ed by the mesentenc and splenic venous out

flow through the portal vem As pointed out ear

her, this unique circubtory arrangement leads to

considerable complexity of spbnehme hemody

joamic^ and information regarding the vanous

factors dctenaimng blood flow through the liver

IS still fragmentary The following may illustrate

the diCRculties encountered

The hemodyTiamic properties of the portal

venous bed of the isobtcd liver show a great deal

of simUanty to those of other vascubr beds, such

as the mesentenc desenbed earlier There i« m
particubr, a progressive decrease of vascubr re

sistance with increase of perfusion pressures

throughout the physiological pressure range (up

to 12 to 13 cm of H 0) (Breuer and associates,

1956) This would indicate that rcbtively small

changes of portal pressure are associated with

marked flow effects and that, consequently

,

portal venous pressure is an important deter

tninant of total hepatic flow

As may be seen from figure 26 I, however,
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portal \cnaus pre«surc is under the influence of a
\anet} of factore Mesentcnc and splenic at-

tenobr tone regulate inflow, %vhilc the outflow ig

determined by \cnular tone and hepatic sinn

sojdal pressure The latter, in turn, is dependent

upon hepatic artenolar tone and hepatic \cnous

pressure (determined by inferior \cna ca\al

pressure) which regulate inflow and outflow m
the sinusoids Actue contractions of the portal

and hepatic \eins are possible additional factors,

all capable of altering portal \cnoU3 pressure and

thus influencmg total hepatic flow

Expenmcntal separation of all these \anable8

has not been possible up to now
,
nonetheless,

certain important observations have been made
Continuous simultaneous direct moasuremonla

of hepatic artonal and portal I’cnous flows Ui

anesthetized dogs ebon the contnbution of the

portal 1cm to total hepatic flow as being approxi

matelj 65 per cent in one stud} (Seikurt and
Brecher, 1956), and 80 per centm another (Green

and a«soeiatoa, 1959) The cffectuc portal per

fusion pressures under these circumstances arc

6 and 8 mm Hg, respectitclj In such propara

tions, Eplanchmc nerve etimuhtiOQ causes an
increase in both hepatic arterial and portal venous

pressures, with a concomitant reduction in the

corresponding flows The calculated increases in

resistance of the portal s-enous and hepatic at

tenal beds approximately equal one another,

suggesting an equal degree of eplanchmc vaso

motor innenation Compared to the mesenteric

l^d, they are both less sensitne to lasoinotor

stimulation The effects of epinephrine and nor

epinephrine are similar to those of splanchnic

nerve stimulation, causing, however, a lesg

marked increase m the re'sistance of the portal

bed Thus, even though portal vein and hepatic

artery pressures increase and hepatic arterial

blood flow diminishes, portal flow does not change

much and may even increase (Green and asso

ciates, 1959) In fact, the net effect of epineph

nne m the resting, nonanesthctired human is an
increase of total hepatic flow, as estimated bj

indirect Bromsulphalein retention (BSP) meas
urements, along with an elevation of portal ven

OU8 pressure (Bradley, 1952) Norepinephrine

under similar conditions causes a decrease of

estimated hver flow in man (Beam and co

workers, 1951), while m normal, anesthetue^

dogs, it has no flow effect (Smj'the and asso

ciates, 1953)

The hemodynamic properties of the hepaUe

JWJL'W&T i»sd ike rrerjuay eitd AiwsvaW e-so

trols exerted on it play an important part in cir-

culatory homeostasis by adjusting splanchnic

blood flow m response to varying bodj needs

Blood flow through the splanchnic bed is suffi

cient!> large to enable it to serve as a reservoir

The circulating spUnchnic blood -volume in man
at rest and in the anesthetized dog, measured b>

isotope dilution techniques, forms approximately

20 per cent of the total blood \ olume (about 1000

cc m man) (Bradlej and coworkers, 1953)

Splanchnic blood flow (i e , the total amount of

blood perfusing the liver through the hepatic

artcrj and portal vein), estimated bj the BSP
method, amounts to approximate!} 1,500 cc per

minute m man, or about 20 per cent of the resting

rardiac output

Changes in splanchnic hemod}naraics occur

under vanous ph}'5iologTcaI and pathological

conditions In man, occupation of the erect posi

tion is associated mth widespread reflex vaso

motor adjustments opposing the hjdrostatic

forces which would lower the blood pressure in

the upper half of the body (see ch 22) The
splanchnic bed is an important effector end organ

in these reflexes Passive tilting of human sub-

jects from supine to upright position causes a

decrease of splanchnic blood flow without siniilar

changes of mean blood pressure, indicating that

an increase in splanchnic vascular resistance has

occurred (Culbertson and associates, 1951) This

channels blood to other vascular areas, notably

those in the upper regions of the body In sub

jects with previous eplanchmcectomy, the same

tdtzog procedure causes artenal hj-potension and

a proportional decrease of splanchnic blood flow

without changing the vascular resistance (Wilkins

and coworkers, 1951) This would mdicate that

the vasoconstriction is normally mediated

through the splanchmc sympathetic nerves

Vasomotor adjustments and redistribution of

Circulating blood are also prominent during exer

CISC In normal human subjects, performing Lght

exercise m the recumbent position, circulatmg

splanchiuc blood volume and splanchnic blood

flow decrease significantly ade and associates

1956} As exercise is usual!} associated with an

increase in artenal blood pressure and cardiac out-

put (see ch 18 and 23), the reduction m splanchnic

flow must be caused by increased vascular re

sistaace The advantages for the oigamsm of such

vascular adjustments are evident, vasoconstnc

tion diverts blood flow to those organs that need

it most (e g , the exercising muscles) Moreover,

the ertza Wood derived Lrozn the reduetjoa in ar

culatiDg splanchnic blood volume serves to boost
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venous return, thereby contributing to the de\a
tion of cardiac output

Finally, the splanchnic cu-culation plays an
important role m the response of the onanism to

a reduction of circulatmg blood volume, such as

occurs after hemorrhage This response is con

ditioncd to a great evtent by the amount of blood

lost, and it may wry , accordingly, from transient

vasomotor changes to a state of irreversible cit

culatory collapse resulting in death

It might be expected from the splanchmc re

sponses to tilting and to exercise that blood loss

nould produce vasoconstriction m the splanchmc

bed, m order to maintain flow m other parts of

the body such as the brain and heart This is not

the case, however, as shown by ammal expen

menu
Aucte removal of about one third of the total

blood volume of the anesthetiied dog results m &
fall of cardiac output, mean artcnal pressure,

splanchnic flow (ns measured by the BSP method)

and splanchnic blood volume The changes follow

ing this degree of blood loss are, in general, re

versible Splanchnic flow decrea«cs m proportion

to the fall of blood pressure, mthout significant

change in splanchnic resistance Thus, the

splanchmo bed, unlike the vasculature of skin,

skeletal muscle and kidneys, docs net participate

in the eystcmic vasoconstnction following hemor

rhage On the other hand, splanchmc blood vol

ume dimiiushes to a greater extent, proportion

ally, than the reduction in total blood volume

(Rcynell and associates, 1955) Remov al of biger

amounts of blood, resulting m irreversible shock,

produces more marked but qualitatively simibr

changes in hemodynamic parameters The meta>

bolic consequences, however, are quite different

S^Janchnin. asLygr-a oiosiinrgibna la not affected

by the moderate blood loss, the diminished flow

IS compensated for by increased oxygen extraction

by the tissues (Hamnck and Sljers, 1955) With

more massive hemorrhage, however, blood flow is

so reduced that this compensation is inadequate

and splanchmc oxygen consumption falls, result

ing in hepatic hypoxia

TIius, the spbnchnic hemodynamic response to

hemorrhage is a reduction of spbnchnic blood

volume rather than an increased resistance to

flow Dummshing the store of blood contained in

the spbnchmc bed amounts to an ‘ auto Irans

fusion” and tends to re-establish the circubling

blood volume On the other hand, the failure to

increase local vrascubr resistance indicates the

priority given to the maintenance of adequate

spbnchmc oxygenation The btter seems to be

of great importance for the orgamsm, as a factor

m determimng the outcome of hemorrhagic

shock Indeed, it was shown that oxygenation of

the liver (Frank and associates, 1946), or of the

intestine (Lillehei, 1956), by perfusion through

the splenic vein or superior mescntenc artery

protects dogs from the otherwise fatal outcome of

shock induced by massive hemorrhage The exact

mechanism n-hereby spbnchnic hypoxia con

tnbutes to the irrev ersibihty of shock is not

known One current hypothesis postulates the

ebboration of vasotoxic substances by the hy
pone intestine, and the failure of their removal or

detoxification by the hypoxic hver (Sclkurt,

1959)

Renal Circulation

Renal circubtion and renal function are so

closely interrelated that reference to only one

without eon«ideration of the other always has to

be artificial and incomplete Abo, much of our

knowledge about renal blood flow stems indi

rectly from the behavior of some special functions

of the kidney The reader is referred to the chap

ter on “Unne Formation” where renal function,

the anatomy and the clearance method for renal

blood flow measurements are considered m detail

METHODOLOOT OF REVAL BLOOD FLOW The
renal blood flow m man is usually meaaured by

the clearance technique There are some restne

tions necessary m connection with this method

(1) rapid changes in the renal blood flow cannot

be detected since a single clearance period covers

5 to 15 minutes and giv es only av-erage values dur

ing this time, (2) determinations can be earned

out only when unne is produced at the same time,

since, for the calcubtion of renal blood flow, it is

necessary to know the amount of the clearance

substance (usually parammohippunc acid) which

13 excreted in the unne For example,m shock and

in certain renal diseases, when no unne is pro

duced, renal blood flow cannot be evaluated by

this method (3) The unne formation is aUo

stopped when the artenal blood pressure is less

than SO mm Ilg, since the hydrostatic pressure

m the glomerular capilbnes is insufTicient to

produce a glomeruhr filtrate

In order to get a more exact picture of the renal

hemodynamics, it was necessary, therefore, to

turn to ammal expenments Kearly all the direct

and indirect methods for the measurement of

blood flow desenbed in chapter 18 have been

spphed m these animal experiments However,

th^ methods fail to elucidate the pattern of di'*

tnbution of the tn^rarenof blood flow During



Chapter SS SPECIAL FEATUHES OF CHlCELATION 369

the hst two j’ean, two methods have been de

velopcd to scparitel> determine the blood flow

of the renal cortex and medulla (1) Under tcrtain

circumstances the accumulation rate of a sub

stance m a tissue can be u«ed as a measure of the

blood flow Tins method has been applied to the

determination of blooil flow to the different renal

areas ^\hcn radioactive albumin is introduced

into till arterial circulation, the ndioactivity

builds up m the tissue Tlie rate of accumulation ^
of the radioactn itj is a function of the blood flow e

to the region (2) The other method utilizes the

translummation of the different parts of the kid

ne> by implanted micro hght sources The in

tensitj of the transmitted light is measured bj

micro photo ciils which arc cither inserted under

the renal capsule for measurement in the cortet,

or placed ag iinst the papilla for measurement m
the medulla After a single injection of d>e (Evans

blue) mto the renal arterj, dje dilution curves

can bo reconlcd in different areas (fig 26 4), per

mitting calculation of the mean iirculation time

(t) In addition, blood volume (V) in the different

areas can be calculated m accordance with the

spectral characteristic of hemoglobin The
loganthm of the ratio (I..,)/(Uj«)‘ is proper

tional to the hemoglobin concentration m the

tissue (Hbi Knowing the local intrava«cubr

hemoglobin concentration (Hb,M«)t the ratio

(Hb,i„«)/(Hb„«) therefore reprc«!ents the blood

volume (V) in the tissue According to the Stew

art Hamilton formula, the ratio (V)/(t) represents

the blood flow m different areas

woRiiAL RFVAL BLOOD FLOW Under resting

conditions, in the recumbent position, anrf vMtfi a

normal mean arterial blood pressure about I 200
cc of blood per minute pass through both human
kidneys, or about 20 per cent of the cardiac out

put This 13 called the renal fraction of the cardiac

output Since the average weight of both kjdoe>s

is about 300 gm
,
normally 1 gm of kidney is

perfused by 4 cc of blood per minute However,

this value is only an average for the whole kidney

since there are great differences m the distnbution

of the blood supplj within various renal areas

Blood flow values per gram of tissue have been

found to be similar m dogs (4 to 5 cc per gm per

minute) However, smaller animals have a greater

renal perfusion rate Values up to 10 cc per gm
per minute have been obtained in rate by the

PAH clearance method For a better comparison

1 !(,„ =. transmitted light dunng 100 per cent
oxygen saturation of hemoglobin Ired»c = trans
mitted light during 0 per cent oxygen saturation
of hemoglobin

Fio 262 Pressure gradients m the mammalian
renal circulation

of values obtained from different laboratories, it

has bcwime the custom to express renal blood

flow in cc per gm per minute

In the kidney, there are two capillary beds con

Qcctcd ID senes the glomerular capiltanes and

the peritubular capillaries They are separated

by the vn«a efferentia, which functionally and

sast&atK-sHy bcAaii? Me artmalT? Tb? sss.'a

resistance to flow m the kidney is divided almost

equally between the vosa afferentia (preglomem

lar) andv^ efferentia (postglomerular), and thus

the roam pressure drop occurs in these segments

(fig 26 2) It has been demonstrated by micro

puncture studies m the cortex of mammahan
kidney, that the hydrostatic pre«sure in the

pentubular capiUanes is usually 14 to 18 mm
Hg, and is about the same as the hydrostatic

pressure in the proximal tubules At the present

time, there are no direct measurements of the

hydrostatic pressure m raammaUan glomerular

caplUanes However, by indirect calculations,

this pressure has been assumed to be normally on

tile range of GO to 70 mm Hg
Ever since the investigations of Wirz and

associates showed the significance of the renal

medulla upon the concentrating mechanism of

the kidney, and the functional differenee of this

area from the renal cortex, interest has grown m

/
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Fio 20 4 Dye dilution curves m the renal cor
tex and medulla of the dog after rapid injection of
Evans blue into the renal artery ( I i a ren

)

The passage of Evans blue n as measured by email
photocells which separately picked up reflected

light from the cortex (upper curve) and transmitted
light through the medulla (middle curve) The
photocells were sensitive at the Evans blue ab
sorption wave leng^ch (640 aift) The lower curve
represents B)Stemic blood pressure (Bl’} (Prom
Kramer K and associates Pfluger s Arch ges
Physiol 19G0 270 , 251 )

the distribution of total renal blood flow to the

component parts of the kidnej Up to the present

all the data on the intrarenal distnbution of blood

flow are the results of expenments in dogs be-

cause of the operative procedures intoUed m
obtaining these measurements The results show

that the perfusion rate in the renal cortical tosue

IS much greater than m the medulla (fig 26 3)

and indicate that onlj 1 to 2 per cent of the total

renal blood flow passes through the inner medulla

Tins low blood flow in the inner medulla is a<»so

ciated wnth a low velocity of the blood m the

\asa recta of the medulla The mean circulation

lime of the blood through the vasa recta is about

50 seconds, and only about 2 5 seconds through

^
the cortical capillaries (fig 26 4) On the other

hand the vascular volume in the cortex and in

the medulla 'eerns to be the same m both areas,

the vascular volume has been calculated to be

about 20 to 22 per cent of the tissue v olume More
than one factor is known to cause this low velocity

of blood in the vasa recta The rcswtance to flow

m the«e vessels is very high because of the unusual

length (as compared to other capilbnes) of the

vasa recta which may be as long as 20 nun The
coiDpositioQ of the blood is changed as it parses

through the medulla especially when the end
unne is highly concentrated The medullary

blood becomes more and more dehydrated as it

reaches the tip of the papilla, by transmembrane
shunting of water from the descending to the

ascending hmb of the vasa recta This water

shunt mechanism results m a diminution of the

intravascular blood volume and m an increase of

the blood viscositj Thus the unusual length of

tbc vasa recta, the decreasing intravascular blood

volume and incrcasmg blood viscosity all con

tnbute to the low velocity of medullaiy blood

flow

Ikthahenal nnuonTNAMics a>t> beval rerse

TIOY Intrarenal hemodynamics and renal fune

tion arc so interrelated that change m one will

always affect the other An mcreasc in the cortical

blood flow, if correlated with elevated glomerular

capillary pressure, causes an increase in the

glomerular filtration rate In these circumstances

the excretion of osmotically active sutstances

will bo increased This latter effect i« partially

caused by an increase m the tubular load, i e ,
a

greater amount of osmotically active substances

offered to the tubules by the increased glomerular

filtration rate On the other hand in the pre«ence

of an increase m cortical blood flow there is a

concomitant increase in the peritubular capillary
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pressure \\hich, by itself, maj affect the total

excretion by means of decreased proximal tubular

reabsorptvon

Aledullarj blood flow seems to be important

for the concentrating abilitj of the kidncj In the

renal meduUa, the osmotic pressure progressive!}

increases from the base to the tip of the medulla

and becomes a detenmnant in the concentration

of the final unne delivered to the renal pelvis An
increase of blood flow m the medulla tends to

wash out the o^moticall} active substances from

this area, decn-asmg the osmotic prc'^aurc and

causing a lower concentration of the final unne

In this manner, renal function is affected by
pnmary changes m medullar} blood flow and,

conv ersclj , meduUarj blood flow may be affected

bj pnmar> changes m renal function In water

diuresi«, the medullary blood flow is greater than

m antidiure«!i3 Tlic cortical blood flow and the

glomerular filtration rate are unchanged under

these circumstances

AtrroREomjvTiox of reva,!. atoon flow The
blood flow (F) m an organ is dircctlj proportional

to the artenovenous pressure gradient (1^ v),

and inverscl} proportional to the ro«istaiice (R),

J c
,
F •* (Pa v)/(R) In most organs, when only

the artenovonous pressure gradient increases, the

blood flow increases more than the increase tn

pressure gradient, meaning that there has been a

concomitant decrease m the ro«istance caused b)

the passive distention of the veswels with pressure

The pattern of behanor of the renal blood flow

is different, it reacts in the manner just desenbed

at perfusion pressures only up to 90 mm Hg
However, when the arteml perfusion pressure

rises above 90mm Hg, the resistance increases so

that the total blood flow in the kidney remains

nearly constant (fig 26 6, curve N) Above 250

mm Hg the blood flow again becomes directly

dependent on the arterial pressure This pbenom
enon is known as the autoregulation of renal blood

flow because it is also present after cuttmg the

renal nerves, after injecting ganghoplegic drugs,

and in the isolated perfused kidnej

Simultaneous measurements of blood flow m
the cortex and inner medulla of the kidney have

shown that autoregulation is present solel} in

the cortex Since only about 1 to 2 per cent of the

total renal blood flow passes through the inner

medulla,'' a solitary increase in medullary blood

flow does not actually cause a measurable increase

of total renal blood flow Therefore, m the pres

ence of a rising arterial perfusion pressure, the

total renal blood flow remains nearly constant

m spi^e of an increasing meduUarj blood flow

Hence, it is more accurate to limit discussion of

autoregulation solely to the cortical blood flow

There are at the moment, three theories which

attempt to cxplam this special behavior of the

renal blood flow

A Myogemc Vtory When the arterial perfu

Bion pressure is increased, the vessels become

distended The smooth muscles, especially in the

pieglomcrular vessels, react to this distention bj

fihortcmng, thercb} constnetmg the vessels

that a new high resistance is established This

imphcs that the tonus of the \ essels is increased

by an autonomic mjogenic reaction to increasmg

arterial perfusion pressure * It has been demon
•>lratcd in the dog kidncj that when Uie artcnal

perfusion pressure is suddcnl) increased the

blood flow 13 onl} increased passively flunng the

first 3 to 4 seconds Following tins, the resistance

in the vascular bed increases to such an extent

that the blood flow nearly ceases at about 15

seconds After 20 to 30 seconds, the blood flow

increases to the normal lev el of the autoregula

tion (fig 26 5) This initial latency and the phasic

changes of the resistance arc in accord with the

contracting properties of smooth muscle The
autoregulation can be abolished by drugs which

paralyze the smooth muscles (potassium cyanide

papavenne and procaine (novocaine) in high

concentration) Lilrewise, the phasic changes of

the resistance, caused by rapid pressure increases,

arc removed by lhe*c dru^ (fig 26 5)

Tbere are CTpenmcntal lodicatioas that the

autoregulator} mechanism resides within the

preglomerular vessels The glomerular filtration

rale is controlled, among other things, by the

introglomenilar capiUary pressure The constancy

of the glomerular filtration rate and its inde

pcndcnce from artcnal perfusion pressure changes

above 90 mm Hg, constitutes indirect evidence

of a constant, intraglomerular capillary pressure

Furthermore, by paralyzing the vascular smooth

muscles with papav enne the glomerular filtration

rate now becomes directly proportional to the

arterial perfueioa pressure Thus, there is strong

evidence to support the contention that the auto-

* Contraction of the smooth muscles as the re

suit of elevated intravascular pressure has been
described for many vascular syslema In contrast
to the kidney these myogenic reactions are not
powerful enough to constrict the vessel to such an
extent that blood flow remains constant in spite

of an elevated perfusion pressure It is not neces
sanly tnie that the single muscle cell of the renal
vessel reacts differently than in other organs A
spatial arrangement of the muscle cells specially

oriented can increase the net efl'ect of the single
cell contraction on the diameter of the vessel
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Fig 2G 5 Pattern of flow in the renal artery of
dogs following sudden increase in the arterial per
fusion pressure from 0 to 150 mm Hg before and
after vascular muscle paralysis by papaverine
The phasic changes in renal blood flow in the nor
mal kidney indicating a concomitant inverse
change in resistance can be abolished by papav
erine The steady state blood flow of 4 cc per

?

ram per minute at 150 mm llg in the control
autoregulated kidney) is increased under papav

erine to about 9 cc per gram per minute (See also
figure 26 6 difference between curve N and curve
O at 150 mm Hg) (Modified after Thurau K and
Kramer K Pfluger’s Arch ges Phjsiol 1959
269 , 77

)

regulatory mechanism depends upon the mtegnty

and reactivity of the proglomerular vascular

muscles

B Cell teparalxon Oieory In a vascular system

m which small tesscls brunch off from a brge

one, the small vessels rccene cell poor plasma

from the outer zone of blood in the large tessel,

because the erythrocytes remain in the axial

stream of the large vessel This separation of

plasma and erythrocytes at the bifurcation of

vessels is called plasma skimming or cell separa

tion For the kidney, it is assumed that this cell

separation takes place to an unusual degrecc at

the origm of the afferent arterioles The blood re

maming m the interlobular arteries becomes more

and more concentrated with erjthroevtcs and

flow s tlirough special erj throcj te shunts directly

into the veins without flowing through the pen

tubular capillaries, w hicli are perfused only cell

poor plasma The degree of the cell separation is

supposed to be dependent on the arterial perfu

Sion pressure, so that blood with a hematoent up

to about 80 per cent in the distal part of the inter

lobular artenes can be produced In this range of

hematoent, the viscosity of the blood is high and

vanes greatly with small changes in hematoent

This variable \nscosity which is dependent on the

artenal blood pressure, is beliex ed to be the cause

^ of the \anable resistance responsible for the

autoregulition According to this theory, a cell

free perfusion of the kidney should not show any

BUtoregulation However, it has been demon
Btrated by different investigators that autoregula

tion does occur even when the kidney is perfused

by dextran, a cell free plasma, or blood with a

very lowr hematoent It would, furthermore, be

expected that the oxygen saturation of the blood

m the distal pentubular capillanes should be

lower than that in the mixed venous blood How
ever, investigations have shown that the oxygen

saturation in this area is not different from that

m mixed venous blood Also, the passage times of

plasma and erythrocytes from the renal artery

to the renal vein are the same, but, according to

the cell separation theory, they should differ

C Inlrarenal pressure theory By insertion of

a 24 gauge needle into the renal tissue, it was

found tliat the mtrarenal tissue pressure meas
uredm this way increases disproportionately w^lh

increasing arterial perfusion pressure From this

data, It is calculated that the elev ated tissue pres

sure lias a clamping effect on vascular geometry

and resistance to flow This assumes that the

nmlle pressure selectively measures only normal

tissue pressure and that no vessels have been

ruptured by the needle insertion In any ca«e,

measurements of the intracapillary and intra

tubular pressures in the rat kidney by the micro

puncture technique have shown that these pres

sures do DOt change when the artcnal perfusion

pressure is elevated above 90 mm Hg
The present great interest m the investigation

of autoregulation of renal blood flow may intro

ducc some new thcones m the future At the

present lime, however, the myogenic theory is the

most favored

Nervous control or renal blood flow The

highly developed plexus rcnalis contains syin

pathetic and parasympathetic fibers However,

under normal physiological conditions, not too

much IS known of the significance of this nch

nerve supply to the kidney The interpretation

of the results of expenments with regard to the

nervous control of renal blood flow is complicated

by Ibc fact that the v oscular sy stem of the kidney

has an autonomic and vanable tonus which is

independent of any innervation (see autoregula

tion of renal blood flow) and may interfere with

nervous vascular reactions For a belter under

standing of this vascular behavior, see figure 26 6

i^ch shows pressure flow curves resulting citlier

from change of nervous vascular tonus or from

autonomic tonus

Much mvestigation has been going on to gam

information about the nervous control of the

Tcn&l blood flow under resting conditions Renal
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blood flow has been measured before and after

denervation of the kidnej

In unaiiesthtlued man and animals m rccum

bencj, the renaf Wood flow of (be dener%at«I

kidnej docs not differ from that of the mncr\ated

kidnej This implies that under resting conditions

there is no sjTnpathctic nenous influence m the

renal ^a=cuIar bed Furthermore, the noncxist

cnee of a siTupathotic tone of the renal \asctilar

bed, under resting conditions, has been confirmed

b\ animal expenments m nhich depressor reflexes

m the sj-stcmic circulation nerc produced Stimu

lationof the reflexogeme areas of the carotid sinus

and aortic arch causes ^Tisodifation in (he kidney

onl} when a ejinpathetic tonus of the renal xe<5«el

lias been prertowly produced bj a'phi'xia or bj

anesthesia

In aneathetued ammala it has been shown that

the renal blood flow maj increase alter denenra

tion but, since the sympathetic tone in the penph
«cal vascular bed is usually augmented dunng
anesthesia tho denervation therefore ebiomale*

dd1> tbeunpbysiolosieal sympathetic stimulation

produced by the anesthesia aod thereby permits

return of the blood flow to normal values Accord

ingl), in a dog where one kid&ey is denervated

the renal blood flow decreases oni> in the innerv

ated kidney during pentobarbital injection The
blood flow of the denervated kidney shows no
change

M’eurogenic \ a'soconatnctloa of the renal XTSsels

IS produced by fie\ere hypoxia, i e ,
arterial oxy

gon saturation below 50 per cent However, m
the range of decreasing artcnal oxy gen saturation

between 100 and about 50 per cent, there seems

to be no change m renal blood flow, and this is

true either in ane«thet«ed dogs or in unanes

thetiied man The vasoconstnctor effect of severe

bypom can be eliminated m the dog by abobsh

mg the chemoreceptore m the carotid sinus and
aortic arch, indicating that the constrictor re-

sponse to hypoxia is induced by stimulating the

peripheral chemoreceptors

Vasoconstnction m the dog kidney also occurs

dunng hypercapnia while breathing a mixture of

5 to 30 per cent CO* m oxygen In these expen

ments, the pH of the blood •unultaneously de

creased from 7 49 to 7 21 Since tbe constriction

IS abolished by renal denervation, hy'percapnia

and this degree of acidosis seem to produce only

neurogenic rather than local vasoconstnction

A decreased discharge rate of the pressorecep-

tors in the carotid sinus or aortic arch m dogs.

Caused by lowering the mtrasmusal or intra aortic

blood pressure, or by damping the pulse pressure

Fio 206 Pressure flow curves m the kidney
The thin lines through the origin of the graph rep
resent equal resistances to flow expres«ed m terms

of — per gram per minute

Cuire \ Pressure flow curve under normal con
ditions The increase of resistance above SO mm
Ilg IS independent of extrinsic factors (»ee auto
regulation of renal blood flow) Curces J to S Pres
auie flow curves with increasing vascular tone
ondary to various extnnsie factors such as increase
ayunpathetic stimulation or eptnepbrine With in

creasing extnnsically induced vascular tone the
pressure flow curv es become more and more linear
simultaneous to a decrease in autoregulatioo
Curve 0 Pressure flow curve after paralyzing tbe
smooth muscles of the renal vessels Note the abo
lition of autore^latioD also note that under nor
mal conditions (curie \) there is no myogenic tone
ID tbe renal vessels between 0 to 80 mm Eg

m the«e areas, loads to neurogenic xasocoastnc

tion m the kidney as well as in other organs

In connection with the nenous control of the

renal blood flow, the question also arises as to

whether or not there exists a nervous control of

the function of the tubular cells After denerva

tioo of the kidney , an mcrease of coditun excre

tion ts often found, su^e*:ting a decreased absorp

tive capacity of the tubular cells However, m
early all these expenments tbe glomerular filtro

tioD rate simultaneously mereased It is well

known that this increase of the glomerular filtra

tion rale can cause an elevated *K)diura excretion

without altered tubular function Moreover, tho*^

expeniaentsin which the excretion of electrolyses

was increased irtlhout a corre^poniirng increase

in the glomerular filtration rate, by no means

prove a primary changed tubular function after

denervation As yet, it is sliU unknown whether

changes of the mtrarenal distnbutioa of blood

flow occur after denervation since, for example,

even small changes m medullary blood flow can

affect the compo«ition of the end unne

Exemse, posture and central hlood volume Ef
feeU on renal blood /lour In the upnght exercis-
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mg man, renal blood flow is diminished when
compared to blood flow Under resting conditions

while supine If, however, exercise is performed

in recumbencj
, the blood flow in the kidnej re

mam nearlj unaffected Also, the d(^, which usu

ailj does not change its posture during exercise,

shows no change in renal blood flow when runmng
5 6 to 10 mph at a 15° slope on a treadmill

These findings give nse to the supposition that

the upnght position per se, m which exercise is

usually performed, leads to the decrease in renal

blood flow Indeed, it has been found that the

usual response on changing from the recumbent

to the standing position is a decrease in lenat

blood flow Under the extreme conditions of pro

longed standing, the renal blood flow may de

crease bj about 50 per cent of the control value

These changes arc accompanied bj sinular rcduc

tions in glomerular filtration rate and unne out

put Since the arterial blood pressure is little or

unchanged, the reduction in renal blood flow is

pnmanlj caused by an elevated resistance to

flow This 18 only part of a generalized elevation

in total peripheral resistance secondary to the

upright position This enhanced penpheral resist

ance is caused by an augmented neural vasocon

Btnction rather than by a humoral mechanism

Tlie afferent mechanisms involved are poorly

understood but it is believed that this can be

effected through reduction of central blood vol

ume The central blood volume m the thorax can

be reduced to subnornial values bj means of

positive pressure breathing It has been showm,

that under these circumstances the renal resist

ance to flow increases Since the blood volume ui

the chest is also diminished in the upnght posi

tion this reduction in central blood volume, in

duced by changing from the recumbent to the

standing position, ma> be one factor involved

in the renal constrictor mechanism Converselj,

an increase in central blood volume above norma!

bj blood infusion, tilting of the bod> to the head

down position, or negative pressure breathing,

should produce an neurogenic vasodilation in the

kidnej But, as pointed out m the preceding sec

tion on nervous control of renal blood flow, under

normal resting conditions there are no sym

pathetic discharges to the renal vessel, and hence

a neurogenic v asodilation is nonexistent It is not

surprising, therefore, than an increase in central

blood volume fails to result m a renal vasodila

tion However, then, is another interesting effect

of an mereased centra! blood volume upon the

kidnoj which should be bneflj mentioned here

It has been found tliat elev ation of central blood

volume simultaneously increases the unne output

Since renal blood flow and also the glomerular

filtration rate are not altered under these condi

tions, and, since the resultant diuresis is caused

pnmanly by an increased free water excretion

(i e , without concomitant excretion of osmoti

cally active substances), there is strong evndence

that an increase in central blood volume inhibits

antidiuretic hormone (ADH) secretion of the

neuroh3 pophysis It is suggested that this ADH
inhibition is reflexlj induced by stimulation of

stretch receptors located predominantly in the

left atnal wall and sensitive to an increase in

central blood volume Whether this mechanism
has any significance m the regulation of the total

blood volume, is the subject of present mvestiga

tions

Reluming to the discussion of renal blood flow

during exercise m man there is no doubt that the

change to the uprght position per se is one factor

involved m the decreased renal blood flow But
reductions m renal blood flow down to 20 per cent

of the control value, as measured in severe exer

cise m man, can hardly be explained by this

orth<«tatic mechanism alone It is a matter for

further investigations to establish the other fac

tors which determine the changes in renal blood

flow during exercise

The effect of tome pharmaeoloffical agents upon

renal nreulaiion Epmephrme and norepineph

nne both have powerful v^asoconstnetor effects

upon the renal vessels Each drug acts upon
smooth muscles and its action can be abolished

by adrencigic blockmg agents Single intravenous

injection of 2 pg per kg of epinephrine causes

complete cessation of renal blood flow During

continuous intravenous infusion of low doses (10

to 15j»g per minute) of epinephrine or norepi

nephnne m man, there occurs a 30 per cent de

crease ui renal flow w ithout change in the glomer

ular filtration rate The result mdicates that low

concentrations of the pressor agents predomi

nantty produce efferent arteriolar constriction

Since the systemic arterial pressure is concomi

tantly elevated, a small nse m resistance must

also occur in the afferent arterioles or, otherwise,

there would occur an increase in the glomerular

filtration rate Similar results have been found

in the denervated kidney in man The effect of

2 to 10 pg per minute of 1 norepinephrine, given

intravenously, has been studied m the homo
transplanted kidney of an identical twm recipient

and m the innervated kidney of the donor In

both kidneys the renal blood flow decreased 25

per cent, when given 2 pg 1 norepmepbnao, and
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50 per cent, when g»cn JO Mg >
without changes

m the glomerular filtration rale, revealing the

similarit} m the response of the innenalcd and

denenated kidnc> to 1 norepinephrine «j iin

ancstheti2cd man Despite tJie decrease in renal

blood flow following minute doses of cpmeplmnc,

there occurs a moderate swelling of the kidnej

Experiments m dogs have shown a simultaneous

increase m renal blood v oliimc It bis, therefore,

been concluded that an increase in resistance to

flow also occurs in postcapillarj segments (prob

ablj venular) which leads to an elevated mlra

capillary pressure and a resultant distention of

the renal capillaries

Pitressm is an extract of the posterior pitm

lanes of oxen and hogs wnlh an antidmretic

vasopressor action Infusions of I to 2 mV per

kg per hour, with winch significant antidiurctic

effects can be produced, have no effect upon the

renal blood flowm man Higher, nonphj'stological

doses, increase the resistance to flow tn the kidnej

b} direct action on the renal vessels Repeated

injections elicit tachj'ph} laxis

The injection of serotonin (5 hjdroxvtiypta

nuce) into the renal arter> in dog«, produces

coastnotion of the renal ve^cls This constrictor

effect has been shown in innervated as well as in

denervated bdney and persists after the applica

tion of sympatholytic agents Thus, serotomn

probably acts directly on the smooth muscles

However, vntraicnotulj/ injected serotonin may be

followed by a renal vasodilation rcflexly induced

by the action of this drug upon depressor rccep

tors whose afferent fibers arise within the chest

and are mediated through the vagus nerve In

patients with malignant carcinoid, the unnary
excretion of serotooin or its metabolic products is

elevated secondary to the high circulating blood

level In these patients, the glomenibr filtration

rate and renal blood flow are usually diminished

I Hydrozmophthalazine (Apresoline) produces

a vasodilation in the kidney which persists for

hours following a single injection The mechanism
of the vasodilatory effect is still unknown It

seems that Apresoline has no direct paralyzmg

effect upon the renal vessels since injection into

the renal artery produces an initial vasoconstnc

tion, followed m several minutes by the onset of

varodilation, the latter becoming more marked
during the next 30 minutes and persisting for 2
to 3 hours

RiiACTiVE nyPEHEMU In both cardiac and

skeletal muscles, and in some other organs, the

blood flow temporarily increa'ses over the control

value after releasing an arterial clamp This over-

shoot of blood flow, lasting from several seconds

to several minutes, depends upon the duration

of occlusion and may exceed the estimated Wood
flow debt incurred dunng the occlusion jicnod If

the term reactive bjT>crcmia is restneted to this

overshoot, then by definition, the renal circulation

does not ebow this phenomenon After releasing

nn occlusion of the renal arten
,
there occurs a

brief 3 to 5 second overshoot of blood flow (fig

26 5), which, however, is independent of the

duration of occlusion and is, m no instance,

greater than the estimated blood flow debt

Furthermore, after interruption of the renal blood

flow for several minutes, the re-established blood

flow, foUowang the initial overshoot, usually de

creases temporarily to subnormal values

HvroTiiKnMiA akd iilnai. blood flow At the

onset of the cooling pha'so, as the body attempts

to maintain a normal temperature (shivering

phase), the renal blood flow increases 20 to 45 per

cent above the control value T*hi9 has been ob

senod utiliring para ammohippuratc (PAH)
clearances in both anesthetized and unancs

thetized man and animals Tlus initial increase

in renal blood Bow can be abolished by inlubiting

sluvcnng wath d tubocuranne As the rectal

temperature falls below 32* C (90® F ) the renal

blood flow progressively decreases and, at 27® C
(80® F ) 13 only 50 per cent of the normal value

This decrea«e m blood flow is also observ ed m the

isolated dog kidney which was perfused by cooled

blood, and m which the renal blood flow was

directly measured A major part of the decrca«ed

blood flow 13 caused fay an increased resistance

related to the augmented viscosity of cooled

blood but this factor alone, however, is msuffi

cient to explain the degree of change in blood

flow It IS still unknown which other nervous or

btunorai factors are involved

Regional coobng such as the immersion of an

extremity into ice water for some minutes, suffi

cient to produce a painful sensation, in man is

attended by a 20 per cent decrease m renal blood

flow This 13 probably caused by a nervous reflex,

stimulating sympathetic discharges to the renal

vessels

Arteriovenous oxygev difference and
OXYGEN uitake OF THE KIDNEY The oxygen

difference between artenal and venous blood m
the human kidney (A V oxygen difference) is

about 1 7 cc jjer 100 cc of blood, which is small

compared with an A V oxygen difference of 4 to 5

cc per 100 cc of blood between artenal blood and

mixed venous blood of the nght heart From the

renal A V oxygen difference and the total renal
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blood flow (1^00 cc per minute) the oxjgen up-

take of both human kidneys is calculated to be
about 21 cc per minute In isolated dog kidn^
as well asm dogs kidneys the A V oxygen
difference has been found to be fairly constant in

«pite of renal blood flow changes which means
that the oxygen consumption in the kidney paral

lels the blood flow Up to the present httle mfor
mation is available concerning this phenomenon

but data from recent experiments surest that

the increase of oxygen consumption accompany

ing eleiated blood flow is caused by an increase

of reabsorbtne activities especially for sodium

which IS beheved to be an active oxygen consum

ing mechanism The renal oxygen uptake has

often been related to 100 gm of renal tissue

Assuming a total weight of 300 gm for the two
kidneys the oxygen uptake rate nould be 7 cc

per lOO gm per minute Howe\er for this latter

calculation of oxygen uptake the same restne

tions as mentioned for the 'imilar calculation of

renal blood flow, have to be cons dered since the

different renal areas have also different oxygen

uptake rates

In the renal cortex of anesthetued dogs the

oxygen uptake has been calculated to be 8 to 9

cc per 100 gis of tissue per minute in the inner

medulla only 0 3 to 0 4 cc per 100 gm of tissue

per minute Since axy^en uptake and blood flow

m the medulla compared to the cortex are

dunmishod by about the same factors the A V
oxygen difference therefore may be the same in

both areas and consequently no different than

the A V oxygen difference of the kidney in toto

The A V oxygen difference in the renal medulla

of anesthetized dogs has also been indirectly

calculated by means of the oxygen tension of the

final unne which is assumed to be in equilibnum

with the medullary venous blood Usually the

oxygen tension m the unne is less than m the

mixed renal venous blood and in these expen

ments the difference during air breathing was

2o ±3 mm Ilg Thus by this method the A V
oxygen difference m the medulla has been calcu

lated to be 8 5 cc per 100 cc of blood which

would indeed be very high However there are

indications that oxygen pressure m the medulla

i&ay also be influenced by the counter-current

exchange mechanism In this ca«e oxygen pres

sure would progressively decrease to the tip of

tl 0 medulla by transraembral shunting of oxygen

from the descending to the ascending limb of the

vasa recta The low oxygen tension of the final

unne would represent only the low oxygen pres

sure at tic tip of the medulla rather than the

oi^gcn pressure of the medullary venous blood

and therefore could not be used for calculations

of the medulbry A V oxygen difference

For the outer zone of the renal medulla there

exist only determinations of oxygen uptake in

excised tissue shces meubated in Warburg vessels

Under these circumstances an oxygen uptake of

about 4 cc per 100 gm of tissue per minute has

been found

CoxCttJSIONS

Renal hemodynamics exhibit certain pecuhan

lies which need re-emphasis Under basal condi

tions there exists no neurogenic tone in the renal

vessels and the kidney is protected against eleva

tions of artenal blood pressure by an autonomic

mechanism which usually maintains the cortical

blood flow the glomerular filtration rate and the

intrarenal capillary pressure at constant levels A
neurogenic vasodilation is generally nonexistent

and only vasoconstnction can be produced via

the nervous system This behavior is absolutely

contrary to that of the coronary circulation where

the experunental physiology up to the present

time has demonstTated only dilatory reflex

mechanisms Renal hemodynamics are poorly

understood by solely usuig measurements of the

Mol renal blood flow The renal artery supplies

blood at varying flow rates to the differently

functioning areas and function and blood flow

seem to be mutually interdependent this has

only been demonstrated in animals The human
kidney however still holds secret its distnbution

of inlra renal blood flow since at the present

time techniques apphcable for use in humans
have not been developed

REFERFNCES

Aviado D M Jr Uunck A L and DeBees
r J Effect of sympathomimetica on blood flow

in ancsthet zed dog J Pharmacol &. Exper
Tberap 19oS 12t 238

Bearv a G Biluno B and Sherlock S The
effect of adrenal ne and noradrenal neonhepat c

blood flow and eplanchnie carbohydrate metab
oliam in man J Pbya ol 19ol llo 430

Berger E \ Goldstove M and Horwitz
S A The effect of apoxic anoxia on the human
k dney J Cl n Invest 1919 28 &48

Bergstrand a and Sterkt G Rena! fund on

ID hypothermia Acta phys ol ecand nav 19of

31 13

Berliner R W and Davidson D G Produc

lion of hypertonic unne in the absence of p tui

tarynnt diuretic hormone J Clin Invest 19o7

36 1416

Berne R M Hemody namics and sod um excre

lion of denervated kidney m anesthetized and



Chapter S6 SPECIAL FEATURES OF CIRCULATION 377

unaneathetued dogs Am J Phj'siol
, 1952, 171i

148

Blatteis, C M am» Horvxt«, S M Renal,

cardiovascular and respiratory responses and
their inter relations during hjiiotherniia Am
J Phjsiol , 195S, 192, 357

BorLAN, J W AND AvTKomAK, D E Mechanism
of diuresis during negative pressure breathing

J Appl Ph>-siol , 1959, U, UG
Bradley, S L , Marks, P A ,

Retsell, P C ,

AND Meltzeb, j The circulating splanchnic

blood volume in dog and man Tr A Am
Physicians, 1953, 66, 294

Braxjer, R W ,
Leosq, G F

,
McElrot, R F ,

Jr ,andHolloivat, R J HemodjTiamics of the
vascular tree of the isolated rat liver prepara
tion Am J Phj'siol , 1956, 186, 537

Brickeb, N S ,
Stratfon, U A ,

Maiioset, E
P ,

AND Merrill, J P The functional capacity
of the Lidncy denervated by autotransplanta
tioninthedog J Clin Invest , 195S, 37. 185

Bbicker, N S , Guild, W R ,
Rearden, J B ,

AND Merrill, J P Studies on the functional

capacity of a denervated homotransplantcd
kidne> in an identical twin with parallel ob
eervations in the donor J Clm Invest , 1956,

S3, 1364

Brodwall, E K a study of renal function in

orthostatic hypotension Circulation, I960, 21,

3S

CaRLXV, M R ,
MaELLEB, C B

,
AND IVniTB,

H L Effects of exercise on renal blood &ow and
sodium excretion in dogs J Appl Ph) siol , 1950,

S. 291

CitAPaAV, 0 B ,
Hsvsciiel, A ,

Mincsler, J

,

Forsores, a
,
and Keys, A Effect of exercise

on renal plasma flow in normal male subjects

J Clin Invest , 1348, 27, 639

Chaboill, W H avo Hickau, J B The oxygen
consumption of the human kidney J Clm
Invest

, 1948. 27, 528

CARGtcc, H' ff and ^icKA&r, / ff rhe oxygen
coDsumption of the oormal and the diseased

human kidney J Clin Invest , 1949, 28, 526
Chabis, H, Ranges, H A ,

Goldkino, W , and
Smith, H W The control of renal blood flow

and glomerular filtration in nonna] man J Clm
Invest

, 1938, 17 , 6S3

Corcoran, A C
,
Browning, J S

,
and Page,

I H Renal hemodynamics m orthostatic hypo
tension JAMA, 1942, 119, 793

Culbertson, J W ,
Wilkins, R W , Incel

riNOER, F J , AND Bradley, S E The effect of

the upright posture upon hepatic blood flow in

normotensive and hypertensive subjects J Clin
Invest

, 1951, 30, 305
Deal, C F , Jn and Green, H D Companson

of changes m mesenteric resistance following
splanchnic nerve stimulation with responses to
epinephrine and norepinephnne Circulation

Res
, 1956, 4, 38

Emanuel, D A ,
Scott, J , Collins, R , and

Haddy, F j Local effect of serotonin on renal

vascular resistance and urine flow rate Am J
Physio)

, 1959, 196, 1122

Folkow, B Intravascular pressure as a factor

regulating the tone of small vessels Acta phys
lol scandinav

, 1949, 17, 2S9
Forster, R P and AIaes, J P Effect of expen
mental neurogenic hypertension on renal blood
flow and gloraeruHr filtration rates m intact

denervated kidney's of unancsthetized rabbits

with adrenal glands demedullated Am J
Physiol , 1947, 130, 534

Franc, M A ,
Selioman A M

,
and Fine, J

Traumatic shock XIII The prevention of

irreversibility in hemorrhagic shock by vivi

perfusion of the liver J Clm Invest
, 1946, 23,

22
Freeman, 0 W, Mitchell, G W, Wilson J S,
FiTzuvau, P W , AND Merrill, A J Renal
bemodymamics, sodium and water excretion m
supine exercising normal and cardiac patients

J Cfm Invest
, 1955, 3*. 1109

CorrscifALK, C W and Mylle, M Alicropunc
ture study of pressures in proximal tubules and
peritubular capillaries of the rat kidney and
their relation to urethral and renal venous pres

sures Am J Phyaiol 1956, 1B5, 430
Greco, DEL F .Masson, G M C

,
and Corcoran,

A C Rena! and arterial effects of serotonin m
the anesthetized rat Am J Physiol

, 1936,

1B7, S09
Green, H D

,
Lockblet, S H . Sexton J ,

and
Peal, C F Autonomic vasomotor respon'es in

the canine hepatic arterial and venous beds

Am J Physio! , 1959, 196, 196

Green, H D
, 0ms, K ,

and Kitchen, T Auto
oooue stimulation and blockade on canine

splenic inflow, outflow and weight Am J Phys
lol , 1060, 198, 424

Grupp, G and Ueimpel H Zum Problem der

reakliven Hyperamie der Niere Pflfiget's Arch
ges Physiol, 1958.267, 426

Baddy, P S ,
Scott, J , Fleishman, M , and

Emanuel, P Effect of change in blood flow rate

upon vascular resistance Am / Physiol
,
195S,

JA3, JJJ

Hamrick, L W,Jb and Myers, J D The effect

of hemorrhage on hepatic blood flow and
epianchnic oxygen consumption of the dog

Cireulation Res , 1955, 3, 65

HiNsiiAw, L B , Ballin, H M , Day, S B ,
and

Carlbon.C H Tissue pressure and autoregula

tion in the dextran perfused kidney Am J

Physiol , 1959, 197, 853

Hdlet W H and Smith H W Negative pres

sure respiration, water diuresis and natnuresis

m normotensive, hypertensive and prehydrated
normotensive subjects J Clm Invest

,
1959, 38,

1972
Johnson, P C Myogenic nature of increase in

intestinal vascular resistance with venous pres

sure elevation Circulation Res
,
1959 7, 992

Kaplan, S A
,
3\est, C D ,

and Fomon S J

Effects of unilateral division of splanchnic nerve

on the renal excretion of electrolytes in unanes
thetized and anesthetized dogs the mechanism
of crossed stimulation Am J Physiol 19o3,

173, 363
Kramer, K , and Winton, F R The influence of

urea and of change m arterial pressure on the



378 CmcULATION Section II

oxygen consumption of the isolated kidney in

dog J Phjstol 1937,96,87
Kramer, K and Ullrich, K 0» Saettigung und
Hb Gehalt des Capillarblutes der Nierennnde
Pfluger’s Arch ges Physiol

,
1958, 267, 251

KRAilER, IC ,
THUSAtr, K

,
AND DxETlEN, P

HamodjTiaimk des Nierenmarka I Capillare
Passagezeit, Blutvolumen, Durchblutung, Ge
webshamatoknt und Oi Verbrauch des Nieren
marksineitu Pflflger’s Arch ges Phjsio) ,1960,
270, 251

Lassen, N A
,
Longley, J B , and Lilieveield,

L S Concentration of albumin in renal papilla

Science, 1958, 128, 720

Lacsov, H D and Thompson, D D Effects in

dogs of decrease in glomerular filtration rate on
cation excretion during intravenous adminiatra
tion of unreabsorbable anions Am J Physiol

,

1958, 192, 19S
Levy, M N Oxygen consumption and blood flow

in the hypothermic perfused kidney Am J
Phjsiol

, 1959, 197, IIII

Lilienfielu, L S and Rose, J C Effect of blood
pressure alterations on intrarenal red cell

plasma separation J Clm Invest
, 1958, 37,

1106

LilievpielDiL S .Rose, j C ,
and Lassen, N A

Diverse distribution of red cells and albumin in

dog kidney Circulation Res
,
1953 6,810

Lilienfield, L S
,
Baoer, M H

,
and Maoan

zini.H C Plasma flow m reoal medulla Circu

Ktion, 1959, 20. 729

Lillekei R C Prevention of irrevereible hemor
rhagie shock in normal and Eck fistula dogs by
controlled cross perfusion of the superior mesen
terio artery Am J Physiol

, 1956, 187. 614

Maillet, M Innervation sympathique du rein

eon role trophique Acta neuroveg
,
1959,20, 155

Marson, F O Effect of noradrenaline on urine

and renal blood fio« Brit J Pharmacol , 1956,

11,431

Meiirizi.A and Hamilton, W F Effect of Icvar

terenol on renal blood flow and vascular volume
in dogs Am J Physiol

, 1959, 197, 1115

Miles, B E
,
Ventom, M G , and deWaRDENER,

H E Obserrations oa the tiifcksefisea ol circula

tory autoregulation in the perfused dog s kid

ney J Physiol 19M, 123. 143

Noer, R j ,
Robb, H J

,
and Jacobson, L F

Circulatory disturbances produced by acute

intestinal distension in the living animal

A M A Arch Surg , 1951, 63, 520

OciniADT, B Zur Selbststeuerung des Nicrenk
reislaiifes Pfluger’s Arch ges Physiol , 1956,

262, 207

OciiWADT, B Durchflusizeiten von Plasma und
Erythroeyten, mtrarenaler Hsmatoknt und
Widerstandsregulation der I«olierten Nicre

Pflugcr’s Arch ges Physiol
, 1957, 263, 112

Pabst, K and Thron, H L Kaltediurcse beim
unnar kotisierten Hund Pfluger's Arch ges

Ph}-aiol 19G0, 270. 585

Page, I 11 andMcCubbin, J W Renal vascular
and systemic arterial pressure responses to

nervous and chemical stimuation of the kidney
Am J Phjsiol, 1953, 173, 411

Page, L B , Baxter, C F ,
Reem, G H , Scott-

Baker, j C , AND Smith, H Vi Effect of uni
lateral splanchnic nerve rejection on the renal
excretion of sodium Am J Physiol ,1954, 177,
194

Paob, L B Effects of hypothermia on renal func-
tion Am J Physiol

, 1955, 181, 171

Pafpenheimer, J P avdKinter, \V B Hemato
ent ratio of blood b ithin mammalian kidney and
Its significance for renal hemodynamics Am J
Physiol , 1956, 185. 377

Parson, W
,

IVIaterson, H S , Lyons, C ,

Porter, B
,
and Tradtman, W V , Jr Effect

of the administration of adrenalin on the circu
lating red cell volume Am J Physiol

, 1948,

153.239
Rennie, D W , Reeves, B B

,
and Pappen

HEiMER, J R Oxygen prc«siire in urine and its

relation to intrarenal blood flow Am J Phys
lol

, 1958, 195, 120
Reobi, F C Renal hyperemia induced in man by
a new phthalazine derivative Proc Soc Exper
Biol A Med

, 1950, 73, 102
Retnell, P C ,

Marks, T A , Chiosbt, C ,
and

Bradley, S E Changes in splanchnic blood
volume and splanchnic blood flow m dogs after
hemorrhage Clin Sc

, 1955, 14, 407
Rhoads, C P ,

Van Sltxb, D C , Hiller, A
,

AND Alvino, H S Effects of Dovoeainization

and total section of the nerves of the renal

pedicle on renal blood flow and function Am
J Physiol

, 1934, no. 392
Riiter, E R Pressure flow relations in the kid
ney alleged effects of pulse pressure Am J
Physiol , 1952, 168, 4S0

Sartorics, 0 W AND Bcrlinqton, R Acute
effects of denervation on kidney function in

the d(^ Am J Physiol
,
1956, 18S, 407

ScitER A M Mechanism of autoregulation of

renal blood flow Nature, 1959, 184, 1322
Selkdrt, E £ Effect of pulse pressure and mean

arterial pressure modification on renal hemo
dynamics and electrolyte and water excretion

Circulation 1951, 4, 541

Selkubt, E £ Intestinal ischemic shock and the

protective role of the liver Am J Physiol
,

1959, 197, 281

Selkort, E E and Brecher, G A SpIanchDic

hemodynamics and oxygen utilization during

hemorrhagic shock m the dog Circulation Res
,

1958, 4, €03

Selsort, E E
,
Scidetta, M P ,

and Cull, T E
llemodyDamicB of intestinal circulation Circu

lation Res , 1958, 6, 92

Selkdbt,E E andJohnsov.P C Effect of acute

elevation of portal venous pressure on mesen
tenc blood volume, interstitial fluid volume and
hemodymamjcs Circulation Res 1958, 6, 592

Shipley, R E and Study, R S Changes in renal

blood flow, extraction of inulin, glomerular

filtration rate, tissue pressure and unne flow

with acute alterations of renal artery blood pres

sure Am J Physiol
,
1951, 167, 676

SiDKT,M AND Beak, J W Influence of rhythmic

and tonic contraction of intestinal muscle on

blood flow and blood reservoir capacity in dog

intestine Am J Physiol
,
1958, 193, 3^



Chapter SPECIAL FEATURES OF CIRCULATIOV 379

SlEKER, H 0 , GaTJER, 0 H
,
AND Henry, J P

The effects of continuous negative prepare
breathing on irstcr and electrolyte excretion by
the human kidney J Clm Invest ,10M, 33, 872

Smith, n W ,Rovenstine,E A
,
Goi.drino,W ,

CiiAsts, n ,
AND Ranocs, II A The effects of

spinal aneithesia on the circulation in normal,

unoperated man with reference to autonomy of

arteries, and especially those of the renal eircu*

Jation J Clin Invest , 1939, 18, 319

Smtthe, C M .Niceed, J F ,ANn Bradley, S E
The effect of epinephrine (USP), I epinephrine,
and 1 norepinephnnc on GFR, IIPF and urinary
excretion of sodium, potassium and water in

normal man J Clin Invest , 1952, 31, 499
Smythe, C M

,
Gilsiobe, J P ,

and Havdforo,
S W The effect of 1 norepinephnnc on estimated
hepatic blood flow in the normal anesthetized
dog J Clm Invest , 1953, 32, GOo

Snook, T A comparative study of the vascular
arrangements in mammaltan spleens Am J
Anat

, 1950, 87 , 31

Stone, J E , Miells, J
,
Draper, W B , and

Whitehead, R W’ Changes in renal blood flow

m dogs during the inhalation of 30% carbon
dioxide Am J Physiol

, 1958, 191, 116
SirnrsMiN, A , Moeller, C B ,

and W’jiite, B L
Effect of acute changes in glomerular filtration

rate on water and electrolyte excretion meeba
nism of denervation diure<is Am J Physiol

,

1952, 169, ISO

SORTSHIN, A, HoELTIENBEIN, J, AND WoiTE,
H L Some effects of negative pressure breath
ing on unne excretion Am J Physiol

,
1956.

130. 612
Swann, H Intrarenal pressure and renal blood

flows p 76 Jostah Maey, Jr Foundation III

Conference, 1951

Thompson, D D
,
ICavaler, F

,
Lozano, II , and

Pitts, R F Evaluation of the cell separation

^ cf aotjJ iitorw? A?*'
and filtration rate Blood flow, filtration rate and
PAH extraction as functions of arterial pressure

in normal and anemic dogs Am J Physiol

,

1957, 191. 493
Thdract, K

,
Kramer, K

,
and Brechtelshaoer,

H Die Reaktionsweise der glatten Muskulatur
der Nierengefasse auf Dehnungsreize und ihre

Bedeutuag fur die Autoregulation des Nrereo
kreislaufes Pfluger’a Arch ges Physiol, 1959,

26S, I8S

Trurau, K and Kramer, K Weitere Unter
suchungen zur my ogenen Natur der Autoregula
tion des Nierenkreislaufes Aufbebung der
Autoregulation durch muskulotrope Substanzen
und dnickpassives Verhalten des Glomerulus
filtrates Pfluger’sArch ges Physiol

,
1959,269,

77

THURAtr, K , Deetjen, P
,
and Kramer, K

Hamodynimik des huerenmarka Wech«elbe
ziehung zw ischen vascularem und tubul&rem Ge
genstromsystem bei artenellen Drucksteigerun
gen, W asserdiurese und osmotischer Piurese

Pfluger’s Arch ges Physiol
, 1960, 270, 270

UtLsrcH, K AND pEHLiNo, G Activer Aatnom
transport und Sauerstoffverbrauch in der 6us

Bcrcn Markzone der Nicre Pfluger’s Arch ges

Physiol , 1958, 267, 207
Van Sltke, D D ,

Rhoads, C P ,
Hiller, A

,

AND Alvino, a S Relationships between urea
excretion, renal blood flow, renal oxygen con
eumpliDD, and diuresis The mechanism of urea
excretion Am J Physiol

,
1934, 109, 336

Wade, 0 L et al The effect of exercise on the
Bplancbnie blood flow and splanchnic blood
volume in normal man Clm Sc

, 1956. IS, 457
Warren, J V , Brannon, E S , and Merrill,
A J A method of obtaining renal venous blood
in unancsthetizcd persons with observations on
the extraction of oxygen and sodium para
amiDohippurate Science, 19-i4, 100, 108

Wauan, W H Myogenic nature of autoregulation
of renal flow in the absence of blood corpuscles

Circulation Res , 1958, 6, 3C3

Wauoh.W H and Shanks R G Cause of genu
me autoregulation of tbc renal circulation Cir

cul Res 1960,8 , 871

Weiss, 8 , Parker, F , Jr ,
and Robb, G P A

correlation of tbc hemodynamics, function and
histologic structure of the kidney in malignant
arterial hypertension with malignant nephro
sclerosis Ann Int Med

, 1932, 6, 1599

White, H L and Rolf, D Effects of exercise and
some other influences on the renal circulation

ID man Am J Physiol 19}$ 153,505

WmertE, A 0 Parpart, A K ,
and Crano,

J J A study of Che circulation of the blood in

the spleen of the living mouse Ann Surg
, 1954,

140, 2CC
Wilkins, R W

,
Cdlbertsov, J W

,
and Inoel-

PINOER F J The effect of splanchnic sympath
ectomy in hypertensive patients upon estimated

hepatic blood flow in the upright as contrasted
with the horizontal position J Clm Invest

,

1951, 30. 312

Winton, F R Present concepts of the renal circu

latiOD A M A Arch Int Med , 1939, 103 , 495

WiRZ, ff Gruckmessung m KapifTaren unrf’nifiuli

der Niere durch Mikropunktion Helvet phys
lol et pbarmacol acta, 1955, 13, 42

TVibz, H ,
Haroitat, B ,

and ICruN, W Lokshss
tioD des Konzeotnerungsprozesses in der Niere

durch direkte Kryoskopie Helvet physiol et

pfaannaeol acta, 1951, 9, 196

Yauada, S I AND AsTioa, H Critical closing

pressure and vasomotor tone in the hind leg and
the kidaey of the eat Am J Physiol ,1959,196,

213

hfpnoffrapke and Beinexca

Bradley, S E ,
Inoblfingek, F J , Bradley,

G P , AND Curry, J J The estimation of he

patic blood flow in man J Clm Invest
,
1945,

24.890
Bradley, S E Methods for the evaluation of the

splanchnic circulation Circulation Proceed

rnga <rf the Harvey Tercentenary Coagress, p
355 Blackwell Scientific Publications, Oxford,

1958

Bradley, S E , Inbelfingeb, F J , and Brad-
ley, G P Determinants of hepatic hemody-



3S0 CniCUL\TION Section 11

namics Visceral circulation, A Ciba Foundation
Symposium, p 219 J & A Churchill, Ltd

,

London, 1952

Kramer, K Die Stellung der Niere im Geaamt-
kreislauf Verhandl deutsch Ges inn Med , 65

Kongress, 1959

Page I H Serotonin (5 hydroxytryptamine),
the last four years Physiol Rev

, 1958, 88, 277

Selxcbt, E E Der Nierenkreislauf Klin
Wchnschr , 1955, 31, 359

Suim, H W The kidney Structure and function
in health and diseases Oxford University Pre»8,

New York, 1951

WiSTOV, F R Physical factors involved in the

activities of the mammalian kidney Physiol

Rev . 1937, 17, 408



27
REGULATION OF THE CIRCULATION UNDER

STATES OF STRESS

Dilation and llypertrophj of the Heart

Cardiac dilation DiUtion is an increased

capacity of the cardiac chambers brought about

bj the elongation of the mjocardial fibers This

increased capacity maj result from manj ph3*si
ological or pathological factors The force of

\entncular contraction increases mth mcrements

in diastolic \olume until oierdistension occure,

and the force of contraction then decreases mth
a nse m diastolic pre«'sure An increased diastolic

Tolujno 15 a pb>8iological means automatically

brought into play to increase the cardiac nork
and to mobilue the energy resen cs of the heart

The nearer the fibers approach tbcir matiraa)

physiological length dunng diastole, the greater

mil be the encroachment upon the heart’s resene

It has also been shown that the ovygen consump
tion of the heart muscle is proportional to its

end diastolic Noluine (or its fiber length, fig 27 i)

Thus, the heart wluch is supporting a greater

load expends a greater amount of energy to at-

tain its cardiac output

From the above discussion, it can be seen that

cardiac dilation can be a compensatory meeb
anism of the heart in meeting everyday Btresses

although other factors (humoral and ncurogemc)

are also important Dilation also occurs when an
increased diastolic volume is secondary to a

pathological state An increased venous return

to the heart, an increased outflow re«istance, a

reflux into the heart chambers or mtnnsic myo
cardial disease impairing the contractility of the

muscle may induce dilation Howeier, the heart

cannot continue to dilate indeflnitely with an
increase in work A point is reached beyond which

further dilation leads to a deebne m work The
heart is unable to expel sufficient blood from its

chambers, and the activity of the heart is no
longer adequate to supply the peripheral tissues

mth their needs Therefore, beyond this certain

point, dilation becomes detrimental It is cUnned
that the diseased heart reached this detrimental

point of dilation ivith less stretch of the myo
cardial fibers than the normal heart, but the

oxpenmcdtal evidence for this is not adequate

Dilation can be a reietsible phenomenon even

when caused by pathological states Howexer,

this IS not always so, and the heart may continue

to fall even when the undcrly mg cause is removed

Cardiac irypERTROPHT The average weight

range of the human adult heart is approximately

250 to 350 grams In disease, 500 grains is not an

unusual weight, and hearts weighing 1,000 gras

or more are seen The increased weight of the

ventricular muscle is due to an increase in length

and diameter of the individual muscle fibers

Linibath, in 1947, found ibis was true of hearts

hypertrophied up to 500 grams but, contrary

to previous studies, reported a splitting of fibers

longitudinally, and thus, an increase m the num
ber of fibers in hearts weighing over 500 grams

TMtb the increase in sue of fibers, there is not a
corresposdjog increase in the number of capil

lanes Hypertrophy, then, diSera from normal

growth for, in the latter, the capillanea multiply

and keep pace with the muscle as it grows, in

hypertrophy the capdlanes do not multiply

and, per unit of muscle, actually decrease This

could become a limiting factor in the extent of

development of hypertrophy especially m hearts

with an already compromised blood supply

The biochemical alterations m the myocardium

m hypertrophy have received little study The
electrolyte and fluid concentrations in the intra

and extracellular spaces have a normal relation

ship m the hypertrophied heart of rabbits follow

mg the production of aortic insufficiency In rats

exposed to reduced atmosphenc pressure and

increased environmental temperature to produce

hypertrophy, the total protem of the heart in

creased by 42 per cent An increase m the frac

tions contauuDg myoglobin, contractile protem

and metacbondna was found The latter increase

may mdieato an expansion of the oxygen trans
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Diwtolic Tentricolar Toluoie. e e

Oxygen Bonsvaption, e e /hr

Fig 27 1 lover chart shows the work done
plotted against the oxygen consumed In calculat
ing the work of the heart the velocity factor (p
23) was neglected Upper chart gives data from
the same experiment work being plotted against
the diastolic volume of the ventricles The vol
umes are expressed as x plus known values The x
represents tne lowest value of the volume during
the experiment which is impossible to measure
w hen a cardiometer is used to record heart volume
The cardiometer enables one to measure only an
increase over this minimum value The figure

shows a direct correspondence between work done
and ventricular volume (After Starling and Vis
seller ')

porting and utiLzing systems The increased

fractions in hypertrophy differ from those found

in normal growth This fact, plus the absence of

capillary growth indicate that hypertrophy is

not caused by the same process which induces

the left %entncle to become the more muscular

of the two ventricles after birth

The mechanical factors leading to hypertrophy

are the same myocardial stresses mentioned for

dilation, hypertension and valvnilar disease lead

the list of actual diseases As in dilation, the

chamber undergoing the stress may be the only

one involv ed or all chambers may become hyper

trophicd, including the atna

The factors which actually induce the cardiac

muscle to hypertrophy are unknown Expen

meats by Eyster and associates on the produc
tion of aortic insufficiency or stenosis m dogs

illustrate the basis for the injury theory Thiju
SQunals showed an early dilation of the heart

(by roentgenograms) which disappeared within a
few days and was followed by the development

of hypertrophy In dogs relieved of their aortic

stenosis dunng the dilation phase, hypertrophy

still developed The sudden dilation of the heart

was theorized to injure the myocardial fibers

which led to their hypertrophy Recently, these

experiments have been cnticized and repeated

An increase in the heart weight-body weight

ratio wms found only when the cause of the heart

stress was continued and not if the stress was

removed during the dilation phase Also, the

theory does not agree with clinical findings which

often show dilation not followed by hypertrophy

in patients Other expenraents mrats have shown
that dilation of the heart caused by a reduced

ambient pressure after explosive decompression

was reversible and not followed by hypertrophy

Another explanation for hyTcrtrophy invokes

the greater surface area of the muscle as supply

mg a greater area for nutrition which leads to

fiber growth A defective blood supply, either

by a deficient coronary circulation or by an
anemia, has been postulated as the cause of

hypertrophy A fourth theory would explain

hypertrophy as essentially of hormonal origin in

which tlie somatotrophic hormone of the antenor

pituitary plays the leading role Experiments on

rats showed that this hormone produces an in

creased heart mass in the absence ot an increased

work load Thyroxine was found to possess a

lesser degree of this actmty while cortisone in

hibited the effect of the somatotrophic hormone

Tnc wor’n theory holds that hypertruiftiy is

pnmanlydue to the increased load on the heart

and experiments demonstrating a hypertrophy of

cxpenraental animals’ hearts under the stimulus

of exercise are cited as evidence

The above theoncs and our knowledge of the

factors involved in the production of myocardial

hypertrophy arc inadequate Animal expenmen

tation 13 very difficult to evaluate since hyper

trophy IS usually judged on the basis of the heart

weight to body vteight ratio The ammals have

often gained or lost weight dunng the expen

mental penod The degree of myocardial edema

must also be taken mto consideration as a cause

of the increased bulk of the heart Moderate

hypertrophy must be present before microscopic

are present, animal experiments usually

deal with minimal hypertrophy The most valid
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method would «eem to be a long tenn studj of a
\cr5 large group of control and cxpenmenlal

animals of the same weight and breed with a
comparison of their heart w eights and microscopic

findings A definition of cardiac hj pcrtropJij must

take into account the presence of muscle edema,

fat, and fibrolic tis'ue in the muscle bcingwcighed

In human disease there 13 a marked difTcrence

in the degree of hjiicrtroplij found in re«poa<>c

to similar pathological stresses Some patients

with senous lijiicrtensue diseaee demonstrate

little or no hj'pcrtrophj at autopsN tlso, the

climcnl courm of patients with heart disease has

not been prosTn to larj from those with as

compared to tho^c without hj pertrophi \
disease cntitj exists called “idiopathic ’ miu
cardial hjpertrophj m which 30ung people sue

eumb to congestiie heart failure and the 0QI3'

autops) finding is mjoeardial hjpertroph}

Hj’pertrophj has called a compensator}

mechanism of the heart in response to an in

creased load whereb} the increased mass of the

heart permits it to rclea«e more cnerg} Several

studies have shovm that a h^’pertrophied animal

heart has the abilitj to react to a further stress

1 e , It has a reserve Rats who dev eloped cardtic

hj-pertroph} due to aortic constriction were able

to raise their cardiac output more than control

animals m nspoose to overloading of their cucu

latorj sj'stems From this experiment, it wa«

conclude that a hj-pcrtrophied heart had a

greater reserve power than the normal heart

However, the fact that lij^pertroph} is beneficial

to the heart has been questioned It has been

pointed out that the ST T changes m the electro-

cardiogram in hjTiertrophy arc similar to those

of coronary insufficiency, that hypertensive pa
tients without hjiiertroph} fare as well as those

with increased mass of heart muscle, and that

hearts dev eloping hj pertrophy after acute cardiac

insults do not always improve

Hypertrophy of the heart may be preceded or

aceompatued by dilation of the heart It w
claimed that dilation is the immediate response

of the heart to stress while hypertrophy is a more

gradual developing phenomenon to chronic str^
Experimental data, with the above criticisms m
mind show hypertrophy developing as early as

2 days in rats, and m 2 to 3 weeks in dogs sub

jected to the stress of hy^pertension or valvular

disease However, the hypertrophy was based

on heart weight to body w eight ratios There is

no adequate explanation why some hearts show

neither hypertrophy nor dilation, some only one,

and some both of these phenomena under the

«iame pathological conditions Both have been

diowrn to be occasionally reversible m animals

and humans when the stress is removed

The importance of hypertrophy lies m the

fact that it is the response of the heart to most

forms of stress Our hmitcd know ledge concermng

the etiology and development of hypertrophy is

a major stumblmg block m the understanding of

the physiology of tiie heart It is apparent that

improved methods of investigation and measure

ment of myocardial hypertrophy arc needed

Arterial Hypertension

Tlie blood pressure may be persistently abov e

or below the normal range Thcee departures

from the normal arc termed hypertension and

hypotension, respectuelv It is difficult to make a

sharp separation of the norma] from the abnormal,

but an elevation above the average normal for a

particular age group may be considered to be

dcfimtoly abnormal In the adult elevations of

systolic pressure above HO mm Hg and of dia

stohe pressure above 90 mm Hg are usually

considered hvpertensive levels although such a

sharp distinction is not reliable unless considered

in relation to age The clinical svndrome of hy

pertCDsion appears to be a result of the elevated

diastolic pre«surc U'uallv, the svstohe pressure

13 also raised but it need not be Also sy stohe

hypertension may occur without a diastolic pres

sure elevation Sy stolic hyiiertension alone is not

believed tobe chnically important unle«s very high

levels threaten the integrity of the blood vessels

Systobc hypertension with a decreased diastoho

pressure often accompanies a variety of diseases

such as h\ perthyroidism, heart block with a

slow rale and aortic insufficiency A reduction of

blood pressure below the normal range for the

age group (systolic below 90 to 1 10, and diastohc

below 60 in adults is usually termed hypotension)

Experuiental Renal Hypertension

Etpenmental hypertension most similar to

essential (of unknown etiology) human hyper

tension is that following renal artery constriction

Moderate to severe chrome, constriction by a

special clamp of a renal artery m the dog, which

causes a definite and immediate reduction m
renal blood flow, is followed by a nse in systemic

blood pressure However, this hyTiertension

usuidly persists for only a few weeks (In the

rabbit, rat, goat and sheep, hypertension lasting

many months generally follows constncfion of

one renal artery ) In the dog, permanent (y ears)

systemic hypertension follows constnction of both
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Fig 27 2 Pemonstration of renin m tbe blood
of a patient with acute glomerulonephritis and
hypertension Blood pressure curves are those of
a cat under dial anesthesia The figures above the
curves indicate the rise m blood pressure id mm
Hg 2—Response to iniectioa of unincubated eon
trol equivalent to 10 ce serum This response, it
will be observed is about tbe same as that given
by the saline control (1) St A—Response to 0 75
cat unit of standard hypertenam S—Response to
10 cc physiological saline 1—Response to incu
bated sample equivalent to 6 ce serum When
calculated for lenin this is equivalent to 2 4 cal
units of renin per 10 cc serum 3—Response to
sample incubated with hypertensinase Note that
this gives approximately tbe same rise as the
saline control St B—Response to 1 2 cat amis of
standard hypertenam (after Dexter and Haynes)

renal arteries, constnction of one renal artery

with subsequent removal of the other kidney, or

wrapping of both kidneys in silk or cellophane

The latter is presumably the result of ischemia

induced by compression ol the renal parenchyma

by the thick loembraDe of connectiv e tissue which

develops under the silk or cellophane This t)fpe

of hypertension is benign and lasts for years Its

manifestations are almost identical with those

seen in the benign phase of human essential hy
pertcnsion, for there is an increase in By*steinjc

blood pressure, total peripheral resistance and

left ventricular hypertrophy, but a normal heart

rate, cardiac output, blood volume and renal

excretory function (by the usual tests which may
not be sensitive enough to detect earl) changes)

By more extensive constriction of both mam
renal arteries, there results h)-pertension, im

paxnnent of renal function, and appearance of

some chemical substance in the blood which

causes development of a fulminating type of

b)'pcrtciision, closely resembling the malignant

phase of es'ential human hj^pcrtcnsion, charac

tenzed by artenolar hyaline degencratvon and

necrosismallvascularbeds Eventhekidnej with

the constricted renal arteiy may show severe

vascular damage when the blood pressure la

grcatl) elevated (in rats) By severel) constrict

mg one renal artery and t)nng off tbe uietcr of

the other kidne), these legions develop in the

arterioles of the kidnc) with intact renal artery

and with its ureter tied off

Humoral factors Tlie pathogenesis of the

early phase of sustained hyTiertension is not

understood but a neural reflex from the

ischemic kidney is not the cause smee renal de-

nenation, splanchmc, and total sympathectomy
fill to interfere with dev elopment of hypertension

from renal artery constriction. The early phase of

hyqicrtension is caused by some humoral mecha
liism since release of the clamp or excision of the

kidney' in an animal hy pertensiv e because of con

atnction of one renal artery , restores a normal

blood pressure

The humoral pressor mechanism for the early

period of hypertension is explained either bv

failure of the kidney to produce an essential

agent in the absence of which hypertension

develops, or by the release of a pressor substance

from the ischemic kidney Pressor substances may
not only arise from an ischemic kidney but pres

sor enzymes and polypeptides may have a non
renal ongm ’ An abundance of evidence supports

the new that the pressor mechanism of acute

renal ischemia is mediated by the release of •%

humoral substance, remn Renm is a proteolytic

enzyme free from any direct pre<sor effect It

acts on an alpha 2 globulin substrate in plasma

to produce angiotensin (angiotonm or hyper

tensm) The alpha 2 globulin is produced, ap-

parently
, m the In ei, since it disappears from the

blood after hepatectomy Two different chemical

forms of angiotensin have been obtained in

punfled form The decapeptide, angiotensin I, is

the initial product of the action of remn on its

substrate, and lacks prc«sor activity This deca

peptide IS transformed to the vasoconstrictor

octapeptide, angiotensin 11, by a chloride ac

tivatcd eniyTue of the plasma The octapop

tide has been symthesized Failure to consistentU

find remn by assay methods in humans or am
mala who have renal hypertension of long stand

ing, has caused doubt that thus theory explains

tbe chrome phase of the disorder However Dex
ter and Haynes, (fig 27 2) and Skegg and his

associates have demonstrated circulating angio

tensin in the peripheral blood of hypertensive

patients, large amounts were found in dogs with

acute renal hypertension and in patients wnth

malignant hy pcrtea-sion but barely increased

levels in patients with beragn essential hyper

tension Pos«ibly the methods are too insensi

tive lor accurate assay since renm and angio

tensiD can cither not be recovered or only in

small amounts from the blood of an animal that

has been made acutely hypertensive due to

‘ A vasoconstrictor substance (pepsitensin)

closely resembling angiotensin in its effects has

been obtained by the action of pepsin upon plasma

globulin
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TABLE 27 1

Summary oj eJIfcJj o/ injections oj rentn on blood pressure and anliremn tiler jn 81 renal

hyperlensice dogs intft Aj/p^rfention of 4 to W months' duration

Each sjmbol repre«ent9 treatment results in one renal hjpertcn«ive dog 0, no anlihj'perten«ive ef

feet, +, decrease in blood pre«surc one third toward noraotension, ++, decrease m blood two

thirds toward normotcnsion, +++, decrease in blood pressure to normotcnsion Four different prepa

rations of hog remns were used Anlircnm titer is expressed in antirenm units per milliliter (From
Wakcrliti, G E

,
Circulation, 1Q5S, 17, 653 )

AntibypcrtcMive Effect of Itog Rentn

tltr

Crude from cortei Semipnrtfied Cron cortex
1 Crude, from !

whole kidney I

!

Sem purified Irons

1

whole kidney

AV ftrml

0000000 10
1 00 ^ 0 0
2

1 + 0

3 ++ +++ + 00

4 0 +
5 +++ oooo

6-7 0 ++ ++ +++ 0 0 +
fr-lO 1 ++ +++ +++ 4'++ 0 0++ 0

n-H 1 +++ +++ ++ ++ ++ +++ +++ 0 + ++
1^20 ++ +++ 000 ++
21 30 ++ 0 1

31-10
1

0

41-60 ++
61-100

101-125 +++

renin or angiotensin infusion Bowci er, the blood

pressure of a dog hj-perteosac for months to

years from constriction ol the renal arteries can
be returned to normal by repe-ited injections ol

renin resulting m the doelopmcnt of antirenm

in the blood (tafafe 271} Tbis is con\inang
endence that the humoral mechanism is still

acti\e in elevating the blood pressure Un
fortunatclj, Ibis procedure is not effective in

humans

Renin is confined to the cortex of the kidney

Although previous studies supported a tubular

origin of renin, recent reports demonstrated renin

only in areas of the kidnej which contained

glomeruli and not in purely tubular areas As
postulated many years ago, by Goormatigb, the

juxtaglomerular cells may be the source of renm
These cells contain granules which exhibit histo

chemical properties sunilar to those of remn
There was a good correlation between the nuia

ber of these granules and the renin content of

the kidney (Marshall and Wakerbn) More recent

studies by the Hartrofts and by Tobian demon
strated that the granulantj of the juxtsglomem

lar cells increased or decreased when remn would

be expected to be increased or decreased, te

spectively, according to the animal's blood ptes

sure Also, ffuorcsceot antirenm antibodies hav e

been demonstrated to attach to the«o granules

The stimulus for the production or hberation

of renm bj the kidney is not known It is denied

b) Page that ischemia of the kidney is itself

responsibfe, for, though the iramedute effict of

coastnction of the renal artery is a fall in pre<»

sure in the vessels of the kidney, and a reduction

m blood flow
,
later on the renal blood flow maj

return to normal Nor did anoxia of the renal

tissue seem to be a neces'^arj condition for the

development of renal hypertension, because no

increase over the normal was found m the ar

tenovenous oxygen difference of the ischemic

kidney (Levy and associates) Moreover, anoxia

induct b> cyanide docs not cause remn to ap

pear m the circulation although a kidney so

poisoned produces renm when the renal artery is

clamped

Kolff and his associates have shown that the

production of a “remn" response from constnc

tioa of canine renal arteries occurs irreopective

of a pulsatile or nonpulsatilc (by use of a de

pulsating chamber) renal blood flow It has been

postulated that the release of remn from the

kidney may be secondary to changes in the

transmural pressure affecting renal vascular
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baroceptors The latter theorj has been elab

orated ^ith the juxtagloroeruUr cells as the

baroceptors, for the granulantj of these cells

Mth changes in perfusion pressure

Ischemia of one kidney mthout interference

with the kidnej of the opposite side is not fol-

lowed b> permanent hj^pcrtension, nor b the

elevation of blood pressure, even while it lasts,

as great if a normal kidnej u present, the re

turn of the blood pressure to normal after ex

cision of an ischemic kidney is much less rapid

if the opposite kidnej is also removed Also, m
order to demonstrate the maximum effect of the

pressor substance hberated by the ischemic kid

ney, a recipient ammal must first be nephrecto

mized Finally if both kidneys are removed from

rats, h>pertension wall develop if the animals are

kept alive These facts show that the presence of

a normal kidney ev idently has a protectiv e effect,

and are the basis for the ' renopnval” theory of

hjiicrtension The normal kidney maj produce

some material which lowers the blood pressure,

or it may destroy or excrete a pressor substance

Excretorj removal is not likely
,
for the diversion

of unne mto the bloodstream does not result m
hjpertension The fact that removal of a urn

lateral ischemic kidney causes the blood pressure

to return to normal, and that antiremn, which

loners the blood pressure in chronic renal hy

pcrtcnsion, has no effect when both kidneys arc

absent, show that renopnval and chronic renal

hypertension are probably unrelated in etiolc^

Braun Mcnendez and his associates demon

strated the presence in normal kidney tissue of

an enzymie which inactivates the pressor principle

(angiotensin) This enzyme, called hifpcrlennnase

by its discoverers, and angiotonase by Page and

hts colleagues, is possibly responsible for the

effect exerted by normal kidney tisaue upon the

dev elopment and sev enty of renal hypertension

Ilypertensinase is also found m intestinal mucosa,

pancrea", as well as in the ery Uirocytes, muumal

amounts are present in liver and m serum At-

tempts to obtain a matenal from extracts of

normal kidney tissue which would neutralize or

inactivate the pressor substance rraponsible for

clinical hypertension have not, so far, been veiy

successful

Two other possible humoral pressor ^sterns

in the kidney warrant bnef mention Helmcrand

associates found an increased concentration of

sustained prc«sor substance (SPS) m the renal

vem blood of chronic renal hypertensive rata

xTlie relation between SPS and renin is not clear,

'it It may be a precursor or derivative of renm

Shorr and his colleagues suggest that hepatorenal

foetors enter mto the mechanism of renal hy

pertension They demonstrated that constriction

of the renal artery by a clamp caused the ap

pcarance in the blood of the renal vasoexcita

tory matenal (VEM) which normally cannot be

detected A little later, the hepatic vasodepres«or

matenal (VDM) was found in low concentration

in the blood, it increased progressively until in

the chronic hypertensive phase, it counteracted

the action of VEM More evidence la needed

before the VEM VDM system can be assigned a

pathogenetic role m renal hypertension

In the latter stages of the benign pha.ee of

expenmental hy pertensin although renal pressor

substances may circulate in diminished but suf

ficient amounts to maintain elevated blood pres

sure, evidence suggests that other mechaniems

are involved Following injection of ganglionic

blocking agents a reduction m blood pressure

does not occur tn early renal hypertension or

dunng renin infusion but does develop m late

renal hypertension This fits m with the es

taWished fact that m late renal hyperten.sion the

baroreceptor mechanism is reset at the higher

blood pressure level pos-siblj due to changes m
the walla of the carotid sinus from prolonged

exposure to high blood pressure The carotid

aortic reflet is the principal depre«sor response

to elevations of blood pressure In chronic renal

hypertension, it still responds to acute proasor

stimuli but presumably, not to the sustained

renal pressor stimulus In addition, there now

occur generalized morphological vascular changes

secondary to the hypertension which may act to

perpetuate the disorder

The endocrives rr reution to experi

UEVTAL HTPERTENSiOv Although the cvndcnce

points to angiotensin as acting directly upon the

vessels, the possibility must be considered that

it exerts its effect by stimulating a ductless gland

such as the pituitary or adrenal, to secrete a

vasoconstrictor substance The endoenne glands

could also cause hypertension by stimulating the

kidney to produce a pressor agent

Hie adrenal medulla probably docs not play a

role iQ experimental renal hypertension, for the

hypertension is not prevented or modified in any

way by bilateral excision of all medullary tissue

Tumors of the adrenal medulla, called pheo

chromocytomas, do produce a cbnical syndrome

in which hypertension is the outstanding feature

The elevated blood pressure 13 secondary to the

excess production of catecholamines (which can

be mcasureil in the blood and unne)
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Goldblatt has found that constriction of the

renal artenes fails to cause a nsc m blood pre<5sure

after bilateral remoi al of the adrenal cortex, c\en

though the animal js maintained in good condi

tionbi a high salt and Ion potassium diet (ch 58)

But if corlin is administered to the adrenal

ectomued animals, renal ischemia is followed bj

the usual hjTpcrtcDsuc response Tlic blood pres

sure of hjTwrtensnc rats is lowered bj adrenal

ectom> and is onlj partiallj rratored bj the

administration of desoxycoTtieositrom Sincch>T>er

tension is not sustained, and cMdentlj, \ascular

tone and rosponsncncss are decreased when the

adrenals are absent, the adrenal cortex is said to

ha%ca ‘‘permissne” action in renal hj’pertension

There maj also be an ‘additue" effect of the

kidney and adrenal cortex, for the administration

of de«ox} corticosterone to uninephrectomiicd

rats, or of dc«ox}corticosterone and remn to

normal rats produccsamoreso\creh>T)crten3ion

with more intense vascular damage than either

procedure alone It is of interest that remn has

been found tostimulate growth of the jona gloincr

ulosa of the adrenal cortex in rats Howev er, these

results should not be taken to imp]> that the renal

principle mediates its action through the adrenal

cortex, for Houssa^ and his colleagues found that

in short term experiments m which an ischemic

bdney was transplanted into a nonhipcrtcnsive

animal, complete adrenalectom) of the latter or

hgation of the adrenal veins did not prevent the

nse in blood pre^ure

Desox> corticosterone is capable lUeU of indue

mg bipcrtension in normal animals,provided that

the diet contains adequate amounts of salt It is

ineffective upon a salt poor diet Damage to the

renal vessels (nephrosclerosis) is caused bj the

administration of this hormone, it also increases

the retention of salt (enhanced tubular reabsorp

tion) and an increase m the volume of the extra

cellular fluids Both the renal effect and that

upon water and salt metabolism are probablj

rraponsible for the bjpertension caused this

cortical hormone

In this regard, it is pertinent that Tobian has

found an increased concentration of water, so

dium, potassium and magneaium in the aortic

tissue of renal and desoxj corticosterone hyper

tensive rats, renal arteries from hypertensive

patients also showed an increased sodium and
Water content It is postulated that the electrolyte

and fluid changes may lead to edema of the ve<«!el

walls Tile narrowing of the vascular bed by this

process could cause an elevated blood pressure

secondary to the increased penpheral resistant

Other authors have reported a low «erum mag
ncsium and a high plasma eodmm with a nonnal

potassium m hj7»ertensiv e patients These studies

have been stimuLated by the recent discovery of

a cluuca) hypertensive syndrome associated with

an excess prwluction of the adrenal cortical

electrolyte hormone, aldosterone Patients with

hypcraldostcronism show an elevated scrum

sodium with a low potassium, one patient has

been reported with a low serum magneaium level

The hypertension in Ibis syndrome may be cured

by removal of the aldosterone producing tumor

hyperplasia or normal appearing adrenal cortex

There 13 no evidence that the postenor lobe of

tlie pituitary plays a role in the development of

renal by'pertension, but the antenor lobe appears

to be imphcaterl through its action upon the

adrenal cortex Ablation of the antenor lobe in

animals with renal hypertension lowers the blood

pressure, which is raised to its previous level by

the administration of ndrenocorticotrophin or of

a crude antenor lobe extract So far os is known
neither the thyroid nor tlie sex glands are in any

vray responsible for renal hypertension

NeOTOCENJC rACTOllS IV ESPEBUIE-VTAL HY
PERTEssios HyT>ertcnsJOD has been produced in

animals by a vancty of neurological manipula

tions Russian researchers especially emphasize

the problems of vasomotor control by the cen

tnij nervous system They postulate that a dis

turbance m the central nervous system is the

pnmary factor m the pathogenesis of e^ential

hypertension and renal mvolvement is only

seconds^ In animals they were able to produeo

stable hypertension by conflictmg conditioned

signals resulting m experimental neurosis By

indirect tests, early mvolvement of the central

nervous system in essential and experimental

hypertension was shown This has led to the

theory that, m man excess nervous stram weak

ens the functional capacity of the bram cortex

which IS reflected m a decreased effectiveness of

the cortical inhibitory centers controllmg blood

pressure The nervous and emotional strain of

modem civilization has frequently been suggested

as an underlying factor m the development of

essential hypertension, many groups have studied

hypertensive patients m relation to emotional

instability and strain, but conclusions cannot be

drawn because of the presence of man> expen

mental variables and the mconsistency of the

results

Denervation of the carotid smus and aortic

vasosensory areas in dogs produces chrome ar

tens! hypertension (200 to 250 zraa Sg) for
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1 to 3 years, and considerable tachjcardia with

extreme labilitj of the pressure and rate In
some dogs, the blood pressure and heart rate tend

to return toward normal during sleep Hyper
tension caused in this way differs from essential

or renal hj'pcrtension, for cardiac output and
limb blood flow are eleiated (since stroke volume

IS unchanged, the ixse in output is secondary to

the increased heart rate), and total pcnpheral

resistance is relatively unchanged

Constriction of the internal and external

carotid arteries bilaterally above the carotid

sinus to approximately one third normal sue

gives a high level of hj’pertcnsion in a laige per

centage of dogs for at least 4 years 'Die patho

genesis is not known Hypertension has also been

produced in animals bj subjecting them (rats) to

loud noises, bv stimulation of the hypothalamus

or of certain areas of the cerebral cortex

In dogs completelj sjmpathectomiied except

for the renal innervation, cutting of the buffer

nerves increases sjmpathetic vasomotor dis

charge to the kidne}
,
resulting m chronic by

pertensioa Subsequent renal nerve section re

iieves the elevated blood pressure Electrical

stimulation of the renal sjmpathetic nerves in

duces hypertension as long as the stimulus is

maintaim^ (3 months) Blood pressure returns

to normal levels upon cessation of stimulation

A Iiigh blood pressure often accompanies an

increased intracranial pressure in patients The
heightened blood pr^ure is apparentlj due to a

generalized vasoconstnetion resulting from the

reduced oxjgen supplj to the vasomotor center

Cushing pointed out that the increased pressure

within the cranial eavntv caused compression of

and slowing of the blood flow through the vessels

supply vug the mfiduUa la aoimaU, sudden oc

elusion of the common carotids after the \er

tebrals and other branches of the subclavian have

been ligated, causes a pronounced rise m blood

pressure Even though the carotid sinus has been

excised, chronic hypertension maj be produced

m dogs by cerebral ischemia produced in a

similar waj Permanent hypertension has been

produced bj the injection of an inert substance

such as kaolin into the cistema magna of rabbits

(Dixon and Heller) and thus interfenng with the

blood supplj to the medullary centers, and

cerebral anemia produced bj Lgation of the carot-

ids and vertebrals causes hypertension in the

dog Even some of these apparently purely

neurogenic types of hypertension appear to be,

in part at least, of renal origin For example, renal

denervation corrects the hypertension caused by
cisternal injection of kaolin

PnuiARy OR Essevtiai, Hypertension

(Htperpiesu)

The immediate cause of the raided blood pres

surem this di«ea'e is also an mcrease in the penph
eml resistance, le, a vasoconstriction or nar

rowing m some way of the peripheral vessels As
implied in the name “essential” or “primary ”, the

etiology of this abnormahty is unknown The dis

ease is more common in women than men shows

a familial tendency
, and usually has its onset from

the 3rd to the 5th decade The systolic and dias

tolic pressures are elevated although the latter

is the characteristic finding in diagnosis, and the

former may be within normal limits

The hemodynamic effects of hypertension

pnmanly mvolv e the left heart The left v entnclc

must compensate for the increased load impo<;cd

by the elevated peripheral resistance which

tends to limit its stroke output A greater residual

volume causes stretching of the ray ocardial fibers

with an increased initial tensiOQ which leads to

an augmented force of contraction to restore the

stroke output Humoral and neurogenic influences

undoubtedly play a part in increasing the stroke

volume (ch 23) The work of the left heart in

creases as measured by cardiac output and mean
arterial pressure id large senes of cathetenzed

patients These calculations probably underesti

mate the situation for the kinetic energy of ejec

tion becomes a large factor m the work of the

left veotncle m hypertension The work of the

heart is nearly proportional to the blood pressure

elevation for the cardiac output has usually been

normal when measured m patients Tlie oxjgen

consumption per unit weight of left ventncle of

patients with chronic hypertension is normal

Due to the hypertrophy of the left ventncle seen

in most hypertensives, the total weight and

therefore, the total oxjgen consumption of the

heart IS increased The pressures in the pulmonary

circulation and nght heart are normal unices

failure of one of the ventncles is present Most

hypertensive patients have an increased total

penpheral resistance which is probably uniformly

distnbuted both in the splanchnic area and ex

tremities The distnbution of cardiac output and

the level of blood flow to vanous body regions

remains essentially normal

TTie pressure in the capillanes and small veins

IS within normal limits, and the slope of pressure

through these vessels is not matcmllj different

from tfiat in health The fall in pressure tlirough
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Fig 27 3 Diagramtnalic reprcaentatioa of fall

m blood pressure in vascular circuit in auhjects
with hj’perlcDsioa compared mth the normal
Shaded and stippled areas represent aUcration in
the pressure relationships m the skin vessels after
the injection of histamine The loner boundaries
of these areas represent the pressure gradient
under natural conditions

^
the upper boundane^i

this gradient after the injection of histamine
(after Ellis and I^ciss, modified)

the artenolea is much greater than in healUi

(fig 27 3) Ellis and IVeiss found mean pressures

of 155 and 12 mm reapcctii ely m the brachial

artery and in the capillaries—a fall of over 140

mm Of this about 125 mm must Imc occurred

m the arterioles Isormally the fall of pressure m
the latter te8«ol3 is less than half this figure (ap

proximately 50 or 60 mm

)

In most cases of hypertension, there is no
significant change in \enous pressure, circulation

tune, blood volume or viscosity ^\Tth strenuous

exercise, patients without cardiac ej'mptoms
show a normal mcrcase m cardiac output and
oxj gen consumption, but no changem pulmonary
artery or wedge pressures

In hypertensi\e subjects the reactivity of the

penpheral vessels to nervous stress or to cold, as

by the immersion of a hand in icewater, is usually

greater than normal The latter procedure—tb«

so-called cold pressor lest—^is eraplojed for in

vratigating the vascular responses In most hy
pertensives the reaction is excessive, a sharp

and inordinate nse in diastobc pressure occurs

without an increase m cardiac output or pulse

rate, which is taken as indicating a hypersensiUxC

'asoconstnetor mechanism Hines has studied

this reaction m normal as well as m hypertensive

subjects over a period of jears, and has clawed

them into three groups, hyper reactors, who re

Via ^ tvse wtx 2ft xassk ©6
normoreaclors, who give a nse of between 10 and

TABLE 27 2

The reaetton of the diastolic pressure to the cold

pressor test, correlated with the subsequent

development of hypertension (Hines)

!

CUaiificitioB*
1

1

1

1

Cues

Hroerleojion
IS Yun later

Cues Per

Hyporeoctors ZQ 0 0

Normoreactors 48
1

8 17

Iiyper reactors I 57 31 51

• Blood pressure normal, Jess than 100 mm Hg
diastolic

20 mm Hg, and hyporeactors, mth nhom the

nse nas Jess than 10 mm Hg TTie subjects with

normal blood pressures and who were hj^jer

reactors, shoned a definite susceptibilitj to the

development of hj^iertension in later life (see

table^2) In th esc, as well as in the hj pertensiv e

Iiyper reactors, the magnitude of the response

tends to increase progressively after 40 jears of

age Actually the cold pressor test elicits a com

pl« response of reflex vasoconstriction, pain

perception and possibly an adrenergic discharge

Gangbonic blocking agents abolish this abnormal

reaction

SmuMAHT Dr Goldblatt’s view is that the

primary cause of essential hjpertension in man is

intrarenal obliterati\e vascular disease from anj

cause, usually arterial and arteriolar sclerosis, or

onj other condition that bnngs about the same

disturbance of intrarenal hemodynamics A1

though essential human hypertension is suppos

edly unassociated with obvious disturbance of

renal function, this does not mean there is no

functional disturbance of anj kind it refers spe

afically to the usual tests for excretory function

One of the strongest supports for the idea that

the hypertension is the result of renal vascular

disease and not its cause, is the finding that en
dence of severe renal arteriolar sclerosis was not

found at autopsy m indinduals who had had nor

mal blood pressure, and that moderate to severe

renal arterial and arteriolar sclerosis occurred in

almost 100 per cent of cases in which hyperten

eion had existed The recently published reviews

of human umlateral renal hypertension confirm

that interference with the renal blood supplj can

cause a form of human hypertension similar to

that created expenmentallj (25 to 50 per cent

ijCEOxasiastlu cup»i hy esausion of the kidney I

The recent report of the ability to arrest the
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course of hjpertension bj transplanting a nonnal

kidney and remo\mg two diseased kidneys is a
further \crification

The popular assumption that essential hyper

tension is mediated by a ncurogenically mam
tamed increase in peripheral arteriolar resistance

lacks substantial experimental proof Failure of

total sympathectomy to cure essential hyper

tension is the strongest ai^piment that the

autonomic nervous system la not primarily in

xolved in maintenance of increased peripheral

resistance

If Goldblatt’s mechanism applies, either is

chemia must be functional and inapparent at

autopsy or biopsy
,
or the release of renal pressor

enzymes m early stages is secondary to an en

zymatic defect not detectable with the micro

scope

The treatment of essential hy^pertcnsion 13

predominantly medical with the use of \anous

pharmacological agents Surgical treatment rang

ing from subdnphragmatic splanchmcectomy to

‘ total ’ (thoracolumbar and accessory ganglia)

sympathectomy is usualh resen ed for selected

patients such surgery removes the sympathetic

vasomotor tone from a large segment of the

systemic vascular system resulting in a decreased

peripheral resistance and an increased capaoty

of the vascular bed Since sympathectomy docs

not offer better results than medical treatment,

its popularity has declined The ganigionic block

ing agents, by reducing cholmei^ic transmission

in the autonomic ganglia produce a ‘ chemical

fivmpathcctomy” and liave the most profound

effects of the pharmacological agents used The

blocking agents probably reduce both arteriolar

and V enous tone producing an increased sy stcmic

vasc\i\ai 'vwd a tardiac witpwi

by a combination of venous pooling and failure

of reflex vasoconstnction Because of postural

liypotension and the side reactions from a con

comitant parasy mpathetic blockade (constipation,

unnary retention, mydnasis), these drugs are

being used less frequently and in smaller doses

m combination with le«s potent antihypertensive

agents

\lkaloids of the plant, Rauwolfia serpentina

Benth are widely used antihypertensive prepa

rations Their action is very complex Besides a

sedative effect, Rauwolfia denvates presumably

decrease sy mpathetic nervous tone, probably by

an action directly or indirectly on the hypo

thalamus Serotonin has been shown to be dis

placed from its binding sites in the brain which

may lead to the reduction m sympathetic outflow

and relative parasympathetic ovcractmty Cate
cholammes are also released by these drugs

from hyTiothalamic centers and from penphcral

postganglionic sympathetic nerves The lack of

sympathetic transmitter substance, leading to a
decrease in vasoconstrictor activity, may be the

drug’s main hypotensive action

Hydralazmc, another moderate hypoten«ne
agent, possess many complex actions It has been

shown to inactivate pressor materials derived

from remn, to inactive some decarboxylase en

lyraes, and to probably stimulate monamme
ovidase, the enzyme involvcvl m inhibition or

destruction of catecholamines and serotonin The
drug produces a prolonged dilation of constricted

blood vessels and unlike other hy potensiv e agents

increases renal plasma flow' despite the decrease

in blood pressure Schroeder maintains that the

relaxation of vasoconstnction is not due to

sympatholytic activity but to a direct effect on

the va«cular smooth muscle cell which may be

related to the drugs chelating action on trace

inetab

The veratrum alkaloids are not widely u>»ed m
the treatment of hypertension for the hy potensiv e

dose approximate!, the emetic dose The thera

peutically used veratrum alkaloids or mixtures,

produce a vasodepressor reflex by means of the

baroreceptors of the carotid sinus aortic arch

and left ventncle, and not by their parasympa
thctic stimubtory effects Some veratrum alka

loids do have on action directly on higher vaso

motor centers

Recently, diuretics of the benzothiadiazme

family (such as chlorothiazide) have been found

to have hypotensive properties Their action has

been assumed to be similar to the hy'potensive

effect of a. low eoduim. diet (which v& still 0. very

useful treatment for hypertensive patients) Tlie

antihyi>ertensive mechanism of theoc diuretics is

bcheved to be a result of a decreased plasma

volume with loss of sodium, chlonde and water

from the body and a suteequent decreased cardiac

output and blood pressure Restoration of the

blood volume with dextran, early in treatment,

restores the blood pressure towards normal levels

However, the blood pressure reduction has been

shown to be maintained even when the plasma

volume, exchangeable sodium and cardiac output

retuzn to normal Icveb with more prolonged

treatment Therefore, other mechanisms may be

operative m the antihypertensive action of these

drugs besides a purely diuretic effect

A large number of new agents are being tested

in the treatment of hypertension, most of which
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are cither serotonin, monoamine oxidase or cate

chohminc inhibitors One of the latter drugs,

guanctliidine, had been found to inhibit the

penphenl release of catecholamines from post

ganglionic sjmpathetic ner%c fibers A predom

inantlj postunI hjpotonsion is produced, as with

ganglionic blocking agents, but without the

parasjTnpalhctic side effects Tlie role of scro

tonm m hj'pertcnsion is unclear EmgmatieaUj

,

Iwth inhibitors of monoamine oxidase (whidi

(IcstroNs serotonin) and of serotonin lower blood

pressure m hiTicrtcnsiic patients and are receiv

mg clinical trials in trcatcmcnl There is indirect

c\adence tliat monoamine oxidase inhibitors maj
po‘?>!cas some ganglionic blocking activit>

The abQ\c mentioned drugs arc usuallj used

in combination, m dosages necessary to rtxluce

the blood pressure to reasonable leads for the

patient roncemod Each agent seems to Ime an
addline or potentiating effect on the other «o

that together smaller doses can }» used with

fencr side effects or toxic reactions than when
either <lrug is used alone Although the life of

the patient may be prolonged by these agents,

there IS no definite endoacc that the underljnng

proce«a is rcTcrBod

Maugsakt HTTEnTEKSiov Malignant or “ac

celorated” hypertension is a more severe, pro

gresane form of artenal hj'pertcnsion, charac

tenred b> rapidly advancing renal damage,

usualij
, but not always, accompanied by retinal

hemorrhages, exudates and papilledema The
papilledema (eleiation of the optic disks) has

been related to the marked diastolic pressure

elevation inducing an increase m ccrebrospmal

fluid pressure The cluneal course is one of rapid

degeneration with early demise due to cerebral,

cardiac, or renal complications

Eclampsia grayidabitm Eclampsia is a state

occumng m pregnancy m the last trimester char

actenzed by hjTiertensiOD, headache, nausea and
vomitmg, albuminuria, edema, tremors, or con

Milsions ending m coma The blood pressure may
be extreme and of rapid development The dia

stohe pressure shows tiie more pronounced nse,

indicating a generalized vasoconstriction The
cause of the artenok r spasm is unknown The
blood pressure, as a rule, falls after evacuation of

tlie uterus, which pomts to the uterine contents

being In some way responsible for the symptoms
Since death of the fetus does not result in an

abatement of the condition, and it dexelops m
association with a hydatidiform mole, placental

tissue 13 certainly menrmnated Beyond these

facts nothing is knoirn for certain mth respect

to the causative mechanisms m eclampsia

Hypotension

Ilj-potension is usuallj considered to be present

m an adult when the sv’stolic pressure is per

sistcntly below 110 mm Hg, although such a

dcfimtion is arbitrary, since hj'potensive symp
toms may not be experienced at lower levels On
the other hand, patients with arterial hj'pcrten

Sion max ilevelop simptoms at higher systolic

pressures

pRTiUnY WYPOTENsiOK In the alisence of an

underlying disease, low blood pressure is referred

to as “primary” or “essential" hy’potcnsion The
subjects with primary hypotension (who are

usually emotionally labile, asthenic, young fe

males) often suffer no ill effects beyond fatigue

and weakness Tlic nonspecific symptoms may
be more reUted to the mclwidual’s personality

than to the liy potension These patients are more

likely to be free from cardiac and renal disease

the condition, for this reason, being said to fore

cast longcnty Except for a Jiereditary prcdispo

sition, the etiological factors in primary hypo

tension are unknown
SccovnAJiy nrpoTzssios Lon blood pressure

may occur either as a temporary or persistent

phcDomcooD m numerous disease states, such as

hcmorriiagc, traumatic shock, acute fever, myo
cardial infarction, tuberculosis, adrenal or pitui

tary insufficiency and debihtatmg diseases The

symptoms of secondary hypotension usually re

suit from the underlying dKease rather than tlie

low blood pressure The determining factors are

not well understood, but the hy'potenaion is usu

ally due to an madequate cardiac output, a de-

creased peripheral resistance or blood volume, or

a combination of these factors

Orthostatic or fostural htpotensiov In

this interestmg condition, the reflex mechanisms

normally operating to maintain the blood pres

sure i^ainst the effect of gravity are apparently

m abeyance, or their sensitivity greatly depressed

A profound fall m blood pressure occurs on as

sumption of the standing position, the sj'stohc

pressure may fall to 40 mm Hg and the diastolic

to zero (as determined by the usual ausculatory

method) The subject experiences dizziness and/

ot syncope This syndrome may occur idiopatiii

cally witfino known underlying disease secondary

to various nervous system diseases (diabetes

meUitus with neuropathy, tabes dorsalis, myas

iheiua gravis, synngoraj elia), following surgical

^mpa^ectoimes or durmg treatment with
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adrcnei^tc or ganglionic blocking agents Idio-

pathic orthostatic hypotension os believed to be
a definite syndrome usually accompanied

anhidrosis and impotence, the male betw'een 40

and 70 years of age is more often affected Since

anhidrosis and failure of a reflex tachycardia

on standmg accompames the postural kypoten

Bion, the abnormality is believed to be in the

sympathetic nervous system However, indirect

evidence also imphcates involvement of the

parasympathetic system so that the name
“prunary autonomic insufficiency has been sug

gested

Experimental studies on patients with idironic

orthostatic hypotension have shown that thQ^ do

not pool more blood in the lower extremities on
assumption of the erect position than normals,

but that there is an abnormal response to the

usual shift m blood volume The abnormakty

consists in the last of reflex arteriolar and venous

constriction which usually occurs on standing

The drop m blood pressure may be augmented

by a fall m cardiac output but the latter may
not decrease exc^sively (also, a la^e postural

cardiac output fall may occur without a sigmfi

cant change m blood pressure) The demoostra

tion of low plasma or urmary levels of catechol

nmincB m patients with postural hypotension

offers direct evidence of an abnormality in the

sympathico-adrenal system It is interesting that

vasopressin, which lacks a pressor effect m man,

raises the blood pressure in these patients

Treatment of primary hypotension is usually

unnecessary, while correction of the underlying

disease should be attempted in secondary hy

potension Abdominal binders, elastic stockings,

vanous sympathomimetic pressor agents, vaso

pressin, adrenal cortical sodium retainmg hor

mones, or a high salt diet are often, but not alway s,

helpful in chronic orthostatic hypotension

Sodium retainmg hormones or a high salt intake

are beheved to act by increasing the bloodvolume

and, hence, the blood pressure, however, the

underlying abnormality is not corrected

IlypervcDliIation, Hypoventilation,

Hypercapnia, etc

Circulatory adjustments result when the pCO,

of arterial blood is increased or decreased A
decrease in pO, of arterial blood also elicits

changes m the cardiovascular system, but a nse

in pO, above that which is present in normal

resting subjects at sea lev el has httle or no effect

The patterns of response which need to be

analyzed, therefore, are those related to hypo

capma (acapnia), hypercapnia, hyTJOxia (anoxia)

and a combination of hypercapnia and hypoxia

(asphyxia)

Hypocapnia can be produced by voluntary

hyperventilation or by artificial respiration of

anesthetized ammals Carbon dioxide depletion

causes a lowering of the tonic activity of the

vasoconstnetor center, artenolar dilation results

and the blood pressure falls The heart rate may
be accelerated refiexly from the fall in pre®surc

m the smoaortic zones The direct effect of car

bon dioxide lack upon the penpheral vessels is

to increase their tone but this effect is not eva

dentm the pressence of the reduction m arteriolar

tonus related to the central effects

Dale and Evans found that when cats were

eeverely overventilatcd the blood pressure fell to

around 40 mm Hg within a minute or two and
the depressor effect did not occur or was quite

evanescent when a mixture of 5 per cent COi in

air was substituted for air as the ventilating

gas Depressor effects of hyperventilation with

air also were present in decapitated animals thus

indicating that the spinal vasomotor centers also

arc sensitive to changes in carbon dioxide tension

After destruction of the spinal cord hypocapnia

caused a nse m blood pressure as would be ex

peeled ID v^ew of the direct effects on penpheral

vessels which in this case are not opposed by the

central influences

Id the majonty of human subjects m the stand

mg position forced ventilation causes a fall m
arterial blood pressure 'Die fall is attnbuted in

part, at least m some subjects to interference

with the venous return which occurs as a result

of the forcible expiratory movements (\incent

and Thompson), since the fall may occur when

the subject breathes a mixture contammg. COi
Severe prolonged hyperventilation in some sub

jccls may cause enough poobng of blood in

dependent parts of the body to cause dizziness or

even fainting since cerebral blood flow is de

creased

According to earlier views (Y Henderson)

shock could be produced by prolonged hyper

ventilation however tlus does not appear to be

the case in cxpenmental animals if a method is

used which does not obstruct flow of blood in

the lungs Although arterial pressure is lowered

penpheral resistance also is lowered so that blood

flow through most organs is maintained or even

mcrcased, and blood pressure is restored quickly

when the hyperventilation is discontinued

Hypercapnia causes mcreased tone of the

vasoconstnetor center Local effects of a nse in
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pCOj, as when metabolism m the tis«ies is in

creased arc \asodiIator, but this effect is not

evident in the presence of moderate incrcaMJs in

pCOj achiCNed by rebrcalhing or adding COi to

the inhaled mixture Mathison reportoi that

when an animal breathed an air mixture con

taming 10 per cent COi with an adequate per

centage of oxxgen the arterial blood pressure

rose mthm loss than a minute to double its

previous height and intestinal volume fell In

lections of lactic acid or other organic acids into

the blood stream produced effects similar to those

of carbon dioxide excess

In a dec pilatcd animal a nse in blood pres

sure m response to COi occurs when the per

centage in respired nir is increased to 20, whereas

breathing air mixed mth 5 per cent CO* ma> be

sufficient to excite the medullary vasomotor

center

\ moderate degree of bj’poxia as produced bj

ascent to altitude or bj breathing at sea level

a gas mixture containing about 12 to 15 per cent

Oj causes a moderate increase m heart rate and

elevation of the blood pressure Breathing is

stimulated so that a mild decrease m pCOi also

occurs A brief severe bout of hypoxia produced

b> breathing mtrogen for about 30 seconds causes

marked cardiac acceleration while changes in

blood pressure are somewhat variable Breathing

IS stimulated, hence influences related to hypo
capnia make the interpretations difficult He>

mans (1930) stated that cardiac acceleration m
response to oxjgen lack w due mamly ‘ to reflex

stimulation of the sjTnpathetic centers (cardiac

and adrenalimc centers) by waj of the chemorc

ceptors and that oxjgen want effects these

centers directly only if very marked However,

m experiments involving perfusion of the carotid

bodies a lowering of the pOj m the perfused

blood failed to elicit cardiac acceleration and

this was true when the sj'stemic arterial blood

pressure was kept constant by the use of a

mechanical compensator (Bemthal) Intravenous

injection of sodium cyanide in the smaller doses

which stimulate breathing also causes cardiac

acceleration, however the effect of c>anide on

heart rate is not exerted reflexly from the chemo

receptors (see Heymans, 1958)

In experiments on intact aniinaU subjected to

severe anoxia before and after adrenalectom) it

IS demonstrated that liberation of epmephnne is

a factor m the production of cardiac acceleration

(Van Loo and associates) , how ev er neural accelera

tion also is concerned At present it must be con

eluded that the mechanism which sets off the ac

celeration in response to hypom is not known
Cardiac output is increased m man as much

as 50 per cent while breathing a gas murture con

taming 8 per cent oxjgen (Dojie and associates

1052) Also, increases m cardiac output are pro

duced bj hjpoxia m unanesthetized dogs (Nahas

and a<^ociate8, 195-1)

In hjiioventilation or asphyxia the combmed
effects of mertased pCO* and decreased pOj are

seen Blood pressure is elevated heart rate usu

ally is increased Cardiac output is elevated The
changes in the blood and the respiratory effects

are dcscnbctl elsewhere (ch 32 and 33) As as

phj'xia 13 prolonged blood pressure falls as a
consequence of decreased strength of cardiac

contractions and conduction m the atnoventncu

lar portion of the conducting svstem ma> be

unpaued

As asphjxia is progressive in an anesthetized

dog nbirfi la allowed to rebreathc air from a

small rubber bag the blood pressure progressively

becomes higher until it maj reach a lev e! double

that m the penod before aspbj"xia Shortly as

rebreathmg continues, the blood pressure sud

denly falls This is attnbuted to & weakening of

the cardiac contmctioos due to anoxemia and

not to release of arteriolar tonus for if the volume

of the kidoc} is recorded at this tune, it is found

that no change occurs

As d^enbed above, the local effect of a dc

ficicney of Oi and an excess of COj or nse in cH
IS to cause vasodilation while the effect of these

changes in the vasomotor center is to promote

vasocoDstnction In exercise large mcreases m
pCOj and cH and decreases in pOj occur in the

active muscles, and these changes promote a

greater blood flow Changes m pCO* and pOj m
systemic arterial blood dunng exercise are not

pronunent since equilibnum with alveolar air of

esscntully normal composition still occurs (see

question of control of pulmonary ventilation

dunng exercise p 499 and of vasomotor reactions

duru^ exercise)

The persistent elevation of the blood pressure

which resulU from a nse m mtracranial pressure

IS attributed to compression of medullary ves

sels and hence interference with blood supply to

the vasomotor centers The nse in pCO* and cH
in the vasoconstrictor center causes on increase

m vasoconstnetor tonus and therefore a nse in

arterial blood pressure to a level sufficient to

restore blood flow to the brain When the n&e in

mtiacranial pressure is rapid as m the case of

cerebral hemorrhage m man or when it is pro
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duced in cxpenmental animals by introducing

fluid, the nse in blood pressure is rapid and a
decrease in heart rate is elicited from pressore

ceptors Hence, repeated recording of blood

pressure and heart rate pro%ndes information

concerning whether the nse in mtracramal pres

sure IS contmuing

Circulatory Adjustments to

Climatic Conditions

Changes in environmental temperature elicit

characteristic alterations in circulation Adjust-

ments in cutaneous blood flow, blood volume

and cardiac output occur as a part of the process

of heat regulation (see ch. 52) At present there

IS interest m the use of lowered body temperature

to prevent or treat shock and to permit surgery

on patients who might not be able to tolerate the

stress of anesthesia and operations at normal

body temperature Therefore, it has become

necessary to consider the circulatory effects of

severely lowered bodj temperature

Anv mammal if exposed to a sufficiently low

temperature will react by consetruig its beat

and increasing heat production, but if the cold

13 intense enough for a sufflciently long period the

animal begins to cool At a critical level of body

temperature death occurs, but this level is lower

for hibemators than for mammals which do not

hibernate (LjTnan and Chatfield, m Physiology

oj Induced Hypolherima) Species which hi

bemate evidently undergo adaptations which do

not occur, at least in sunilar degree, in nonhiber

nators If a nonhibemator is cooled progressively,

death usuallj occurs due to ventricular fibrillation

or asystole when the body temperature has

reached the vicinity of 20 to 15® C The heart of

a hibemator (ground squirrel) can beat effectiv ely

at rates of6 to 10 beats per mmute atlow tempera

turcs and will continue to beat when removed

from the animal and placed in cold unoxygenated

saline, but the heart of a nonhibemator (white

rat), under sunilar conditions, stops beating

within a few minutes (Dawe and Landau, 1960)

As shown by Hook and Stormont (1941), and

Hegnauer and associates (1950), heart rate in the

dog decreases almost Iiacarlj vnth decreases

in bodj temperature down to about 20 beats per

minute at about 18 to 20® C Blood pressure

showed a progressive decrease but not as much

as the decrease in heart rate down to about 24®

C Then as temperature was lowered further, the

decrease in blood pressure paralleled the decieose

ID heart rate Similar results have been obtained

bj others Astheheartptedecreascsinhj’potiier

mia the durations of both sjstole and isometnc

relaxation as well as duration of diastole increase

greatly (as much as 2)1 times) IVTien heart rate

13 decreased comparably by vagal stimulation,

roost of the lengthening of the cycle is related to

prolongation of diastole

The cardiac output of dogs at a body tempera

ture of 20® C is about 15 per cent of normal due
almost entirely to the decrease in heart rate since

stroke volume may be normal The tissues use

less oiQ'gen and the coefficient of oxygen utiliza

twin 13 increased Although coronary blood flow is

reduced it is adequate for the needs of the heart

in the presence of reduced metabolism (Berne,

1954) During rewarming signs of circulatory

inadequacy are noted and have been attributed

to the peripheral vasodilation and to adrenal

insufficiency related to lack of adrenal response

to trauma during hypothermia

Much attention has been given to the question

of what causes ventncular fibnllation in hypo

thermic animals, and no definite conclusions have

been reached Absolute and relative refractory

periods of cardiac muscle are lengthened and

conduction is slowed Elxcitabihty changes of the

heart in hypothermia are varied In some coses

changes m threshold are not prominent while in

others there is an abrupt loss of excitabihty It is

possible that the latter change is related to failure

of ropolanzation of the fibers of the conducting

system which sometimes occurs during cooling

TTie problem is discussed m detail by Hoffman

(Symposium Physiology ofInduced Hypothermvi)

Covino (1058) reported that m hyT»thenmc dogs

which were about to fibnilate, calcium was

shifting into the heart and potassium was leaving

He suggests a cause and effect relationship be

tween these changes and ventncular fibnllation

in hypothermic dogs, however several other fac-

tors including sympathetic neural activity, hy

drogen ion shifts, and type of anesthetic agent

also are considered to have an effect on the inci

dence of fibnllation

Circulatory Responses to

Gravitational Stress

The effects of acceler-vtiov A constant

speed, however great, has m itself no effect upon

the circulation As pointed out by Armstrong,

we are travelling through space quite unaware of

a speed of over 18 miles per second caused by

the motion of the earth But acceleration, that is,

a change m velocity either m the line of our mo-

tion (fincor acceUraium and dcceleratioi^), or the

movement of the body m a circular or curved
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course {ceninpelal or ceniral acce^crchon), may
cause profounii cITccts upon the bodj ns a result

of the incrtn of the blood and \isccra A third

of accelerated mo\'emcnt, knomi as angular

oaxleralion, takes place when the body rotates

about its ovm axis, as when a plane rolls or sjwns

The rate of an;pilar acceleration is mrclj groat

enough to cause an> senous physiological dis

turbance, but this form of acceleration causes of

fccts on equilibrium and orientation The dc\ elop

ment of the modem airplane and maneuvers of

military flying have brought prominently to the

fore the importance and hazards of atcclcration

m rehtion to the circulation According to

J^ewion’s Lan, F « MA nherc F “ force, M
the mass and A the linear acceleration Tlicrefore,

A = F/M
The effecta of horizontal linear occefera/tonupon

the body of a pilot nre scon vn catapulted take

offs, or m picking up personnel from the ground

or in gliders by high speed planes Deceleration,

1 e ,
a sudden reductionm v elocity, occurs m crash

laodinp, parachute landings, or from parachute

opening (especially at very high altitude), etc

Vertical acceleration, as when the plane falls or

pitches, owing to changes m air density, causes

motion sickness

Cenlripelal aceeleralxon is the type which in

military flying causes senous effects upon the

circulation It is defined as the acceleration of a

body toward the center of a circle m the circum

fereacc of nhich it is moving at uniform velocity

The central force producing the acceleration

(renlnpelal force) is resisted by an equal and op
pogife, rad'iaffy acting force, generaffy caffed

cenfrr/ugal/orce This may be expressed, thus —
F « JIV*/r

in which M is the mass V the velocity and r the

radius of the circular movement At a linear or

centripetal acceleration equal to that of gravity

,

namely, 32 2 ft per second, per second the force

exerted is equal to that of gravity Gravitational

force, bkc centrifugal force, is proportional to

mass and is exhibited as weight The force due to

acceleration is, therefore, conveniently expressed

m units of gravntational force and designated by

the letter G Thus an acceleration amounting to

2G indicates a force double that of gravnly, ) c

,

a body acted upon by such a force would be

doubled in weight The centrifugal force is pro

portional to the square of the velocity It can be

calculated in G umts from equation G = %'’/32

2 r, where V is the velocity m feet, r the radius

in feet of the curved course which the moving

body takes, and G units of gravntational force per

pound of mass * Thus, the weight of a pilot’s body

subjected to a force of 2G is doubled, is tnpled

at 3G, and quadrupled at 4G, and so on

Acceleration which produces a force acting

upon the airman in the long axis of the body from

head to seat is called positive (+G), that acting

from scat to head is called negative {—G) A
pilot pulling out of a power due, that is, cliangmg

direction at high velocity to a horizontal and

upward direction in a banking maneuver has his

head dirccteil inward toward the center of the

circular movement and 13 therefore subjected to

a positivx; centripetal acceleration If the force

amounts to from 5 to 6 + G or more, and lasts

for longer than 3 or 4 seconds, the phenomenon

now generally referred to as ‘ blackout' results

for his blood being acted upon by a force 5 or 6

times lliat of gravity "falls” or is "thrown" into

the lower part of the body (the laige vessels it

will be recalled, run in the general direction of

the long axis of the body), the weight and, con

sequently, the hydrostatic pressure of the blood

IS increased (see fig 27 4) In animal expenments

it has bwn shonTj that os a result of the ven
high capillary pressure a marked increase in fil

tration of fluid from the blood into the extra

vascular spaces with bemoconccntration occurs

In man the skin of the lower parte of the legs

may show numerous blood extravasations

(pctcchiae) The mov ement of blood toward the

feet reduces the venous return of blood to the

heart, and, os a consequence, the pressure of

blood in the cerebral and retinal vessels falls

Vision is tcmporanly Tost and the pilot may be-

come unconscious The abdominal viscera are

forced downwards and drawing upon the dia

phragm may embarrass respiration X ray pho-

tography shows elongation of the heart and a re

duction in cardiac volume

“Negative" acceleration as when a turn is made

at high velocity with the plane in the inverted

position, the pilot’s head being directed outw ard,

causes opposite effects upon the circulation and is

likely to produce more senous injury, but for

tunately, unlike positive acceleration, does not

come into play m any necessary maneuver

"Negative" acceleration also occure in spins re

suiting from some structural damage to the

* From the following equation the force de
reloped dunsg linear acceleration or deceleration

can be calculated
G = (V,* - \ ,*)/32 2 X 2 X S

where V, is the initial velocity V* the final veloo

ity and S the distance travelled during the period
of acceleration
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plane, nhen the tremendous force created may,
through the increased weight of their bodies, pre

Nent the pilot and other occupants of the plane

from moving In a turn with the head directed

outward, the blood is driven toward the head

resulting m effects sometimes called “red-out ’

The vesselsofthe head and neck become engorged,

there maj 6o small cutaneous hemorrhages,

severe throbbing pain in the head is experienced

and the ejes feel as though lliej were being ex

truded from their sockets The abdominal nscera

arc pushed upwards against the diaphragm The
lenous return to the heart is increased and the

blood pressure m the cerebral lessels is raised

considcrablj (as much as 65 mm Hg) There maj
lie mental confasion for a time Cerebral hemor
rhnge maj result, but since the hydrostatic pres

sure of the cerebrospinal fluid is also mcreased, it

acts as a buffer which, to a large extent, protects

the delicate walls of the small cerebral veins and

capillanes, which are the most likely to rupture

Large centrifuge machines have been devTsed

for subjecting the body to positive acceleration

V. and studying the effects pr^uced Instruments

record blood pressure, cardiac action and blood

content of the drum membrane automatically

Thus the tolerance of a pilot to +G can be meas
ured (see fig 27 5)

In order to prevent the physiological effects of

positive acceleration, several types of double-

walled suits have been designed which, by con

taming water or air under pressure, oppose a force

to resist a rise m the hydrostatic pressure of the

blood The first suit of this kind to be employed

m actual air combat was invented by Franks of

the Royal Canadian Air Force It envelops the

abdomen and lower limbs water is introduced

into the space between ita walls During the

development of centrifugal force a hydrostatic

pressure, automatically graded to that everted

upon the blood, is apphed through the tissues to

the vascular walls Thus, distension of the vascu

lar bed of the lower part of the body and the ac-

cumulation of blood is prevented

The effects of centripetal acceleration may also

be minunued by the pilot assuming a crouching

position xnth the trunk bent well forward and

the rhigh^i strongly flexed at the lups The direc
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Fia 27 5 Records ol pulse rote blood pressure and blood cootcDt of the ear of a normal subieet
exposed m the humao centrifuge for 5 secoada to $ G (Drawn m part from graphs kindly furnished by
Dr W R Franks )

v y b h j- /

tion of the centrifugal force is then across the

great vessels of the trunk rather than m hne
with them, and runs from knee to hip more or

less parallel to the \essels of the thigh, the more
ment of the blood along the veins of the thigh

toward the heart is thus actually aided

Man under oravitt free conditions Grai*

ity is ormupreseat and is the onlj eniaroamratal

factor which cannot be elumnated experuneDtally

on the earth for any prolonged penod of time

This IS why our knowledge of the effects of gravity

on the circulation is so small Apart from the few
secondsm a free fall, such as in an airplane under
going a diN e of an almost vertical drop, there is

only one way to escape gravity, and that is to

leal e the earth in a space ship Such an expen

ment, once a fantastic dream of the future, has

now come close to reality with the travel of

dogs into space and their recovery Man is next

The acceleration due to take offs and landings

of space ships pre«ents no fundamental pbjsio-

logical difficulties, for m test subjects, the hmit

of tolerance to centrifugal forces in the direction

of chest to back, corresponds to an acceleration

of 17 G for 4 mmutes, and m the direction of back

to chest, to an acceleration of 2 1 G for 3 minutes

This is compatible with the acceleration due to

take offs and iaodiogs of space ships When the

mterplanetar} ship has left the atmosphere of the

earth and its propulsion is discoatiaued it ml!

bebai© like a celestial body in its orbit through

the solar sj'stem The orbit must lead the ship

to its goal following the laws of gravitation Con
sequcntiy, dunng the greater part of the mter

planetary flight, a gravity free or a near gravitj

free state is encountered Its duration will vary

from da^’s (tnp to moon) to months {tnp to Venus

or hlars)

Projection of thmgs to come m space is pre

canous and must depend more or Iras on assump

hons and conclusions b> analogy Mechamcal
^ects from the surrounding tissues can alter the

circulation mildly The circulatory clianges caused

bj gravitj are due to elastic deformation which
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body o^ans and blood vessels undergo In the

weightless state, the organs are without support

and, hence, this might lead to mild derangement of

body organs as they seek shghtly altered posi-

tions Direct disturbances of the circulation,

however, bj absence of gravitj would not be
anticipated The circulation operates by elastic

forces dehvered by the heart and the elasticity

of the blood vessels Although the blood keea its

weight, it retains its mass, mertia,and other prop

erties of a liquid In general, it is beheved it would

resemble that of a man at sea level in thehon
zontal position except that flattemng of the veins

w ould not occur and the distnbution of the blood

would be the same m the honsontal and vertical

head up or down position, or indeed, m any
position Finallj

,
it might be expected thatabsence

of gravitj would lead to diminution of activ-

ity of the vasomotor sjstem and of reflexes that

have so much to do with normal compensatory

responses of the circulatorj sj’slcm to stress This

is 80 , smee the execution of locomotion takes

place under continuous guidance of a complex sj a

tern of sensorj receptors widelj distnbuted over

the bodj Since the degree of activation of mus
clc is related to the w eight of the bod} , and since

this depends mainly on muscle proprioceptors,

one could expect that muscle tonus wdl be

reduced and the limbs relaxed and flaccid In

addition since it will take no more energ} to move

a large object than a small object, and very little

energ} in either case, one might expect a further

reduction in skeletal muscle activity with a

fall in cardiac output and even atroph} of the

heart and skeletal muscle Some form of slan

dard exercise might be needed to prevent this

Cardiovascular ElTects of Ionizing

Radiations

The effects of ionizing radiation upon the circu

lation of tlie sLm and upon artenes and veins have

been recognized and studied inteasivclj over the

past 60} ears It has been recognized only reccntl}

that whole bod} radiation produces d}sfunction

of the entire cardiov oscular s} stem and that some

form of cardiac failure raa} be a factor in causing

radiation death in some species of animals What
role cardiovascular changes play in causmg radia

tion death m man has not been studied m detail

Ionizing radiation produces a vanet} of ab

normalities of the cardiovascular 8}stem These

arc caused b} (1) a direct effect of radiation upon

the tissues, (2) effects produced by the ionization

of water b} radiation, (3) effects produced b>

-abohtes from damaged tissue, (4) effects pro

duced by the autonomic and endocrine reactions

to radiation, (5) effects produced b} the marked
changes m fluid balance of the irradiated animal,

and (6) effects produced by other ill-defined but

perhaps important abnormalities of the irradiated

animal Insufficient cxpenmental data exist to de-

fine with precision the complete sequence of

changes tn the cardiovascular s} stem or the exact

mechanism by which these abnormahties are pro-

duced by lonizmg radiation

Rbactiok of skin to radution When the

skin of man and ammals is exposed to a sufficient

dose of ionizing radiation (300 to 600r, depending

upon the wave length) a characteristic sequence

of changes is observed There is usually an initial

erythema dunng the 1st da} which rapidly sub

Bides, followed by a 2nd wave of eiythema in the

2nd or 3rd week, a 3rd wave ma} be seen after 6

weeks Dunng the later waves of er}tliema the

skui temperature is increased suggesting that a

marked vasodilation wath increased blood flow

has occurred although there is no perceptible

change dunng the latent periods These changes

in cutaneous circulation have been attnbuted to

a combination of the direct effect of irradiation

on tbe component cells of the blood vessels, b}

modification m the neuromuscular control of the

penpheral vascular 8}8lem (directly or indireetl}

produced by irradiation) and b} the release of

histamine and other tissue hormones b} the

damaged tissue surrounding the blood vessels

The relative importance of each of these in pro

dunng damage and dysfunction to the vascular

<i}stem of tbe skin remains to be detonmned

Vascular phtbioloot Ionizing radiation pro

duces diffuse and irregular damage to the artenes,

capdlanes, and veins of man and animals It has

been recognized onl} recently that, in addition to

producing obliterative vascular lesions, irradia

(ion produces significant ph}’siologicaI abnor

mahtics of blood vessels Artenes from irradiated

dogs (total bod} 300r) have an abnormal pres

sure volume curve, these vessels being more

spastic than is normal upon removal from the

body Vessels from irradiated dogs likewise have

a decreased vasoconstnction to 1-epmcphnne and

1 norepinephnne when compared to control ar

tenes "RTicn a normal arter} is irradiated in nlro

two effects arc noted A slight constnction of the

arterial wall occurs immediatel} upon bcginmng

of irradiation, which is completed in 30 to 45

seconds This is a direct effect of the rathation

The flow through the viisa vasorum is decreased

Tins latter effect is secondary to ionization of the

solution surrounding the specimen Alterations
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m capillarj pormeabzlRy produced bj irradiatHm

plaj a significant role in producing changes in the

red and wlute cell content of the penpheral

blood Thc«c studies ha^o showTi that ionizing

radiations produce a \3netj of ph3-«iiological ab

normalities of tbe penpheral %a«cular Bjstem

nbich arc onlj beginning to bo dclmcatcif

Cardiol ascol-aii EtFEcrs of TOTAii-noDt ka

DiATiON Tlie threshold dQ«c off total body

X ra> or gamma radiation required to produce

significant abnormalities of the canfioAascular

sjstem IS below SOOr and probabi} aboAc lOOr

Because of the tremendous spectra Aanation m
these responses to irradiation it inll bo necessary

to consider the response of man, iihcn knovm and

other species scparatch

Arterial blood pressure Patients v.\\o arc re

cei\ mg X raj therapy maj develop a hjiiolcti

sue episode shortlj after irradiation which re

turns to normotcnsive leAcla wilhm an hour or

ti\o Rabbits de\elop hjpotcnaion immediately

following total bodj irradiation of as little as SOr

There is no cliange m blood pressure, cardiac

output or total peripheral rraistance of dogs

during or for 5 hours following evposure to ISOOr

of gimma radiation In the rat an initial hj’po

tensive episode which oecurg witlun the first 2

hours has been described In both the rat and rab

bit there is a nsc in plasma histamine which is re

lated in time to the initial hjTMtensiv e episodes in

the«e species This relation may be onlj fortuitous

as there is evidence that the imtul hjqxitension

following irradiation is, m part, mediated by re

flex mechanisms

In most species recover} from an initial hjiio

tension is prompt and blood pressure falls again

only in the terminal penod VDM and VEM
have been found in the blood of rats 6 to 10

daj s following irradiation

Cardiac physiology and biochemistry The iso

lated hearts of animals tolerate ionizing radiation

m doses 10 times greater than the lethal dose for

man without showing sigmficant functional ab
normalities These data are strong evidence that

irradiation does not directly injure the mjo
cardium and the conduction sj stem of the heart

However, a senes of changes in cardiac bio

chemistry and function following whole body ir

radiation (700r) of the rat have been carefully

definetl by Caster and associates These are most
readily summarized by considenng tiiese changes

chtonologicallj 0 loS days During the first 3 to

12 hours there are sigmficant increases both in

venous pressure and in the plasma volume of the

tis'^ucs Bj the 2nd day there is a Joss in deovyn

boQUclcie acid (D\A) and bpid from the heart,

a decrease in tbe area of the heart sliadow and in

the total body plasma volume and the peripheral

venous pressure has returned to normal Electro

cardiographic changes begin to appear 3 lo 5

days Both venous pressure and plasma volume

drop to a mimmum Tour daj s following radiation

shows the beginning of a lineal decrease m DNA
and flctomjosiQ m tbe heart 6 to 14 days Bj

the Cth day the venous pre‘«sure increases

abruptly and continues high until death Tlie

plasma volume of the heart is increased bj 50 per

cent The potassium, DNA and actomjosin con

centrations of the heart reach minimum vilues

and tJic percentage of fluid in tlie heart and lung

increases Cardiac srrythmms appear more fre

qucntly bj the 8th to lOth daj and deaths occur

frcquentlj The mechamcal action of the heart

(as indicated b> the heart sounds) changes, and

there is a significant shift in the electrical axis of

tbe heart

Electrocardiographic cbscrialtons Abnormalities

in tbe T waves (depression and/or inversion)

S-T segments flowenng) and miscellaneous ar

rjthmias have been observed m most species fol

lowing total bod) irradiation The sequence of

changes in the electrocardiogram of the rat fol

lowing irradiation (TOOr) have been draenbed b>

Caster and associates In these studies the de

crease in plasma volume rather than direct dam
age to the mj ocardium apparently plaj ed a major

role in producing these changes

Postmortem evidence In many species the ter

mmal findings mclude a marked pulmonary

edema and enlargement of the right side of the

heart Blood ve«!sel walls are diffusely and it

regularly damaged

Eflects of Aging on the Circulation

With advancing age sigmficant reductions oe

cur m the functional capacities of manj different

organ sj stems Oftentimes these changes are

secondary to alterations in the circulation which

result in unpaired blood flow to specific organs

and tissues Because of its increased prevalence

among the elderly, the disease process arteno-

sclcrrais plays an important role in the functional

impairments which accumulate with age There

are, however, progre sire clianges m the cireula

tion which occur independently of the dev elop

ment of this disease These changes will be de

senbed in this section

Heart Progressive changes take place m the

heart which are not related to coronary artery

disease, the most frequent cause of death in in
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Fio 27 6 Age changes in basal c&niiac out
put in normal males Each point represents an
individual subject

dwuluals over tlie age of 65 For example, there

IS a gradual accumulation of insoluble granular

m itcrial in cardiac muscle libers (Strehler cl al

,

1050) These granules make their first appearance

at about the age of 20 and increase gradually so

that b> age 80 they may occupj as much os 6 to

10 per cent of the myocardial volume Animal

experiments have shown that at higher ages the

actit ity of important intracellular en2> mes of the

myocardium, such as succinoxidase, is sigmfi

cantij reduced (Barrou-s and assocutes, 105S)

Although average talues for resting heart rate

tend to diminish sbghtly with increasing age

(Howell, 1950), the increased incidence of irrcgu

lanties in rhythm in the aged oilers evidence of

impairment in the mechanisms regulating rate

Cardiac output under basal conditions dunfn

ishes by approximately 50 per cent between the

ages of 20 and 80 years (Brandfonbrener and as

Bociatca, 1955) Fig 27 6 illustrates a senee of

measurements made on normal subjects the

dye injection technique This curve illustrates the

nide indindua! diHercnces in the effects of age

which are also found in obsen ations on many
other physiological variables Thus, there are 80

year-old persons mth cardiac outputs as high as

the average 40 year-old Cardiac outputs, calcu

latecl by an empirical formula from ballistocanli

ographic records, also show a significant reduction

with age (Tanner, 1949)

Statistical analysis of resting blood pressure

measurements in a sample of 79,757 apparently

healthy people aged 20 to 106 years indicates a

gradual nse in systolic pressure up to the age of

70 (Lasser and Master, 1959) After this age

systolic pressure remains constant lo men and de

cbnes m women There is only a small nse m
dtastobe pressure (table 27 3)

In experiments whore simultaneous measure-

ments of blood pressure and cardiac output were

made it is possible to calculate left ventricular

work from the equation W = 14 3 p, stroke

volume gm m /beat and stroke power from

the equation P = 1 40 X 10"* X p. X stroke

voIume/t« watts where p, = mean pressure dunng
sy'stole and t, = duration of systole Both ven
(ncular work and power or rate of work dimmish

sigmficantly with age (Landowne and associates,

1955) Tliese observations reflect a decrease in

left ventricular w ork since the calculated pressure

increase is not proportional to the decrease in

cardiac output Tlie duration of systole rnerca*^

results la a decrease in calculated rate of work or

power of the heart

Other evidence of decreased power of the heart

m advanced age is found m balbstocardiograph

tracings Starr end Hildreth (1052) recorded a

second ballistocardiogram after an interval of 10

to 14 years m 80 normal persons aged 20 to 60+
With increasing age, the I plus J amplitude dimin

ished by roughly 60 per cent over the age span

tested These results arc interpreted as a recluc

TABLE 27 3

Mtan blood pressure end standard deviation tn

apparenllif healthy persons,

to to lOS years of age

Systolic Diastoti Systolic

20-24

25-29

30-31

35-39

4CM4
45-49

50-54

55-59

CO-C4

65-69

70-74

75-79

80-3t
85-89

90-94

9M06

h23±i3 7*1

125±12 6

12Citl3 6

127±14 2

|129±15 1

|l30±IG 0

|l35±ID 2

ll3S±lS S

142±21 1

|l43±26 0

|l45±2C 3

|l46+21 0

145±25 C

|145±24 2
'245*23 4

14G±27 5

ISft 9

78* 9

79* 9

80*10
81* 9

82*10
83*11
84*11
85*12

63* 9

82*15
81*12
82* 9

79*14
78*12
78*12

9lJd±Jl
0117*11
120*14

:i24*13

:127±17

|l31±19

!i37±2I

'139*31

144*22

154*29

159*35
1M±26

9ll57±28

9154*27

lllS0±23

7ll49±23

8l72± 9 1

4 74* 9 1

075*10 8

9,78*10 0

1SO*10 0

582*11 0

3184*12 4

484*11 8

3 85*13 0

0 85*13 8

Sj85±15 3

384*13 1

0 83*13 1

9'82±17 3

eV9±12 1

581*12 5

• ± indicates standard deviation

FromR P Lasser and A M Mnsler, Genatnes,

159, 11,345
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tion m tlic force of ejection and a slomng of the

contractile response of the ventricle Such an

adaptation would permit a weak heart to secure

the mavimum cardiac output possible

TIjg speed of circulation of the blood as meas

ured b} decholino, or by the mean transit time

of djes injected for the estimation of cardiac

output, shows a significant slownng with age

The mean transit time of T 1824 from the ante

cubital 1 cm to bmdiiil artery increases from 19 0

seconds to 28 7 seconds lictween the ages of 23

and 82 jears (Landowno and associates, 1955)

Age changes are also apparent in the electro

cardiogram Tlie P Q, P R and QT intervals

show a slight tendency toward prolongation, es

peciallj at low frequencies, in clderlv subjects

The voltages of P, R and T waves decline after

the age of CO The mean electrical axis of the

P wave, which is deviated to tlie left at birth,

becomes vortical bj the age of 40 and then shifts

progrcssivelj to the left as age advances The
mean electrical axis of the QRS complex behaves

in an opposite manner indicating a more hon
zontal position of the heart at advanced ages

(Mezzosalma and Morpurgo 105$, Simonson and

Kejs, 1952) Vector analysis of conventional!)

recorded electrocardiograms show similar age

changes Both the QRS and T vector are rotated

more antenorly (larger arimuth angle), are

smaller in magnitude and show a smaller angle

between the vectors in old than in young men
(Simonson and Kc) 8 1956) At present it is not

possible to determine the relative importance of

aJteratjreM* .u? the eicfftmai setmt} cS the hsafi

and anatomical and positional changes in produc

ing the age changes m the electrocardiogram

Blood lessela VI ith advancing age the chemical

composition of certain blood vessels changes

Lansmg and associates (1951), have shown that

the elastin of tlie aorta undergoes an increase in

specific gravity, calcium content and proportion

of amino acids containing free carbo"^! groups

There is an underlying shift in the ammo acid

composition of elastm, with an increase in aspartic

and glutamic acid and a decrease in glycine, pro

line and valme The deposition of collagen in

creases in the intunal and medial layers of blood

vessels Furthermore, the collagen in old blood

vessels increases in resistance to solubilization by
chemical treatment It shows a denser aggrega

tion of strands with increased chemical cross link

ing Tlic average circumference of the human
aorta increases gradually from 45 0 mm at age

20 to 29 to 81 0 mm at age SO to SO, whereas the

cross sectional area of the media increases from

62 0 mm * to 133 5 mm * ov er the same age span

(Wellman and Edwards, 1950) It is clear, there

fore, that, as the aorta ages, some substance is

added to the media

Thc'se structural and chemical change form

the basis for the increased ngidity of old blood

vessels with an attendant increase in pulse wave

velocity Between the ages of 20 and 70 j ears the

pulse wave velocity m the aorta increases from

about 5 m per second to 11 m per second (Hal

lock, 1934, Ivambaum, 1957) At lower intra

arterial pressures (diastolic) the pul«e wav'e ve

locitv in the brachial artery also increases with

age, but at higher pressures (systolic) the age

difference is much less Thus,m older subjects the

artery behaves as if its fibers were initially more

completely evtended than m the young (Lan

downe, 1958)

The penpheral vascular system also shows sig

mficanl age changes Flow through a number of

vascular beds is significantly reduced m old age

For example, plethysmograpluc studies of blood

flow through the fingers show a fall from 4 77 to

276 ml per 10 ml finger volume per minute be

tween the ages of 40 and 60 years (Ring and co

workers, 1959)

TTierc is a rapid fall in the circulation to the

bnun from childhood through adolescence fol

lowed by a more gradual but progressive redue

lion throughout the remainder of life (Kety,

1956) Between the ages of 25 and 95 vears the

average fall m blood flow to the brain is approxi

mately 25 per cent of the mean value at age 25

by JbeeJearanre

of Diodrast or para ammohippuric acid (PAH)

falls by about 60 per cent of the mean value at

age 25 between the ages of 25 and 90 (fig 27 7)

Fio 27 7 Age changes m resting renal plasma
flow tit normal males determined by clearance of
PAH Each point represents the mean of three
10 tainute clearance periods on an individual
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Although the total amount of blood available

for perfusion os indicated bj the cardiac output,

diminishes mth age, there la not a proportional

reductionm flow to all organs As indicated above,

the age reduction in blood flow to the kidney is

greater than the reduction in cardiac output or

flow to the brain Ideally, we should have sunul

tancous measurements of cardiac output and flow

through different organ systems in subjects of

different ages In the absence of such data, we
must rely on a\erage measurements made on
different subjects at different times

The simplest explanation of the differences in

blood flow through different organ sjstems is to

assume differences in the degree of structural

changes such as artenosclerosia in the vascular

beds involved However, this hypothesis is not in

accord with observations which indicate that the

reduction in blood flow in certain vascular beds

is produced by a functional vasoconstnction that

can be reduced by vasodilating agents For exam
pie the intravenous administration of a vaso

dilating agent (pyrogen) produces proportional

increases m renal blood flow m both young and

old subjects (Shock, 1952) This increase m flow

results from a decrease in renal arteriolar con

stnction In the aged person, under resting con

ditions, a functional increase m vascular resistance

reduces blood flow to the kidney, which makes a

great proportion of the cardiac output available

for perfusion of other organs such as the brain

The response of peripheral blood vessels to

both heat and cold shows a reduction with age

However, the primary change w in the speed of

response, rather than the final degree of vaso

dilation or constriction attained

Thus the marked increase m peripheral resist

ance calculated from measurement of blood pres

sure and flow winch accompanies aging is due, at

least in part, to functional changes in the degree

of vasoconstriction of individual vascular beds,

and not entirely to the increasing degree of

sclerosis of the blood v essels

Age changes tn ctrculalory response la stress

Age changes m all organ sjstcms become much

more apparent when the individual Is subjected

to a phj Biological stress Exercise places extra

demands, especially on the circulatory sj'stem,

which are met !c«s effectively in the old than the

joung

One of the factors limiting physical perform

ance in older subjects is their diminished ability

to transport oxjgen Robinson (1938) showed

that the increase m oxj^en uptake during woA

proceeds at a slow er rate in old than young sub-

jects He ako found that the maximum amount of

oxjgen transported from the lungs falls from 53

to26cc per kg body weight per minute between

the ages of 17 and 75 Furthermore, old subjects

require more oxjgen per kg ra of work performed

than do joung at high or low work rates (Norns

and Shock, 1900) There is a greater accumulation

of lactic acid in the blood dunng and after exer

CISC in old subjects than in young which mdi
cates a greater degree of muscular anoxia m old

than joung

The rate of recovery of oxygen consumption

and carbon dioxide elimination following exercise

also diminishes with age Thus, advancing age

places a limitation not only on total performance,

but also on the rate of readjustment of phj’siologi

ca! displacements produced One of the charac

tenstics of older subjects is their inabihtj to m
crease their heart rate after severe exercise to as

great an extent as younger people Young men are

able to increase their heart rate to a mean value

of 200 beats per minute whereas by the age of 66

the maximum rate attained after exercise is only

160 on the average Since the increment in car

diac output dunng exercise is controlled pnmanly
by increase in rate rather than stroke volume, the

aged individual is unable to maintain adequate

blood flow to exercising muscles It is therefore

not surpnsing that the artenovenous oxjgen

difference increases more m old than young under

conditions of bcavj exercise

Performance on the standard Master step test

also shows impairment in normal aged subjects

Old subjects increase their systolic blood pressure

and heart rate more after cxcrci'c and require a

longer tune to return to pre exercise levels than

do young

Changes in posture also offer a challenge to the

cardiovascular system 'Wlien subjects ore pas

sively tilted from supine to the upright position,

older subjects showed a greater decrease and

slower recovery of diastolic blood pressure and

smaller increase in heart rate than do the joung

(Noms end associates, 1953)

The stress of a pain stimulus (Hardy Wolf

thermal stimulator) results m significant mere

ments m heart rate However, the variability of

heart rate from beat to beat under these circura

stancis diminishes sigmficantly with mcreasing

age (Malmo and Shagass, 1949) It appears that

the factors controlling heart rate are less sensitive

to environinental changes m the old than m
joung
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Summary

In addition to the mcrc'ised incidence of arlen-

o«clero«is, age imposes gradual impairments in

the functional capabilities of the canliovascular

Si stem Structural and metabolic changcs> ocwir

in the mjocardium There is a gradual reduction

m cardiac output as age advances The s>stolic

blood pressure rises mth age, but there is little

change m diastolic pressure Mechanisms for the

control of heart rate arc Ic«a effective in old than

ioung In old subjects the duration of ^’stohe is

lengthened, and there is a decrease m left ven

tncular v\ ork e\ on under rating conditions Tliere

la a reduction in the force of ejection and a slow-

jDg of the nrcubtion time

The peripheral vascular sj^stem undergoes

changes in structure, chemical composition and

function Large blood vessels become more ngid

The distnbution of blood flou among different

organs shifts with increasing age Some organs,

such as the kidney, show a functional \asocon

«tnction that diverts a greater proportion of the

falling cardiac output to other organs such as the

brain

The reduced capacity for phj«ical vvork m the

aged 15 related to their inability to increase their

heart rate, and therebj to increase cardiac output

to meet the increased tissue demands for oxjgen

Light exercise produces greater increments in

heart rate and blood pressure in old than j-oung

The rate of recoverj of heart rate, oxygen up
take and carbon dioxide eluiunation after exercise,

13 slower mold than j oung subjects Aging results

in a general reduction m the reserve capacities of

the cardiovascular system and an unpamnent m
the effectiveness of mechanisms controlling heart

rate and vasomotor tonus.
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REGULATION OF THE CIRCULATION
UNDER STATES OF STRESS

Shock and Ilexnonrliage

Bases and Principal Charactewstics

The state which commonly de\elop3 several

hours after a scAcre tissue injury is referred to

either as traumatic, or surgical, or wound, or

secondary shock The last designation contrasts

it with primary shock which may 6upcr\cne im
mediatelj following the injury Primary shock

has mainly a neural basis and, therefore, is also

called neurogenic shock

It is bdieved that the roost characteristic fca

ture of traumatic shock is a disparity between the

circulating blood volume and the capacity of the

circulatory sjstem When such a disparity de
velopa, for any reason, tlie pressure m the great

veins and nglit atnum becomes reduced and eon
sequently the filling of the ventricles is in

adequate This leads to a decrease in stroke vo]

URie, cardiac output and arterial blood pressure

The fall in blood pressure elicits cardiac acceler

ation and i asoconstriction The pale cold skin

which a typical of shock is a manifestation of the

cutaneous vasoconstriction Also, the decreased

rate of blood flon results in the hypokinetic type
of hj-poxia and associated cyanosis of the care and
finger tips The acceleration of the heart rate re

suits in encroachment on time for ventncular
filling and this, alongvnth the lowered venous pres
sure, contnbutes to lowenng of the stroke vol

urae and pul^e pressure A pulse pressure of less

than 20 mm Hg is not uncommon in shock.

Ohguna or anuna may occur in shock since

there is inadequate pressure to maintain the

glomerular filtration rate (GFR) Renal blood
flow IS decreased even more than the reduction m
GFR The nonprotcin mtrogen of the blood in

creases and the alkali reserve falls

The initiating mechanisms m traumatic diock
are those which promote either a decrease in Mood
volume or an increase in the capacity of the

cardiov oscular s> stem Trauma may cause actual

blood loss of varying degree, but in addition, it

may cause extravasation of fluid into the dam

aged part The importance of the loss of blood or

plasma v olume in the production of the signs and

symptoms of shock is made evident by the drama

tic unprovement in the condition of the patient

which occurs when the circulatmg blood v olume is

restored early after shock has dev eloped Later on

when circulation has been madequate for awhile

the beneficial effect of transfusions is le'^s or the

blood pressure may not be restored by this

method

Early in traumatic shock it appears that there

19 no serious defect in the heart itself os indicated

by the response to transfusions, inadequate car

diac filling IS the roam problem In so called car

diogenic shock the circulatory failure is central,

1 e ,
in the heart, and the nght atrml pressure is

not reduced Obviously
,
the problem in tlus case

IS quite different than in traumatic shock

If the essential featurem traumatic shock is the

reduction m circulatmg blood volume then the

seventy will be related both to the amount of re-

ductioQ nnd to the time which has elapsed since

the reduction occurred The production of sliock

by withdrawal of blood has been studied e\ten

sively IQ expenmenfal ammals and it has been

demonstrated that removal of a certain fraction

of the blood volume for a certain time will result

in the appearance of shock and sub'^quent death

even though the blood be rcinfused

Stages or Shock

Wiggeis (1950) differentiates between four

stages in the progression of shock to the phase in

which treatment is ineffective In the imtia! or

developing stage circulating blood volume is de

creased but not sufficiently to cause senous symp

toms Next is the cowpcTwaterj' stage in which

blood volume is reduced further, but blood pres-

sure tends to be maintained within the normal

range through vasoconstriction At this stageblood

flow through the skin and, perhaps, the kidney s is

decreased wlule flow to the central nerv ous sy'stem

and myocardium tend to be maintained Tlievol

ume of the spleen and other blood reservoirs typ-

407
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ically IS decreased The progresme stage of shock

IS characterized by the fact that unfavorable

changes are becoming more and more prominent

falhng blood pressure, increasing \ asoconstnc*

tion, accelerated heart rate, decreased pulse pres

sure, oliguna, etc Progression indicates that com
pensatory meclianisms are unable to cope wiUi

the reduced blood volume so as to maintain the

status quo \\Tien the blood pressure is reduced to

the range of 60 to 70 mm Hg myocardial depres

Sion, a decrease in heart rate and, perhaps, a de

crease in artcnolar tonus maj become factors in

promoting the hj^otension The last or trreter#

ible, stage is so designated because treatment no
longer is successful m saving the life of the patient

Arterial blood pressure is not restored by the mfu
Sion of blood Apparently, both a loss of arteriolar

tonus and ray oeaidialdepression are factorsm the

inabihty of the circulatory system to respond to

transfusions in a beneficial manner The infused

blood tends to remain in the capillary beds

Theories Covcehnino toe Cause or Shock

Shock can be produced m experimental animals

by incchamcal trauma xrhich does not break iVie

sbn (e g ,
pounding the limb of an anesthetized

animal nith a mallet) and by bleeding the animal

to the extent of 40 to 60 per cent of its calculated

blood volume Blalock, using these methods, con

eluded that there is no essential difference be

tviecn the shock induced by the tuo methods.

He favored the view that fimd loss at the ttte

of trauma was sufficient to set off the tram of

events leading to shock However, Moon be

lieved that a stage is reached m ammals in

shock when hypoxia of capillary walls causes m
creased permeability and thus promotes fluid loss

mlo the tissues at sites remote Irom the injury

This theory seems to be losing ground

The results of numerous studies of shock in am
mals can be summarized by stating that the de

creasem blood flow m vifal structures such as the

myocartlium, central nervous system and per

haps, the hver which occurs when blood volume is

inadequate leads to the development of changes

which can not be reversed by present methods of

treatment It is possible that in irreversible shock

vital ceils have become irreparably damaged

However, the possibility remains that if the na

turc of the changes in the late stages of shock were

understood better effective treatment could be

achieved Contrary to earlier theories shock does

not appear to be due to hyqxicapma (as su^sted
by Y Henderson) or to paralysis of the vasomotor

center (Cnle) or to adrenal exhaustion (Swingle)

or to fat embolism from damaged tissues (Porter)

It 19 true that the adrenal cortex, adrenal medulla

and the vasomotor system are subjected to m
creased demands m a patient m shock, but failure

of any of these is not demonstrated to be the basis

for irreversibility

In the penod from 1914 to 1921 Dale and Laid

law, Cannon and Bayliss, and others searchedJor

atoxic factorm the production of shock and gave

epeml attention to histamme This substance is

produced m damaged tissues and causes certain

change IQ the cardiovascular system similar to

those which are found m shock However, it does

not appear that enough histamine is produced

over a long enough period in traumatized tissues

to cause irrev ersible shock

Shear, Zweifach and associates reported the

liberation of a depressor substance from the hver

m animals m shock This substance, initially

called VDM (vasodepressor material) and later

identified as femlin, was considered to be re

sponsible for the irreversible stage of shock

However, subsequent studies cast doubt on this

interpretation Injection of fcmtin m very large

doses does not cause syiriptoros of shock

It has been suggested that bactenal toxins arc

concerned m the irreversibility of traumatic

shock Fine (19M) states that irreveraibihty to

transfusion is present from the onset m septic

shock whereas it does not develop until after a

long delay m hemorrhagic shock Even in hemor

rhsgic shock, according to Fine, a bactenal factor

is encountered since antibiotics delay or prevent

the development of irreversibility Therefore he

believes that admimstration of antibiotics is im

portant as a part of the therapy of both traumatic

and hemorrhagic ’hock

Burn Shock

Secondary shock results from extensive bums

Id this ca«c loss of fluid and plasma constituents

into the damaged area is considered to be the ini

tiatiDg factor Since blood cells, for the most part,

arc retained hemoconcentration is characteristic

Transfusion of plasma is quite beneficial under

these conditions The amount of loss of plasma

volume is related to the extent of the bum The

possibility of a toxic factor in bum shock is even

greater than in traumatic shock, however no

specific substance has been demonstrated to be

teoponsible for development of irreversibihty It

seems that considerable amounts of histamine arc

produced in tissues and hberated following bums
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Barsoura and Gaddiim found the liistammc con

tent of patients BUftenng from extensive bums to

be several times higher than the nornial Al'«o, it

IS not uncommon for a patient with extensive

bums to develop ulceration of the duo<lcnum

(Curling’s ulcer) which is attributed to the stunu

lating effect of histamine on gastnc secretion

Honever, no clear correlation m time was foum)

between the histamine concentration m blood and

the onset of “shock Ilo«c and Brown observed tliat

the course of blood histamine concentration fol

lowing bums could be divided into throe stages

(1) an earl} increase in some cases, (2) a marked

decrease during the penod of edema and plasma

lo«a i e ,
during the time when shock was endent,

and (3) a return to normal or above normal levels

as the edema subsided and the patient was un
provnng Tlicse results do not support the vnew

that histamine is the responsible agent in the dc

velopment of shock following bums

‘ Cruak Syndrome"

A person who has had a Umb compressed for

some time, for example by a beam or pile of rub

ble, may pass mto a state resembling shock In the

crwli sj/adromfl impaiment of renal function is a
prominent factor The unne is brownish in color,

contains dark granular casts and gives a positive

test for mjoglobiD denved from the damaged
muscles In severe cases aouna develops, and

death is due to the failure of renal function

The renal tubules are considered to be damaged
by myobematin The anuria, therefore, would be

caused is a manner analogous to tliat resulting

from the transfu«ion of incompatible blood, the

difference being that m one the pigment is liber

ated from muscle and in the other from erythro

cytes

It appears that the blood flow to the renal cor

tex becomes reduced m the crush syndrome which

seems to render the tubules more susceptible to

the action of the blood pigment Tmeta and his

associates found that the renal cortex had a re

duced blood flow in tourniquet shock and stunu

lation of afferent nerves from the limb also causes

renal vasoconstnction

The renal pathological changes seen in the

crush syndrome are described as lower nephron

nephrcsis (cb 35) This consists of extensive de

generation or necrosis of tubular epithelium and

is eharactenstic of a number of different con

ditions m which toxic substances reach the kid

ncy m considerable quantities or when the renal

blood flow 13 decreased severelj for a relatively

prolonged penoil

Anaphylactic Shock

The anaphylactic reaction is one which follows

admmistratiOR of a foreign substance (usually

protein in nature) to an animal which has been
sensitized to it by a previous dose The second

dose maj be quite small as compared with the

initial dose The first dose acts as an antigen,

that 18 , it induces the production of anlibod> bj

the animal Usually about 2 weeks must elapse

between doses m order that the second dose maj
produce maximum effects The severe form of the

anaphylactic reaction is called anaphylactic shock

This shone different manifestations m different

species In the dog the primary change which may
cause the death of the animal is constriction of

the hepatic veins This holds the blood back in the

splanchnic organs and all of the manifestations of

failure of venous return consequently appear

Cardiac output arterial blood pressure and pulse

pressure fall Heart rate is accelerated Respira

tion 18 stimulated Salivation and vomiting are

induced In the guinea pig the most serious feature

of the anaphylactic reaction is the contraction of

bronchioiar smooth muscle This leads to extreme

dyspnea and death from asphyxia The effect can
be demonstrated in the perfused isolated lungs of

a sensitized animal by the addition of antigen to

the perfusion fluid Histamine may be concerned

at least in part, in this reaction since the amount
of this substance in the lungs and blood is in

creased during the anaphylactic reaction and it

baa a potent stimulant action on the bronchioiar

smooth muscle

In ike rabbit the reaction may be general or

purely local When the foreign substance is in

jected subcutaneously into a sen“<ttized animal,

the skin and subcutaneous tissue at the site of the

injection become edematous and swollen, a sterile

abscess or slough appears This was originally

described by Arthus and is known as the Arthus

phenomenon When the antigen is administered

intravenously, the blood pressure falls abruptly

and the respirations become rapid The bladder

and intestine are evacuated The animal may die

within a few minutes from dilation and failure of

the right ventricle The failure of the heart is

secondary to the increased resistance in the pul

monarv circuit caused by constriction of the

arterioles The arterioles m other parts of the

vascular system are also constricted and emboli

composed of clumps of leukocytes may be seen

blocking the pulmonary and systemic capillaries

The evidence indicates with little doubt, that,

in anaphylactic shock the antibody antigen re

action takes place in or on the tissue cells and not

in (he blood plasma Dale showed for example,
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that when the uterus was removed from a sensi

tized guinea pig and its vessels freed from all

traces of blood it gave the tj'pical anaphjlsctie

contraction when the antigen was added to the

bath ID which it was immersed Manwanng also

found that the blood of the sensitized animal could

be replaced by blood from a normal animal with

out affecting the first animal s sensitivity

It IS now generally accepted that the antigen

antibody reaction in some waj brings about the
liberation of histamine from the a^ected tissues

and that the action of this amine is responsible for

some of the anaphylactic manifestations Nearly

all the features as seen m these three species can

be explained upon such a basis In the dog and
guinea pig anaphylactic shock, is associated with

a rise in the histamine concentration of the blood

and although the whole blood of the rabbit shows

no increase and is often reduced the amine pas<>es

from the white cells (which contain it in especially

large amounts) into the plasma Tie apeciea

peculiarities of the anaphylactic manifestations

can be accounted for largely by the amount of

smooth mu'cle in the reactive tissues of the«e

three species and by its susceptibility to the ae

tion of histamine In the dog the smooth nu«cle

of the hepatic veins is especially well developed

In the guinea pig the bronchioles are particularly

susceptible to stimulation by histamine and m
the rabbit the pulmonary arterioles show un
usually thick muscular coats

Though I wtanune Uberatiou appears to be a
major factor in the production of the phenomena

of anaphylaxis certain observations indicate that

some other factor or factors arc involved Minute

doses of histamine for example cause eontrac

tion of the isolated rat s uterus whereas large

doses of antigen are required to produce even a
weak contraction Also the isolated guinea pigs

uterus poisoned by high concentrations of his

tamine responds to a further dose by relaxation

hitfs, \fs e. v. "zt

Peptone solution injected intravenously pro

duces in the dog effects almost identical with those

of anaphylactic shock, including incoagulability

of the blood due to the liberation of hepann from

the liver Sensitization by a previous dose is not

necessary however Adding peptone to rabbit

blood in rtiro causes the liberation of histamine

from the cells into the plasma

In man fatal anaphylactic shock may follow

the injection of horse serum into a person who has

been sensitized by a previous administration

Allergic reactions in general show many sum

lanties to anaphylactic reactions and many ob

servations suggest that the two are fundamentally

allied although in the case of allergic reactions,

sensitization by an earlier exposure cannot always

be demonstrated the reaction appearing upon the

first known contact with the foreign substance

Congestive Heart Failure

Heart failure occurs when the heart muscle
IS weak or if the heart ceases to pump blood be

cause of arrest or %entncular fibrillation or if

cardiac filling is prevented The heart may fail

suddenly as a result of occlusion of a coronary

artciy or following rapid accumulation of fluid or

blood m the pericardial sac or failure may result

from sudden overloading of a heart already weak
ened by chronic disease In acute heart failure

there is a sudden reduction in or cessation of car

diac output Artena! blood pressure decreases the

pulse weakens or is not palpable and vasocon

stnetor reflexes are elicited from the pre^sorecep

tors The patient is m shock as far as conditions

on the artenal side of the systemic circuit are

concerned but the v enous pressure is not low ered

as in shock related to decreased blood volume

Chronic Congestive Heirt Failube

A number of chrome diseases eventually lead

to weakening of the heart muscle and this results

m the development of the syndrome which is

known as chronic congestive heart failure It is

important to recognue that heart failure dcs

ignates a cbnical syndrome rather than any

specific defeat in the heart

Weakness of the heart is not necessarily ex

pressed as decreased cardiac output smee homeo
static mechanisms operate which tend to mam
tain whatever cardiac output is needed to meet
tlie metabolic requirements of the tissues Hence
m many rases of chronic congestive heart failure

a normal cardiac output under resting conditions

IS observed in the presence of a moderately ele

vated venous pressure (Espersen Altschulc Me
Jlichael 1938 and 1947, Richards 1949) The
weakness ol ftie’neart is evident in that it pumps
less blood than a normal heart, would pump if it

were subjected to the same (elevated) filbng

pressure It will be noted that the definition of

cardiac weakness implied in the preceding state

mentis that a weak heart is one which will show a

lower than normal increase in output in response

to a given increase in the venous pressure TIius if

cardiac output at vanous venous pressures is

graphed, a curve would be obtained which hes

somewhere below that for a ventricle of normal

atrength, and the weaker the ventricle, the lower

will be this curve (see Youmans and Huckins

1951)

Another way of thinkmg about the strength of

the heart is m terms of its resenv Althou^ the

moderately weakened heart can achieve a normal
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output under resting conditions or dunng mild

exercise it has less reserve As the lexel of mus
cular actmtj is increased a point would be

reached at which cardiac output could not m
crease further, whereas the normal heart could

continue to increase its output well be>ond this

amount as muscular actixntj is increased (Nicl

sen) Thus, the first indication of cardiac w^k
ness IS a reduction in the cardiac rrsenc, as deter

mined b> suitable exercise tests, and the sexerjty

of cardiac “disabilitj ” would be related to thedc

gree of lo«s of the cardiac reverie

When the cardiac roserxe is diminished ns a

result of disease cardiox ascular adjustments occur

to maintain adequate output, and the heart and

circulation are said to be m a state of compen
sation VThen such adjustments arc inadequate as

manifested parlicularlj by a considerable nsc in

venous pressure, increase in heart sue (dilation)

and other signs of congestion the condition is re

ferred to as cardiac decompensation

Congestixe heart failure maj develop in any
person who«e heart has been working for a more

or less prolonged period against a high pcnpbcral

resistance (eg, essential hjpcrtension) or if the

work of the heart has been a^ve normal because

of cardiac valvular defects (rheumatic fever) or

because of prolonged continuous demands for m
creased cardiac output (hyperthyroidism, arten

ovenoua fistula) W^en the work of the heart w
increased chronically, for anj reason, a sequence

of changes m heart muscle is induced which ter

mmalea eventually m its weakening On the other

hand, weakness of the mjocardium may result

from more specific causes such as lasdeqfiste

blood supply, damage bj certain toxins, etc

Seqttence of Changes in Congestive

Heart Fajlitbe

The chief manifestations of chronic congestive

heart failure are increased extracellular fluid vol

ume, increased blood volume, elevated venous

pressure, dyspnea, cyanosis m some cases, en

largement of the hver and spleen, edema of the

dependent parts of the body, and in some cases

bjdrothorax and ascites The cardiac output in

classical congestiv e heart failure in the patient at

rest is within the normal range or decreased

However,m a group of conditions common]} re-

ferred to as ' high output” heart failure spemfie

stimuii are present which cause an elevated

basal cardiac output

Until a few years ago most discussions of the

meclianisms involved in the development of the

cliaractenstic changes seen m congestive heart

failure presented cither or both of two theories

the "backward failure” theory, and the "forward

failure” theor}
,
however, it no longer seems pro

fitablc to describe these theories as such but

rather to present the sequence of events now
reasonably well established

One of the most charactcnstic features of con

gestive heart failure is the increase in volume and
pressure of blood in the pulmonary circuit and m
the nght atnum and systemic veins (Landis and
others, 1946, McMichael, 19-17) What causes

these changes? According to the earlier theories a

decrea'JC in output of the left ventricle would,

on purely hemodynamic bases, allow the pulmo
nary circuit to become congested to the extent

that it occurs in congestive heart failure Like

wise, the nse in systemic venous pressure was at

tnbutwj entirely to failure of the right ventncle

to respond to its filling pressure in such a way os to

keep the pressure dowm to normal levels At the

time of the actual onset of failure it was visual

«od that blood was returmng to the correspond

iDg ventricle more rapidly than it was being

pumped out, and therefore, the pressure up

stream from the ventricle was being permitted to

progressively increase until the relatively high

levels which occur in congestive heart failure were

reached In some explanations the ventncle wes
referred to as “damming back” the blood or caug

iBg * back pressure” It is apparent, howev er, that

a cardiac ventncle behaves as a force pump and

not as a dam (Starr, 1949) The ventncles do not

create a back pressure by failmg to pump, they

allow the presstue to nse as they fail to force the

blood on Therefore, the term “back pressure”

does not seem to be suitable to desenbe any of the

hemodynamic changes associated with congestive

heart failure For example, the nse in pressurem a

cistern which occurs as water runs mto it faster

than it IS lifted out by a pump would not be

called back pressure

The concept that venous pressure can increase

to very high levels as a consequence of failure of

the ventncle to pump the blood which la flowing

in by the venous sy’stem implira a continuing

venous return in the presence of decreased cardiac

output However, the venous return is the same

as the cardiac output for any prolonged penod ex

ccpl as a shift of volume out of the arterial tret

occurs when cardiac output and mean arterial

blood pressure decrease As arterial pressure falls

the volume m the systemic arterial tree decreases

and Uus is associated with a shght increase in
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pressure in the “low pressure” portions of the

cardiov ascular sj-stem (i e ,
the great \ tins, atna

and pulmonarj circuit) The maximum increase

in pressure i\hich could occur in the atna, on
purely hemodjnamic bases, when \cntncular

output decreases IS that which would occur follow

ing \ entncular arrest llTien this occurs flow from

the artenal tree into the sjstemic veins and
pulmonary sj’stcm continues until equalization of

prc'sure occurs at the static blood pressure level

which IS onlj about 8 to 10 cm of water Thus,

a nse in aenous pressure to the levels which

commonlj are seen in congestive heart failure is

not produced simply bj failure of the ventricles

to pump the blood returning to them The large

rises in venous pressure are dependent in part

upon elevation of the blooil volume Starr (1910)

reported that the static blood pressure, i c , that

found throughout the circulatory sjstem shortly

after the heart ceases to beat, was considerably

higher in patients who had died of heart failure

than in tho«e who died from other causes The
elevation of static blood pressure can be at

tnbuted to anj of three changes reduced capac

itj of the cardiovascular system, reduced dis

tcnsibibt} or increased volume of blood in the

8j stem There is no reason for considering that

either of the first two changes is characteristic

of congestive heart failure Blood volume, on the

other hand, has been found to be elevated in

congestive heart failure bj mo«fc investigators

who have studied it (Altsehule, Borst)

The initial change m the cardiovascular sj stem

which leads to the classical sjTidrome of con

gcstivo heart failure must be assumed to be the

decrease m left ventricular output related to

weakemng of the left ventricle or lack of filling of

the left ventricle secondarj to such changes as

right ventricular failure or compression of the

left ventricle from without (as from pcncardial

enu«ion) Then a senes of changes is initiated

which in mild or moderate cases leads to rcstora

tion of the cardiac output Hence, when con

gostive heart failure is diagnosed some of the

measurable changes arc those which have oc

curnxl to counter a decrease in cardiac output

hen cardiac output is found to be decreased in

the patient at rest this indicates that the condi

tion is so severe that compensator} mechanisms

which serve to maintain cardiac output have been

overtaxed In other words a subnormal cardiac

output in the patient at rest indicates virtual

absence of cardiac reserve

Patients with congestive heart failure usuall}

av e a dccrcascxl renal blood flow while the glom

erular filtration rate is reduced to a lesser degree

(Memll, Bradley and Blake, Davaes and Kil

patnek, Mokotoff and others) The load of sodium
and chloride filtered at the lev el of the glomerulus

13 decreased in direct proportion to the reduction

in glomerular filtration This alone, if sodium
reabsorbing capacity of the tubules were un
altered, would lead to a considerable reduction m
in NaCl excretion However it appears that tubu

lar rcabsorption of sodium also is stimulated This

change has been attributed to the action of aldo-

sterone which is reported to be produced m in

creased amounts (Panish, Lasche and others,

Singer and Uener) Regardless of the mecharasm,

the ability of the kidney to excrete NaCl is mark
cdlj impaired m patients with congestive heart

failure as indicated by the fact that they may
show a positive salt and water balance despite a

greatly restneted salt intake

The decreased renal blood flow and glomerular

filtration rate m congestive heart failure in the

presence of an artenal blood pressure within the

normal range indicates that the tonus of renal

arterioles is increa^ The increased filtration

fraction (sec ch 34) may be related to efferent

arteriolar constriction since a change of this type

causes a lowered renal blood flow without produc

mg a corresponding decrease in glomerular filtra

tiOD rate

Patients with congestive heart failure do not

show impairment of ability to excrete water in a

degree that makes it necessary for them to

rostnet Ihcir water intake The defect which leads

to the increase m the amount of ^aCl and water

in the body and the corresponding rise m volume

of the extracellular fluid compartment » the fail

ure of the kidney to excrete NaCl As the salt is

retained water is held back with it As a part of

this secondary process the mcreased production of

antidiuretic hormone (ADH) may be involved

It has been postulated that the rcabsorption of

scKlium ion from the tubules is the pnmary change

and that the chlonde ion moves along with so

dium because of its opposite charge It is signifi

cant that the amount of edema in a patient with

congestive heart failure can be eontrollcil by di

reeling attention to lowering the total amount of

NaCl in the body, by any of several methwlo,

while allowing him to dnnk water ad hbiium

(Futcher and Sehroeder, Schroeder) In the re

action against tlie severe restriction of water

mtake, which occurred when it was recognized

that there is no physiologic.il basts for «u< h a regi

men, it was reported that forcing fluids was of

benrfit in treating congestive heart failure
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(Schemm, 19-12 and 19-14) It now appears that a

low fluid intake i? disad\ antaRcous but that hiph

fluid intake is not of ^ aliie except to correct the lU

effects of dehydration produced by a penod dur

iDg which fluid intake had been eeierely re

stneted

Hion OcTPCT ClRCtTLATORT FAttCHE

Some patients who are diagnosed as having con

gestiie heart failure haie a basal cardLic output

well aboi'e the normal range Furthennore, cf

fective treatment leads to a lowenng of the basal

cardiac output to normal leiela It is not reason

able to consider that cardiac wcakne«!S as such

would lead to an increase in the basal cardiac out

put, therefore, m patients who haie the high out

put tjTie of circulatory failure it is rca«onab!e to

postulate a source of cardiac stimulation which is

not present in normal persons

The Eumlantics between simple congestive

failure, devinbed in the preceding section, and

high output failure are related to the fact that

retention of NaCI and water occurs in both The
increase m extracellular fluid \olume leads to

many of the signs and symptoms ahich arc com
mon to the tn o syndromes. The two principal dif

ferenees botneen the syndromes are (I) that m
high output failure the penpheral resistance ty*pi

callj IS low whilem simple congestive heart failure

It tends to be elevated, and (2) that the level of

the basal cardiac output, by defimtion, is elevated

in high output failure Since a low peripheral re

Bistance, as produced for example by an arteno-

venous shunt, will elicit an increasem cardiac out-

put, it is logical to consider that the decreased

penpheral resistance is a pnmary change in the

cardiovascular sy stem in patients with high out-

put failure and is the basis for the cardiac stunula

tion (Youmans and Huckms, 1951, Youmans,
1954 and 1957) A‘5soci3tcd with the increa«d

cardiac output there is a shortened circulation

tune, decreased artenovenous oxygen difference,

increased heart rate in some cases and, com
monly, a widening of the pulse pre«sure

There are several reasons for postulating that

the decrease m penpheral rraistance in high out-

put failure is the imtial change m the canho

\ ascular sy stem that leads to the other changes

characteristic of the syndrome (1) In arteno

venous fistula, which may lead to high output

failure, perhaps in its purest form (s« Elkin and

Warren, Holman, Cohen and others), the initial

hemodyTiamic alteration obnously is the reduced

resistance to outflow of blood from the systeouc

arlenal tree (2) Decreased peripheral resistance

occurs in benben, severe anemia, hvperthy

roidi«m, Paget’s disease, patent ductns arteriosus

hy-perthyroidism and certain tvpes of chronic

pulmonary disease, all of which may lead to high

output failure (3) Tlie high cardiac output caij

be explained as n compensatory response to the

low penpheral resistance (4) The renal retentioii

of salt and water may be caused by a shunting o{

blood away’ from the kidney by a dispropor

tionately large decrease m resistance in the extra

renal portion of the systemic circuit

In 1937 Wei^s and Wilkina emphasized tht*

simihnties between the effects of systemic arten

ovenous fistula and chronic thiamine deficiencv

and th^ ob-verved that circulatory changes pro

duced bv large do«es of thiamine m patients with

benben heart di«case are similar in important

respects to those associated with closure of an
artenovenous fistula The pattern of cardio

vascular changes in benben heart disease is the

typical high output failure symdrome (Porter and

Down«, Weiss and Wilkins, Burwcll and Dexter)

Da^^es and Kilpatnck found renal blood flow

and glomerular filtration rate reduced m patients

with high output failure due to chrome cor pul

monale The average for 10 patients was about

one half the avenge for normal ladmduals If the

renal blood flow in the-c patients ts expressed as

the per cent of the cardiac output, the range is

2 0 to 15 per cent with an overage of 7 per cent as

compared wath on average of around 22 per cent

ID norma) subjects It is evident that the kidneys

do not ebare m the increased circulation in high

output failure associated with benben or cor pul

tnonale This demonstrates that the extrarenal

fraction of the penpheral resistance is dispropor

tionately lowered m these diseases, just as it is m
aystenuc artenovenous fistula

It seems probable that chronically increased

demands upon the heart caused by a low pe

npberal resistance would lead eventually to de

velopment of cardiac weakness just as when in

creased cardiac work is related to other types of

change m the circulatory system If this should

occur, the sequence of changes seen in simple con

gestive heart failure would be expected to be

supeniapo'^ed upon those changes related to low

penpheral resistance to produce the final picture

m prolonged severe high output failure In other

words, early m high output failure the changes

seen could be related entirely to compensation for

low penpheral resistance while later the factor of

cardiac weakness also probably would be pres

«it.
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Consequences op Hypervoiemia r?

Congestive Heart Failure

It IS nsualized that hj pervolemia to some ex

tent has a compen«atorj role in simple congestive

heart failure and in the high output failure syn

drome, howe%er, the increase in blood \olume

may be great enough to lead to difficulties Hie
principal dangers in hypervolemia are, first, the

possibility that the weakened left ventricle may
become dilated to the extent that the dilation per

se contributes to an acute decrease in cardiac out-

put, and second, that the pressure in the puiznon

ary capillarj bed maj become increased to the

point of producing transudation into the alveoh

The dangers of fluid administration to patients

with hj pervolemia are obvnous, but the con<^

quences of administration of v asoconstnclor

drugs are less apparent The ill effects of such

drugs in hj perv olemia are related to the fact that

they promote a shift of blood from the sjstemic

circuit into the already engorged pulmonary cir

cult, and thw may caa^e a nse in pulmonary capil

lary pressure sufficient to produce pulmonary

edema

The degree of pulmonary congestion in a pa

ticnt with chronic hj pervolemia is least m the

orthostatic position but is increased when the

patient lies down Immediate transfer of blood

from the sj stemic to the pulmonary circuit occurs

as a result of the effects of gravity when the re

cumbent position is assumed However, there la

also a gradual increase m blood volume while the

patient remains recumbent, as edema fluid moves

from the interstitnl space through the eapilbry

walls, thus the blood volume shows nocturnal m
creases in patients with chronic hypervolemia and

cefema TTie nsc wAicfl oecters efurrag rtc ingiW,

and the consequent increase in pulmonary en

gorgement, perhaps maj explain the develop

ment of acute djspnca

Hemodynamics

The following is a discussion of the effects of

arrhythmias, valvular disease, cardiac tampon

aile, and congcmtal heart disease on the hemo

dynamic function of the heart In le&s than

two decades, tremendous advances have been

made in the study of these pathological entities

bv the development of catheterization techniques

(including pressure measuring devices) for use ui

humans Reference will at times be made to per

» tincnt animal studies, but, mainly
,
the more un

uant human data will be presented However,

it must be remembered that large variables are

inherent in flow measurements on human subjects

even when obtained by cardiac catheterization

In addition to the difficulties m measuring car

diac output by the Fick principle (including

dye methods (ch 18), true controls are lack

ing (ewept tho«e from a senes of cathetenzed,

normal subjects) for the patient cannot be his

own control As an example, an end diastolic

ventneubr pressure of 4 mm Hgmay be elevated

since the patient’s normal level (before compen
sation of the heart to the pathological stress) may
have been I mm Hg This small pressure ele

vation could represent a significant diastolic vol

ume increase Since cathetcnzation may be a

fnghteung expenence to most patients, another

vanable is the failure to attain a resting, steady

state Anesthesia cannot be used because it

produces hemodynamic changes such as an in

creased eirdiac output. HTien v anables are meas

ured ‘ following exercise,” the exertion is per

formed with the patient in the supine position

(with catheter in place)
,
therefore the amount of

exercise is usually tnild

Formulas have been derived for the calculation

of flow through shunts and stenotic and regurgi

tant valves These formulas often use the cirdiac

output, pulmonary wedge pressure, completely

mixed venous blood samples and other measure

meats or calculations which possess their own er

rora Clinically the information derived from the<e

catheterizations is very practical and important

but physiologically it may represent only direc

tiona) and semiquantitative hemody namic

changes Therefore, the precise measurements

obtainable ui animal experiments are often

bckuig

The pufmonary wedge pressure anrf tfie ex

tent to which it may or may not represent the

cveutsin the pulmonary capillary bed or the left

side of the heart, has been discussed The term

"pulmonary circubtion pressures” includes the

pulmonary venous, wedge, and arterial pres

sutes The "filling pressure gradient ’ is the dif

ference in pressure between the atnum and ven

tncle causing blood to flow from the former to

the Utter Often a gradient cannot be measured

across a normal or pathological v ah e by the tech

mques m present use Yet a pressure gradient

must exist m order for blood to flow Tliere is

evidence that small pressure differences (which

may not be measurable bv modem equipment)

can lead to large blood flows (ch 22) An impor

tant technique for mea'unng the<5c pri^ssurt

gradients by withdrawal of the catheter from one
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cljainber to another wth continuous measure-

ments of pressures, is being replaced bj the use of

a double lumened catheter iMth an opening m
each chamber

HEMODTN\iIlCS IN ARWIYniMlAa

The in%estigation bj graphic methods, the

etiologj and the treatment of disorders of the

heart beat ha%e already been considered in chap

ter 23 In this section, the hemod3'namic effects

of arTh\thraias on the circulatoij sj'stcm xiiU be

discussed Stress on the heart is caused bj ar

rhjthmias possessing one of the following char

actenstics (1) a%er3 rapid rate, (2) an irregular

rhi^hm unth disruption of the normal atnal and

%entncular coordination, or (3) a \erj elon rate

Whether the arrhj-thnua develops m a normal or

diseased heart is often very important to the

hemodvnanuc effects produced and, hence, must
be considered m dcterminmg the actual alter-

ations caused bj the heart rhj thm Also, if drugs,

like digitalis Onotropic effect on the heart), qum
idme (decreased peripheral resistance and in

created cardiac output), or procame amide <de

creased blood pressure probabl) due to peripheral

vasodilation) are used to revert the arrhythmia,

the corrected hemodj-naroic effects cannot be at-

tnbuted onl> to reversion of the arrh^dhraia A
consideration of the role of atnal contraction in

the normal functioning of the heart becomes im

portant in tho«e arrhvthmias mterfenng with

atnal systole Atnal systole bnngs the atno

ventricular (KX) valves into closer apposition

and maj add «ome blood v olume to the v entn

cles However, there is no adequate evidence that

n normal heart cannot function properlj without

contraction of ita atria On the other hand, im
properly timed atnal sj-^tolcs, occumng when the

atnovcntncular valves are closed, can lead to

hcmorlynamic abnormaUties

Taciiycvtidus The results of animal evpen

ments bj Starzl and associates on nonnal hearts

in clo'wl'Chcst animals showed that electncallj

induced atnal tachj cardias at rates up to 190 per

mmute for short penods usually caused no alter

ations in cardiac output, sj-slemic arterial blood

pressure or sj slcmic v enous pressure, whereas the

the stroke volume and radiographic size of the

heart decreased (fig 28 1) If on the other hand,

the ventncles uerc electncallj stunubted to a

tachj cardia (made possible mth stimubtorv

rates above the existing sinus rate), the cardiac

electrical stimulation The chamges are depicted as percentages of control values Expenments were
performed m closed chest dogs In contrast to atnal atimulation vcntncular driving irrespective of

ventricular stimulation aite resulted in a reduction in cardiac output and stroke volume (From Starrl,

T E and associates. Circulation, 19d5, 11, 952)
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output, stroke \olume, and blood pressure de
creased The resultant atnoventncular asyn-

chromsm produced discordant positions of the

AV ^alves at the time of ventricular systole,

varying from fully open to fully closed, thereby

altering the end-diastohc \ entncular volume He
strongest beats (largest stroke volumes) would oc

cur after the longest diastoles (largest end dias

tohe volumes), whereas shorter diastoles would

produce weaker beats If the atnoventncular con

duction pathway s were then blocked and the veft

tncles driven at rates up to 190, the results re

sembled those dc«cnbed for atnal tachycardia

Clinically the supraventncular tachycardias

(atnal and nodal) cause circulatory disturbances

if there is underlynng heart di‘>caae, or if the

tachycardia is prolonged in tune However, heart

rates over 200 per minute were tolerated for hours

and sometimes days in patients without heart

disease Ferrer and associates studied two patients

dunng paroxysms of nodal tachycardia by r^t
heart catheterization An unaltered cardiac out-

put with a decreased stroke volume was found

Right atnal pressure was elevated wlule blood

pressure and penpheral resistance were normal

Since atnal systole followed vcntncular con

traction m these patients, the atnoventncular

V alv ee were probably not tightly opposed dunng
V entncular systole This could lead to tncuspid

reguiptation and evplain the elevated nght

atnal pressure

Patients with atnal flutter have been studied

in the same manner as above Those without un

derlying heart disease, and one patient with a elow

ventncular rate, were found to have normal car

diac outputs AMien heart disease was present,

atnal flutter with a rapid ventncular rate induced

a marked decrease in cardiac output and stroke

volume concomitant with a small systemic ar

tenal pulse pressure, prolonged circulation time,

dilated heart by roentgenograms, and a nu*^
V enous pressure in some patients In all mstances,

after reversion to sinus rhythm, the resting car

diac output rose This was found to be true in 2

patients after all medication had been discon

tmued Since this nse in cardiac output occurred

without a change m heart rate m 2 patients, and

tlie ventncular diastohc filling tune therefore re

mained constant, it was suggested that atnal

flutter contnbuted to reduced blood flow by the

continuous, rapid atnal contractions impeding

venous inflow Pulmonary circulabon pressures

(pulmonary artery and pulmonary wedge pres

'cures) were norma! dunng atnal flutter in those

» circulatory insufficiency It is of interest,

and unexplamable, that patients with atnal flut-

ter and congestive heart failure had a lower pul
monary artery pressure than those with cardiac

failure and smus rhythm
Irregular rrythm Atnal fibrillation con

trasts with the above tachycardias by having an
irrt^ular ventncular rhythm and absent atnal

contractions The distmguishmg charactcnstics

of atnal fibrillation from the regular tachycardias

are beat to beat vanations of ventncular rate, or

ventncular filling and emptying, and of arterial

blood pressure (a changing resistance to ventnc

ular ejection) It has been shown m animals and
patients that the beat to beat changes were re

lated not only to the previous diastolic filling time

and end-diastolie volume, but also to the arterial

pressure, end systolic volume and the duration of

systole of the preceding beat In closcd-chest dog

expenments, acutely induced atru! fibnllntion

with rapid ventncular rate decreased cardiac

output and blood pressure, and mcreased central

venous pre««ure and the artenov enous oxygen

difference Dilation of the heart could be seen by
roentgenograms On reversion to sinus rhy thm the

previous status of the circulatory state returned

In patients, reversion to smus rhythm is usually

beneficial if the ventncular rate is rapid and if

drugs that affect the circulatory system are used

Most show an mcreased cardiac output with

shortened circulation tunc and decrea^ nght
atnal pressure Exercise tolerance is often im
proved However, most of the patients studied

bad underlying heart disease and had evidence of

cardiac failure In 2 patients without heart dis

ease, cardiac output was not changed on rever

Sion to sinus rhythm

In summary, it can be said that atnal fibnl

fation with a rapid ventncular rate can lead to

circulatory failure in diseased hearts or some

tunes in normal hearts Despite the demonstra

tioo of some atnoventncular valvular regurgita

tion with atnal fibnllation, evidence is lacking

that the arrhythmia with a slow ventncular rate

IS definitely detrimental to the circulatory status

of a patient The effect of the lack of atnal con

traction has been discussed above Since many

patients in chronic congestive heart failure are

benefited, and smee the development of blood

clots m the fibnllatmg atria is dangerous, most

cardiologists recommend at least one attempt at

rever»ioii to normal rhythm

Bradtcardias Up to this point, the arrhyth

tniM which cause a rapid heart rate have been

considered Very little hemodynamic data is

available concenung sinus bradycardia and par



Chapler SS REGULATION UNDER STATES OF STRESS 417

tial heart block A decreased cardiac outputbut a

marked increase in stroke volume was present in

one patient studied mth sinus bradjcardia It is

gencmllj held that irhcn the heart rate

there la an increase m end-diaslohc volume due

to the longer diastolic pcnotl This increases the

m> ocardial fibers’ length and leads to a greater

stroke volume In this manner, the cardiac out*

put IS maintained at slon heart rotes, probabl>

as loir as 30 to 40 beats per minute Slower rates

often lead to orculatorj insufficiencj secondarj

to a decreased cardiac output

In experimental dogs, complete heart block can

bo produced by tying or cutting the atnoventnc

ular conduction pathw aj This usually results m
average heart rates of 40 to 55 These dogsaeutcl^

manifest a decreased cardiac output proper

tional to the decrease m heart rate, an increased

pulse pressure eecondarj to a dccroa«cd diastolic

but normal si'stohc arterial blood pressure, a

greater systemic artenovenous oxjgen difference

and a nse m right atnal pressure Wthin hours

each of these factors tends to return toward nor

mal If the dog’s t ontnclos are eloctncallj stimu

latcd to tho preblock heart rate, the cardiac out

put and other abnormalities return immediately

to normal levels Howc\ er, these dogs, especially

if allowed nonaal exercise, usually dev clop severe

cardiac failure within 3 months In this respect

they differ from humans who appear to better

tolerateconipletebeart block (Patients mth con

genital heart block maj have a normal hfe spaa

)

Patients with complete heart block have been

studied with right heart catheterization and bj

rapid biplane angiography In patients without

circulatorj insufficiency, an elevation is found in

right atnal systohe and mean pressure, nght ven

tncular systolic and end diastolic pre<isure, and

pulmonarj and systemic artery pressure and pulse

pressure A decreased cardiac output and cardiac

index (cardiac output per square meter of body

surface) with an increased stroke v olume is pres

ent However, the cardiac output (and cardiac

index) was reported as normal, despite the above

abnormal cardiac pressures, in some patients

without imderijung heart disease Angiographic

studies with timed electrocardiographj have con

tnbuted to the understanding of the bemodj
namic data m complete heart block The tuning

of atnal s> stole m relation to ventncular systole

determines tiie size of the atna and whether or

not reflux of hlood occurs into the great or pulmo

nary \eins When the atna contract a^inst

closed valves, or if more than one atnal sj stole

occurs before a ventncular sj stole empties the

ventricle, the nght atnal pressure nses and reflux

may occur

In summary
,
complete heart block mthout im

derlying heart disease is compatible with a long

and active hfe despite the presence of abnormal

chamber pressures Often such patients, e&pe

cially if the heart block is of congenital ongin,

have a small increase m heart rate vnth exercise

If there IS underlying heart disease the prognosis

is quite poor (despite available treatment) due to

evratual circulatorj failure from a chronic over

load on the lieart Treatment consists of epi

nephnne, ixoprotcrcnol, sodium hetate, metham
phetaminc or atropine, and more recently the

corticosteroids have been recommended Isopro

tcrenol is the only drug which has been studied

and has been shovni to augment the cardiac out-

put not only bj an mcrea<e m heart rate m some
patients but also by a direct myocardial effect

with an increased stroke v olume m others Re
cently

,
platmum electrodes of mmiature battery

operatwi, mechanical stimulators have been in

serted into the ventneJes by percutaneous probe

or at open thoracotomj and have met mth some

favorable success

HEMODTNAillCS IN VaLVTIMB HeaBT DiSEASB

Rheumatic endocarditis is the most frequent

disease leading to abnormalities of the heart

valves The mitral valve is most commonly
affected followed by the aortic, and then the tri-

cuspid valve The pulmonic valve leaflets are

rarely affected Fuimonic valvular disease will be

considered m the follownng section, Congeratal

Heart Disease Other causes of valvular disease

include syphihs, bacterial endocarditis, calcifica

tion of the valves and trauma

When tlie valves become defonned by disease,

they impede the flow of blood or allow leakage to

occur If there is narrowing of one of the onfices of

the heart the condition is spoken of as ‘stenosis
”

Stenosis of the valves is caused by fusion of the

leaflets ngidity of the cusps due to fibrosis and /or

shortening and adherence of the chordae ten

dinae When the valves are incapable of closing

tightly, they are said to be ‘ meompetent,” ‘ re

gurgitant," or “insufficient ” Tliey now allow

blood to regurgitate in the opposite direction to

that of the normal flow Insufficiency of a vahe

may be due to deformity, ngiditj retraction,

fusion of the cusps or chordae tendinae, or to a

dilation of the nng of the vah es If the leaflets

are defonned sufficiently to produce steno«LS of a

particular onfice, they may also be incapable of

closing properly and regurgitation will occur as
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^ell Therefore, stenosis and incompetence of a
valve often occur together

Heaiit MURMURS A\Tienthe vah es become de
fonned, abnormal heart sounds appear Such
sounds are spoken of as murmurs or bruits Pre-

sumably, heart murmurs result from the dc\cIop

ment of turbulence in rapidlj flowing blood The
flow of blood through most cavities and channels

IS silent because the flow is laminar Turbulence

wll appear nhen the Rejmolds’ number js ex

cceded (ch 16) Practically speaking, cardiac

murmurs appear in the presence of the follomng

conditions, separatelj or m combination high

rates of flow through normal or abnormal valves,

forward flow through a constricted, or an irregular

vah e or into a dilated vessel
,
back flow through a

valve, septal defect or patent ductus aricnosus,

presence of a loose, v ibratmg structure, such as a

chordae tendinae The impression should not be

gained that all murmurs denote undcrljing car

diac pathology Eatl> ajstolic murmurs can be

detectedinamajontyof children e^peciallj those

with thin chest walls The«e murmurs are called

functional and are most often heard at the pulmo

nary area Early sj stolic murmurs are also audible

in many normal persons following exercise and,

presumably, arise from the increased flow rate

Hemic murmurs develop m anemic patients as

tile result of decreased blood viscosity and m
creased blood velocity in the presence of an aug

mented cardiac output

Time belatiovs The particular valve involved

IS determined from the relation of the murmur to

the events of the cardiac cy cle and from the pomt

upon the chest wall where the sound is transmit

ted with the greatest intensity For instance, the

aortic vah es should open fully during the ejection

phase ot ventnciilar sye'w’ie so as to ofier'uWie or

no resistance to the outflow of blood at this tune

At the end of the period of ejection they should

close tightly If however the onfice is stenosed,

the obstruction causes a murmur to be heard dur

mg ventricular systole which replaces or modifies

the clear first sound This is referred to as a sys

I 2

Fio 28 2 Diagram showing the tune relations

of heart murmurs to the heart sounds A, pre
svstohe murmur, B s3 stolic murmur, C, early
diastolic murmur Numbers refer to normal heart

unda

tohe murmur (fig 28 2) If, on the the other hand,

the valvw are incompetent and do not come to

gethcr at the end of the sy stolic discharge, a nish

of blood from the aorta into the ventricle occuia in

diastole, and a murmur modifies the normal sec

ond sound—diastolic murmur The murmur may
appear m early

,
jiud

,
or late diastole or may per

sist throughout almost the entire period When
stenosis and incompetence co-exist a murmur may
be produced at the aortic onfice dunng both sys

tole and diastole, m which event the two normal

sounds are replaced by a to and fro blowing sound

A systolic murmur will also be caused by mcom
petence of the A V valves (mitral or tncuspid)

since the nse in pressure dunng ventncular sys

tole will dnve blood backwards mto the atnum
and cause abnormal vibrations to be set up
Gallop jiKTrsii In certain conditions, three

distinct Eoxmds are heard which give nse to a

rhy thm not unlike the gallop or canter of a horse

In addition to the clearly audible first and second

heart sounds of each cardiac cycle, a third and

even a fourth diastolic sound may be heard All

four sounds are often seen lo phonocardiogmphic

tracings Gallop rhythms appear to be the patho

logical counterparts of the third and fourth heart

sounds

In some coses the obnonnal sound precedes

the first sound—the presy stolic (atnal) typo of

gallop rhythm Two sounds are heard m rapid

succession followed by a pause, and then by the

second sound (fig 28 3) This type is associated

with depressed atnov entncular conduction (ch

16), bundle branch block, myocardial infarction

or, most commonly, hypertensive cardiovascular

disease The extra sound is usually attributed to

the actual muscular contraction of the atnum

more recent evicienceiavors alorctiAmoivmviit

of the ventncular wall apparently resulting from

atnal ejection mto the partially filled veotncle

Normally, the ventncular contraction follows so

closely upon ntnal systole, that any sound that

may be produced merges into the first heart

Gound When, as a result of slowed conduction,

the atnal and ventncular systoles arc separated

by an appreciable interval, the sound resulting

from contraction of the atnum may become

audible

In other instances, the abnormal sound follows

shortly after the second heart sound—early dia

Btohc (protodiastolic) tyiie of gallop rhythm (fig

284) Most commonly, this gallop rhythm is

associated with incipient or actual cardiac fail

ure, UiCTcfore, it has a different clinical signifi

cance than the presystohe gallop The cause of
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Fio 2S3 Phonocardiograra (and electrocardiogram) ^smonatrating s preaystolic gallop (ff) in a
patient with hipertensivc heart disease A syatolic murmur w also present betucen the firat (Si) and
the second heart sounds (5») (From Levine and Harvey )

the protodiastolic gallop is unknown It is not

secondarj to an asynchronous closure of the pul

monar) and aortic vahes The sound occurs ot

the end of the penod of rapid ventricular filling

(as shown bj correlatiie studies with mtra

cardiac pressure curves) Most hkclv it is either

produced bj nbrations set up m the walls of the

rela-^ed dilated \cntnclc bj the shock of blood

as it rushes from the atnum or bj a temporary

recloaure of the ntnoventneubr lahcs (Dock)

Two isnations of tlie«e gallop rhythms may
occur VTicn both gallop sounds are present a
quadruple rhythm is pr^uced ^Vhea the heart

rate becomes \eiy fast a single i cry loud sound

may occur in raid-diastole Tlits is a result of the

fusion of the tno gallop waves It is probably not

]ust an addition of the two «ound3 but is a new
sound produced as a result of atnal contraction

actually augmenting the phase of rapid ventnc

ular ^Img
In <iome instances an abnormal sound is heard

between the first and second licart sounds—the

systolic tj^je of gallop In contrast to diastolic

gallops the sjstoUc gallop is usually of Uttle

clinical significance The origin of the extra sound
IS uncertain although it may be secondary to

nbration set up m a ddated vessel pleuropencar

dial adhesions or to other extracardiac factors

Mitral stexosis Mitral stenosis is the most
common valvubr abnormality resulting from

rheumatic involvement of the heart Somcd^rce
of mitral regurgitation is also often present The
hemodjToanuc effects are due to the obstruction to

flow between the left atnum and the left ventn

cle The normal mitral v'alvubr onfice m man
vanes between 4 and 6 cm * When this is re

duced to about 1 5 cm ’ hemodynamic abnonoal

ities may be found and at 1 cm * they are severe

enough to cause symptoms in most patients

Mitral stenosis by offenng an obstruction to

tbfl flow of blood from theatniun into the ventn

cle maj cause a munnur to be heard at anj tune

Fio 28 4 PboDocardiogram (and electrocanli
ogram) demonstrating an early diastolic gallop
(O) Note that the gallop sound occurs in early
diastole nearer the second (Sj) than the first heart
sound (from l«vinc and Harvey)

between the second and the first heart sounda

(fig 2S5) Since iDtensit> of themurmurisdepend

ent on both amount of Bow and alenosis it la not

an indication of the degree of stenosis The dura

tion of the murmur is recognized as corrclatmg

better with the sue of the stenotic valve since a

longer ventncular filling penod must be ac

coropanicd bj a longer munnur Though the mur
raur may extend throughout diastole it tends to

be more mlense toward the begmnmg and the end

of this phase it may be heard onl) dunng these

tunes or be confined to one or the other of them

The late diastolic murmur (presistohe) disap

pears when auricular fibrillation supervenes and

abolishes the propulsive action atrial sy stole

Brauowald and hia associates have defined the

hemodynamics of the cardiac cycle m mitral

etenosn by cathetenzation of the left chambers of

the heart in patients Simultaneous inscription of

atnal and ventricular pulse pressures (fig 2S 6)

show that &ecro<«su3gof the left atnal and ventnc

ular curve and the onset of the atnal c wave

are delayed Since the left atnal pressure at the

end of diastole is higher than the ventneubr

pKssure the mittal vah-e cannot close iiati) the

ventneubr pressure reaches that of the left

atnum Presumably isometnc contraction may
begin while the valve is still open and left ventnc

ajarfiihngcontuimng IVhen the mitral valve ro-

optms the left atnal and ventncular curves di
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Fio 28 5 Phonocardiogram (and eiectrocardi
ogram) depicUng the tayrmur oC mitral ettnoais
7 racing H) ehows an apical diastolic murmur
(Dil) filling ali of diastole mth preajstolic ac
centuation The avatolic interval between the first

(Si) and second (5i) heart counde demonstrates
no murmur Tracing (2) also is a diastolic murmur
recorded at the apex and pulmonic areas from a

{

istient with mitral stenosis 5* denotes the "open
ngsnap” o( the mitral valves which u often beard
in mitral stenosis (From Irvine and Harvey )

\erge (instead of normally coinciding) for a pres

sure gradient is maintained to force blood across

the stenotic valve This pressure gradient results

m a slight shortening of the isometnc relaxation

penod and allows an early onset of mitral valve

opening Thus, the tune for left ventricular filling

may be increased bj small amounts at either end

of the ventricular filling penod The penod of di

astasis is usually ab«ent and the atnal pressure

curve shows a continuous decline m pressure

dunng diastole until atnal contraction occurs In

tilt normal heart, left ventncular filling lahes

place earlj m diastole for the most part, but in

mitral stenosis it is believed that filling continues

throughout diastole

Although little IS understood concerning the

sequence of hemodjnamic events which maj oc

cur m anj one patient, much data has been ac

cumulated from animal expenments and from

cathetenzation studies m patients with mitral

6teno«)9 in different phases of the disease Sueh

^ data cannot take into account the effects of a
concomitant, unmeasurable amount of mitral

• * * i

Fio 28 6 The cardiac c>cle of the left side of
the heart m mitral stenosis A 0 , aortic pressure
curve, L V , left ventricular curve, L A

, left
atnal pressure curve, lower tracing is the electro
cardiogram 1 ventricular contraction onset, 2,
end of isometric contraction period, 3 end of
maximum ejection period, 4, end of reduced ejec
tion period, 5, end of protodiastole (aortic valve
closure), 6 end of isometric reJa.Tation period, 8,
onset of ntrial contraction (the period of diastasis
IS absent) , 9, peak of atnal contraction wave and
10, onset of ventricular isometric contraction fee
text for es^lanation (from E Braunwald and
associates, Circulation, 1955)

insufficiency , other valvular disease or my ocardial

insufficiency which are oftcti present m the pa

tients Btudied In general, the asymptomatic pa

tients 'bow a normal cardiac output, a normal

pulmonaiy artery and pulmonary wedge pressure

and a normal pulmonary resistance at rest The

fiUing pressure gradient between the left atnum
and the left ventricle is the only consistent ab-

normality in those patients that have had left

heart cathetenzation Often there is an abnormal

response to exercise by an inadequate increase in

cardiac output and a nse m pulmonary artery

pressure Since filhng of the vcntncle may take

place dunng the entire penod of diastole when a

stenotic valve is present, an increased heart rate

could decrease the cardiac output by shortening

the penod of diastole Exercise results in an m
creased venous return to the nght side of the

heart The increased nght ventncular work load

m pumpmg the blood through the reived puhno

nao resistance may lead to decompensation and a

decrease in cardiac output

M«»t patients with severe, symptomatic laitral
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stenosis show the following abnormalities at

catheterization a decreased cardiac output,

stroke \oliunc and vital capacity, an increased

left atnal, pulmonarj wedge, and pulmonary

artcrj pressure, an increased left \cntncularfill

ing pressure gradient and an increased pulmo

nar) arteriolar resistance The nglit atnal mean,

and the nght and left v entncular end-diastolic,

pressures are normal unlc«3 mjocardial failure

has supervened Tilth exercise, the abnormalities

in these patients are usually further intensified

From the above data, a scheme can be postu

lated for the hemod>*namie3 in a patient with

gradual!} increasing mitral stenosis It has been

shown b} Gorim and his associates that the dj

namie effect of mitral stenosis is not Imcarlj pro

portional to lU degree but tends to be cur

vilinear As the stenosis becomes tighter, a more
than proportional nse in pressure la nece«sarj to

produce equivalent increases m flow across the

valve The left atnal pressure nsesin order to pro

duee the nccessarj pressure gradient that forces

blood into the left veatnclc across the resistance

created b} the stenotic valv e There must be a
corresponding increase in pulmonaiy vein, capil

larj
,
and finally, pulmonary arferj and right ven

tneukr systolic pressure to maintain the flow of

blood to the left atnum from the nght side of the

heart 4s the mitral valve narrows further, blood

fiow into the normal sized left ventncle is de

creased despite a large pressure gradient from the

enlaiged left ntniun, and cardiac output dimin

ishes The tissues of the bod} compensate for the

decreased cardiac output bj extracting mote ox>

gen Iroro each cubic centuDctrr of blood creating

an increased artenovenous oxjgeo difference

When the h}drost3tic pressure in the pulmonarj

capillaries exceeds that of the plasma osmotic

pressure there will be transudation of Suid into

the alveoli from the capillanes producing pulmo
nar} edema
The increased pulmonarj artery pressure is not

entirel} due to the mitral valve obstruction Par
ker and Weiss described a thickening ofthepulmo
nar} arterioles secondary to intimal proliferation

Necrotizing artenoUtis was also present along

with pulmonary capillary elongation, dilation and
basement membrane thickening Whether these

findings are related to the increased pressure and

congestive phenomena of long standing mitral

stenosis or repre«ent changes from rheumatic in

volvement of the lung has not been settled Curb
and associates found no consistent correlation be
tween the calculated pulmonary arteriolar re

sistance and the degree of disease of the pulmo

nary artcnolcs m lung biopsies Thej postulated

that active vasoconstriction may play a large

role in the pulmonary resistance present in cases

of nutrul stenosis TTTiatever the cause of the

lung pathology, the changes add another obstruc

tion to the circuit m addition to the stenotic

valve

With the pulmonary artery pressure nse, the

systolic pressure, and thus the work of the nght

ventncle, increases When the nght ventncle can

no longer maintam its output again«t the in

creased pulmonary resistance, its end diastolic

pressure nses leading to nght atnal and eventual

systemic venous pressure elevations Tlien signs

and symptoms of nglit heart failure appear

Enlargement of the mitral onfice m nutnl

stenosis by finger fneture or incision has been

perfomied in thousands of patients Ilemody

namic studies before and after operation have

demonstrated dramatic changes in some patients

from such (ommissurotomies while others have

been unuuproved The symptomatic improve

mcDt IS often more impressive than the hemody
namic changes Tlie pulmonary rascukr resist

anie has been reporteil to decrease over a period

of C months to a year m many patients Evulua

tion of this operation is diificult for the knowledge

of the natural history of mitral stenosis m un

treated and medical)} treated patients is made
quate Ai:»o, a prolonged follow up of the operated

patients is needed

Miman issomciEscr Mitral insufficiency

often coexists with a stenotie mitral valve but

may occur in the ' pure” form The magnitude of

the jrgiuptent stream jsnot only detenroned by

the mitral valve area but also by the pressure

rebtionships on both sides of the valve Rod
bard and TTilhams have suggested that contrac

tion of the muscular nng at the base of the mitral

valve decreases the size of the mitral leak dur

log veotncular sj stole The fact that simul

taneous flow through two orifices favors the

larger onfice also lessens the amount of mitral re

gurgitation However, since the pressure gradient

from the left ventncle to the left atnum is much

less than from the left ventncle to the aorta, re

gurgitation is favored The amount of reflux mto

the left atnum has been calculated m patients to

sometimes exceed the aortic flow and, in animal

eiqienmenls, with the production of acute mitral

msuflSciency
,
the heart has been able to compen

sate for large amounts of regurgitant flow Wig
gers and Fell demonstrated that reflux may occur

during the entire penod of systole including jso

metne contraction, continuing into protodiastole
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in dog hearts with surgically produced acute mi-

tral insufficiency This explains why the munnur
of mitral incompetence is pansystohc m and
often obscures the second heart sound (fig 28 7)

However, sometimes the munnur is maximal late

in sj stole and may even be confined to late

tole The mechanism of this late systolic ere

scendo murmur is not understood

Ross and associates studied the djmaniics of

the cardiac cycle m patients with mitral msut
ficiency b> left heart cathetenxation Left atnal

pressure (fig 28 8) nses little dunng isometnc

contraction followed by a rapid mcrease to a peak

(“v” waie) dunng late ejection by the ventncle

The left atnal pressure slightly exceeds the left

\cntncular pressure dunng the "y” descent An
abnormailj rapid fall in i entncular pressure dur

mg late ejection is coincident with the atnal “v”

Fio 28 7 Phonocardiogram (and electrocardi

ogram) demonstrating the murmur of mitral m
sufficiency These 4 tracings show loud systolic

murmurs (5V) at the apex in patients with mitpu
insufficiency S, and St denote the first and second
heart sounds The diastolic interval (Si to Si) ts

clear (from Levine and Harvey)

Fla 2SB Simultaneous left atnal and left

ventncular pressures recorded at operation in a
pa lient with mitral insufficiency The atnal pres
aute curve nses to a high peak during ventneu
lar ejection secondary to the regurgitation An
abnormally rapid fall in ventricular pressure (indi
cated by the brackets) is noted dunng late ven
tncular ejection End diastohc pressures are ele
valed to both chambers, there is no diastolic

K
reasure gradient across the mitral valve (from
oes, Braunwald and Morrow)

na\e The rapid fall is evidently due to the in

ability of the ventncle to mamtam tto ejection

pressure when regurgitant flow is maximal Re
flux of blood most likely begins dunng isometnc

contraction The forward aortic output cannot

begin until the mtrav entncular pressure exceeds

the aortic pressure It should be mentioned that

the large “v” wav e is not charnctenstio of mitral

regurgitation for it has also been seen m predom
inant mitral stenosis The “v’ wave is responsible

for a fti stohe atnal pulsation often seen vn. mitral

insufficiency by fluoroscopy

Patients with mitral insufficiency usually show

a decreased cardiac output but some are normal or

low normal Since the left ventncle pumps blood

into the left atnum and aorta, the total left ven

tncular stroke volume must increase or the aortic

output will fall The left ventncular tension and

systolic pressure are increased by a greater di

astolic volume leading to an elevated stroke out-

put Large regurgitant flows may exist without

measurable increaee m left ventncular end dias

tohe pressure Braunwald and associates shunted

blood from the left v entncle to the left atnum in

dogs and suggested that the increased stroke vol

ume was related to a more complete emptynng of

the ventncle, however, normal dog hearts are

quite different from the hypertrophied, dilated,

left atnum and ventncle seen m patients with

diseased mitral vah cs

The greater left ventncular diastolic volume
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maj be brought about bj a considerable increase

in lelt atrial pressure The left atnal pressure

rises during ventriculir sj '>tole but may be normal

during diastole the mean pressure is usuallj cle

\ated There may or ma> not be abnormal pulmo

nary circulation pressures \STicn present tlicj

are of Ic^s severe intensity tlian seen in mitr^

stenosis and maj be secondarj to left v ontncular

failure pathological pulnionars changes (as de

ficnbed for mitral stenosis) or to aneleiateclleft

atnal pressure (to mainbiin suHicicnt diastolic

blood flon through Uie mitral vaUe)

1\lien the left ventricular end diastolic pressure

rises to maintain the carduac output in the pres

ence of mitral incompetence it maj be due only

to the mabilitj of the ventricle to maintain ita

stroke volume through the two orifices or also

to intrinsic myocardial disease wath impaired con

tractihtj INTiichcver mechanism prelominates

the end result is a further nse in left atrial pres

sure eventually reflecting back to increase the

penphcral v enous pressure as de«cnbed for nii

tra) 6teno«is

Operative proteilurea to correct mitral insuf

ficiency have consisted of suturing of the valves

mscrtion of pro8the«<» or of decreasing the sue of

the atnoventncular annulus with a circum

ferential suture That no one procedure has been

widely accepted is ev idence of the lack of success

with these techniques

Aortic stenosis Steno«is of the aortic valves

maj be classified as noncalcific or calcific The
former is predominantly due to rheumatic fev'er

but the etiol<^ of the latter remains in doubt

/jjyjvsi

endocarditis atlierosclerosis of the valves and

even brucellosis have been incriminated The
cUnical picture and hemodynamic abnormalities

of aortic stenosis may be mutated by a con

genital circular narrovang of the aorta just above

the valves called supravalvnilar stenosis or by
a subaortic stenosis due to a fibrous ndge attached

to the mjocardium below the aortic valve Brock

has described an entity which causes functional

subvalvular stenosis and pathologically sbons

only an enormous hypertrophy of the outflow

tract of the ventricle Recentlj the latter has

been found to have a high familial incidence

The normal area of the aortic valve is about

3 cm * Gorlm and associates estimated the ent

ical onfice (below which sigraficant hemodj
nanuc changes take place) to be 0 5 cm * Aortic

stenosis produces a small onfice through vduch

blood IS ejected at high velocity dunng systole

presumably resulting in turbulent flow The

murmur (fig 28 9) is usually mid^stohc for

there IS an interval between the first heart sound

and U c onset of the murmur determined bv the

time needed by the ventncle to raise its pressure

Bufficientlj to open the aortic valve The mur
mur increases to a maximum about midsj’stole

and then diminishes to cease before the second

heart sound It is usuallj heard loudest over the

aortic area and is transmitted into the neck ves

sets but can also be loud at the apex

TTiosc patients with aortic stenosis who are

asymiptomatic usually have a normal cardiac out

put and stroke volume The systolic gradient of

pressure between the left ventricle and aorta (bv

left heart catheterization) is the diagnostic fea

ture presentm all cases (fig 2S 10) This gradient

may reach ns high as 150 mm Hg so that tl a

brachial artery pressure is much lower than the

ventricular sj'stolic pre«sure The left ventncular

end diastolic pressure is usually normal Muster

and asMJciatcs found an elevated left ventricular

end diastolic pressure in patients who were

thought not to be chnicallj m failure They pos

tulatod that the concentric bjTJsrtropbj of the

Fio 2S 9 Phonocard ogram (and electrocardi

ogram) showisg the systolic murmur of aortic

stenoa s The systol o murmur with a midsystohc
aecentuattoQ (often called diamond shaped )

was recorded in three areas (aortic left sternal

border in the 3rd interspace and apical) Note
absence of diastolic murmur (from Levine and
Harvey)



424 CIRCULATION Seelton II

chamber decreased its capacity and pcriiaps

small volume changes then led to lai^e pressure

changes The workload of the left vcntncle in

patients with aortic stenosis has been calculated

to be usually tw ice that of normals but may reach

BIX times normal Gorlin and coworkera found

that although the v cntncular filling pressure rose

in their patients there was no change in effective

or total stroke work or cardiac output with exer

CISC They suggested that this was secondary to

the hydraulic obstruction rather than myocardial

failure and that the hearts were on the plateau of

their ventricular function curves

Tlie brachial artery pressure curve (which is

similar to the aorta curve shown in fig 28 10) in

patients with aortic stenosis shows a prolonga

tion of the systolic upstroke time (end of diastole

to peak of sj stole) There is an incisura on the as

ccnding limb referred to as the anacrotic notch

The latter has been shown by Kats and a<*sociate$

to be present in the central aortic pressure curve

They postulated that the vibration created by the

suction action on the aortic walls of the suddenly

produced rapid axial stream beyond the con

stnction was its cause

'Uith the above data m mind a hemodynamic

picture can be postulated for aortic stenosis Be
cause of the obstruction between the left ventricle

and aorta the left ventricular systolic pressure

must nsc to force blood through the stenosed

IvAAAaAAA

TRANS-BRONCH LV—> L ATRIUM

Fio 28 10 S multaneo is pressure recordings

in the left ventncle {LV ) and aorta in a patient

with aortic valvular stenos s Cathetenzation of

the left heart was via the transbronchial route

The electrocardiogram is shown above the pressure

tracings Note the very high left vcntncnlar
systolic pressure and systolic pressure gradient

{hatched area) across the aortic valve The aortic

curve shows a small pul«e pressure prolonged
^stohe upstroke time and an anacrotic notch
See text lor further explanation (courtesy of E
Braunwald Section of Card ology Clinic of

burgery National Heart Institute)

valves The period of ejection is prolonged and
blood is expelled at a high velocity The percent

age of the left vcntncular work spent in giving

velocity to the blood rises sharply An increased

diastolic volume causes a more forceful systolic

contraction with restoration of normal cardiac

output Left vcntncular hypertrophy develops to

compensate for the increased workload and may
be the reason the left vcntncle is able to sustain

such h^h systolic pressures without failure

The left vcntncular systolic pressure may nse

very high but finally the end diastolic v entncular

pressure must increase in an attempt to mam
tarn cardiac output One of the reasons for failure

of the left ventncle may be a decreased coronary

supply Animal experiments have demonstrated

a significant reduction in coronary blood flow

dunng vcntncular systole which was due to m
creased coronary bed resistance associated with a

very high intraventricular pressure Also smee

the aortic stenotic heart cannot usually increase

its cardiac output with exercise there would prob
ably not be an increase in coronary flow Ele

vation of the left v entncular diastolic pressure

may eventually lead through the increased left

atnal pressure to a nse in the pulmonary circula

tioD pressures an increased workload for the right

ventncle and ngbt sided heart failure

Patients with aortic stenosis may have their

valves opened by a surgical approach through the

ventncle or aorta often with the help of an extra

corporeal pump-oxygenator A dilator finger or

knife is used as m mitral stenosis Cluucal im

provement has been excellent m many pitients

and B reduction m the left ventricular to aortic

aystolic pressure gradient has been found im

mediately after operation

Aortic BEOCRGrrATiov Incompetent aortic

valves most often result from rheumatic fever or

syphilis rarer causes are bacterial endocarditis

trauma dissecting aneurysm of the aorta or con

gcmtal defects of the valves The murmur (fig

28 11) of aortic regurgitation is pandiastohc

beginning early after closure of the aortic valves

swelling quickly to a crescendo and then di

TQUushiag with the falhng diastolic pressure It la

continuous throughout diastole because of a per

sistent pressure difference between the aorta and

ventncle This murmur is high pitched and usu

ally of a very low intensity it is often very dif

ficult to hear An apical prcsystolic murmur is

sometimes heard m aortic mcompetencc re

sranWing that of mitral stenosis Thismurmurwas

described originally by Austin Flmt and bears his

name According to the most generally ac
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ccpt«l exphnation, it is due to ^ilimtions ert up

in the anterior leaflet of tlic mitral \ aKc as blood

regurgitates through the aortic onfiic into the

path of the stream entering from the left itnum

Tlie hcmodjTiamic elTccts of aortic mcom
petence are due to the regurgitation of blooil from

the aorta into the left lentncle ^\iggert ami

Slaltb}, m animal expennients, demonstrated

that the magnitude of bickflon vaned nith (he

size of the leak am! could be 50 per cent or more

iihcn the cusps ncrc lotallj deficient Tlie pres

sure gradient existing m diastole betneen the loft

Nontncle and the aorta, and the duration of the

diastolic filling penod arc also important factors

determining the amount of regurgitation Tfie

left «ntncle is called upon to accommodate, in

diastole, not onlj the blood from the atnum, but

that regurgitated as nell This leads to a high

initial tension at the end of diastole and a greater

stroke \olume during si'stole, m time, dilation

and hj’pertrophj deielop to give a \ cr> large left

\entncle 'Welch and associates in d<^ e\pen

ments, have produced aortic regurgitation b) a

shunt from the aorta to the \ cntncle Since the

left \entncular end-diastolic pressure rose to

higher levels than the left atnal pressure, they

postulated that the mitral valve protected the

pulmonar> circulation and allowed a high left

ventricular end-diastoUc pressure to produce a

more forceful contraction

The left ventricle with aortic reflux demon
strates 3 much shorter isometric penod and its

presure curve (fig 2S 12) nses abruptly As the

semilunar v alves open, an ‘ explosiv e" ejection of

ike Iji-ge ?vrft«ne <j{ Wood rater tke aaiUfed

causes the abrupt increase in sj stoUc pressure A
much greater proportion than usual of the ventnc

ular contents is discharged during the first half

of systole, and a much smaller proportion during

die penod of reduced ejection It is at this tunc

—

the penod of reduced ejection—that the sharp

fall m pressure occurs and not dunnff dxadoU

The pressure fall continues steeplj into the period

of isometnc relaxation Little further decime

dunng the remainder of diastole occurs Other

factors contnbuting to the low diastolic pres:»ure

are the regurgitation itself and a peripheral ibla

tion causing a rapid run-off of the blood Gorlin

and coworkers claim that peripheral v asodilation

is a basic charactenstic of aortic insufficienigf

which disappears when congestive heart failure

dev elops with its usual sj stemic rasoconstnction

The pulsation in the capiUanes seen in sortie re-

gurgitation has been attnbuled by Lcrts and

Drury to dilation of the artenoles Wiggeis found

that pcnphcral signs of aortic insuffiticntv couh!

be pitHluced in m artificial mode! when (cntnl
regurgitation was produced and the peripheral re

fiistancc kept constant lie, therefore, considered

tliat it was due pnmanU to the low diastohc

pressure and high pulse pressure Howev er, Mj er

son and associates have been able to produce all

tlie peripheral phenomena of aortic msufficiencv

in a single extremitj bj the intra arterial injcc

tion of mccholjl to cau<5e vasodilation Most
cardiologists agree that peripheral vasodilation

IS a characteristic of aortn. msufficiencj

The sudden ejection of a largo volume of blood

in early systole and the penphera) vasodilation

Fio 2S11 rhonoeardmgram (and electroear
diogram) demoRstrsttae Che murmur of sortie
insufficiency S> and Si denote the first and serosJ
heart sounds An early, dccrcscendo diastolic
murmur (DV) is recorded at the aortic area A
systolic murmur (51/) is also present (from Levine
and Harvey)

LA Irons -Bronchial

Fia 28 12 Simultaneous recordings of the pres
sures in the left ventncle (A F ) and femoral
artery in a patient with aortic valvular insuf

ficieney The electrocardiogram is shown at the

top of the figure The calibration of the pressure
for the left ventricle is on the left side and for the

femorai artery on the right side Note that the
systolic pressures of the left ventncle and femoral
artery are similar The catheter has been with
drawn into the left atrium to obtain its pressure
carve The transbronchial route for left heart
catbetemation was used See text for description

of pressure curves (courtesy of E Braunwald
Section of Cardiology, Clmic of Surgery, hiational

Heart Institute)
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also pro\nde an explanation for the high peaked

character of the pulse tracing, and for the low
position or absence of the dicrotic wa\e on the

catacrotic limb (fig 2812) Also, the coIIapsiDg

or water hammer, character of the radial pulse

(Corrigan’s pulse), and the sound resemblmg a
pistol shot, heard when a stethoscope is apphed
oaer an artery, are attnbuted to these phe
nomena causmg the aery wide peripheral pulse

pressure

Cathetenzation studies show the effective car

diac output (aortic blood flow) to be normal in

most patients studied and usually to nse with

exercise The latter is in contrast to patients with

aortic stenosis Exercise may decrease the magni
tude of the regurgitation bj increasing the heart

rate In animal expenmenta, after production of

acute aortic msufBciency, an increase in heart rate

reduced the regu^itant flow probably by a de
crease in the diastolic filhng time The work of

the left aentncle in patients with aortic aalve in

competence xs increased two to three times, and
the left aentncular systolic pressure nses, as does

stroke work, with exercise, again constrastii^

with aortic stenosis Left heart cathetenzation

usually rcaeals a normal left ventncular end

diastolic pressure but nn increased left atna)

pressure Pulmonary wedge pressures, however,

are normal in some patients but nse on exercise

Xo gradient of pressure is found across (he aortic

aaUc when aortic stenoMS is absent Patients

have haed normal liaes for >cars with aortic in

sufRciencj The reason for left aentncular failure

occutnng after a long asymptomatic period (ex

cept for those related to the ovidc pulse pressure

and pcnpheral vasodilation) is not clear, but

maj be secondary to many factors, such as over

stretching of the myocardiaf libers, associated

degenerative disease, or any added stress calling

for an increased cardiac output At this point, the

left ventncular end-diastolic pressure rises and a

pressure mcrcase gradually occurs hack through

the pulmonary circulation to the nght ventncle

Stretching of the mitral rmg (with resultant

regurgitation) by a greatly dilated left aentncle

maj play a large role in the final picture

Hufnagel and associates have devised an opera-

te e approach to this disease bj insertion of a

ngid prosthetic plastic ball valve in the descend

ing aorta Chmeal improvement has been satis-

factorj in many of the operated patients, but

emboli often form in the aorta, seeding to various

parts of the body The valve is also a noise nui

sance to the patient Bailej and coworkers have

inserted a nylon ball in the aorta, at the valve

level, and have reported success in several pa
tients

TnicuspiD STE^0SIS Stenosis of the tricuspid

valve IS usually the result of rheumatic involve

ment but may also be congenital in ongin As an
isolated lesion, it is rare, mitral stenosis is most
often associated with it and, also, some degree of

tricuspid insufEciencv usuallj occurs through the

stenotic valve The murmur of a stenotic tncus

pid valve resembles that of mitral stenosis, but is

located parastemally in the 4th or 5th intercostal

space It 13 low pitched, nimbhng, and is like the

mitral stenotic murmur in its diastolic timmg
Distinguishing features of the tncuspid murmur
from a mitral stenotic murmur are its increase

with inspiration and a soft or normal pulmonic

component of the second heart sound

Right heart cathetenzation studies on patients

With tncuspid stenosis have helped to define the

hemodjTiamics of the lesion It must be remem
bered that few of the cases studied had ' pure ’

tncuspid stenosis and that mitral disease often

complicated the picture by raising the pulmonarj

arculation pressures As m mitral stenosis, the

main hcinod>nam]c abnormahty is that the

atnum docs not empty its contents normally into

the ventncle The increased resistance at the

stenotic valv'e leads to an increased diastolic vol

ume in the nght atnum, the latter becoming di

lated and hypertrophied In order to propel the

blood into the nght ventncle, the pressure in the

nght atnum must be elevated In patients, a high

right atnal pre«sure is observed which exceeds the

nght ventncular pressure throughout diastole and,

thus, creates a diastolic filling gradient across the

tncuspid valve (fig 28 13) The nght atnal pres

sure IS higher than the ventncular diastolic pres

sure even at the end of diastofo The latter cham
bcr must raise its prc'isure to atnal level before

the valve can close, causing a prolonged isometnc

contraction penod Because of the increaeed nght

atnal pressure, the penpheral venous pressure

nscs and, eventually, signs of nght-sided heart

failure (edema, hepatomegalj , and ascites) ap

pear

With exercise, patients show an increased nght

atnal pressure and an increase m the diastolic

filUng gradient Tlie nght ventncular diastolic

prepuiie would most likely be normal at rest and

with exercise, but is usually elevated because of

an associated mitral Ie«ion m these patients. The

cardiac output and stroke volume are decreased

and, with exercise, a subnormal increase occurs.

The low cardiac output is usually explained by

the inabihty of the Ihm walled, dilated nght
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rixsvvs'^

atnum to adequately fill thenght%entnclc The
lach of a normal increase in cardiac output during

exercise maj be secondary to a decreased diastolic

filling tune mih an increased heart rate

In Incu'pid stenosis the atnal pul'e pressunj

(fig 2S 14) exhibits a xerj brgo “a ’ uuxe due to

the contraction of a hj^iertropliicd atrium dilated

bj a large diastolic residual \ olumc against a nar

rowed outlet These giant "a" xraxes propagate

relrogradely through tlie xenous sjstcm causing

a presystohe, pulsating 1m er, and can often he

s^n clearly in the jugular xeins of thenech Such

giant "a” waves arc not diagnostic of tncuspid

stenosis for they maj also be seen in other dis

eases, such as severe pulmonary hjTicrlcnsiou

Tlie peak atnal Bj*stohc prc'ssure wave is thus

xcry high and falls very rapidly with atnal

relaxation Tlie "x” wave la usually small while

the ' c" waxe maj be absent The nght atna)

pressure docs not decrease grcatlj when the

Incuapid xalxcs reopen, indicating impaired

emptjmg of the nght atnum, and xentncular

filling probably takes place throughout diastole

as desenbed for mitral stenosis

The accentuation of the tncuspid stenosis mur
znur with inspiration is usually explained by the

increased x cnous return to the right atnum sccon

darj to the fall in intrathoracic pressure The nght

Fic 2S 13 Simultaneous pressure curves from
the right atrium (JiA ) and nght ventncle in n
patient with tncuspid stenosis The electrocardi
ogram is shown at the top of the tracing Note that
the nght atnal pressure exceeds the rightventneu
lar pressure throughout diastole creating the pres
sure gradient depicted by the hatched area Tli%

nght ventricular systolic pressure is elevsted
secondary to pulmonary bj'pertension from a con
comitant mitral stenosis For discussion of lh%
pressure curves sec text (courtesy of E Braun
waftf Section of Cardioiogy, Cftnic of Surgery;
National Heart Institute)

j
TRICUSPID STENOSIS

LTRXCUS/^D IN SUFFICIENCY

Fio 2314 Pressure tracings of the right atnum
(R A ) and brachial artery (5 A ) in a patient with
tncu'pid stenosis (upper (roem?) and in a patient
with tncuspid insurncienej (lover tranng) The
electrocardiogram is shows is the loner sexton of
each tracing The arrotet indicate the onset of
ventricular systole and the letter A marks the
peak of atnal systole For discusuon of atnal
curves sec text (from Ferrer and associates 1963

)

ventricular pressure also falls with the decrease m
intrathoracic pressure, and an increased pressure

gradient and flow occur across the vahe
Tncuspid eoQunissurotomj is nowperformed in

(his disease as in mitral stenosis If the latter dis

ease is also present both x alx es may be opened at

the same operation but the mitral should be done

first to avoid pulmonary congestion from a sue!

denly increased nght xentncular output as the

tncuspid stenosis is relieved

Triccsfid DJSUTTiciENCt Organic tncuspid

iDSufiiciency is predominantly functional or rheu

matic in origin but trauma and bacterial endo

carditis are rarer etiologies It is sometimes pros

ent congenitally or m the syndrome associated

with malignant carcmoid tumors Functional tn

cu^d inc-ompctcnce may occur whenever there

IS dilation of the nght ventnele, and it is usually
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re\ersiblo The murmur of an incompetent tn
cu«pid AaUe resembles that of mitral n^rgi
tation, being pansjstolic It is often accentuate
esrlj in sjstole and is heard loudest at the lower,

left, stemsi edge

The pulse pressures of the nght otnum and
ventricle have been simultaneously and sep

arately studied in patients b> nght heart cath

etenzation The mean nght alnal pressure » eV
vated The nght ventncular systolic pressure is

usually lery high while the end diastolic pressure

mav or may not be elevated depending on the

presence of nght ventncular failure, often from
concomitant mitral disease The atnal pressure

cur\ e (fig 28 14) often shows a sharp spike at the

onset of ventncular sj-stolc, probably due to the

force of the contracting v cntnclc Next a plateau

elevated curve, representing regurgitation of

blood from the vcntncle, occurs, the ‘ x” wave is

usually absent This phteau curve may so re

semble the ventncular pressure curve in severe

insufficiency that it is spoken of as “ventncular

ization” of the atnal curve The atnal pressure

dunng the ventncular systolic ponod is higher

than that of the presj stohe penod and is sustained

to the end of I'ometnc relaxation The ventncular

pressure then falls below the atnal level and the

AV valves open The pressure in the relaxing

ventricle continues to drop while the atnal pres

sure decreases at a slower rate and reaches its

lowest value after the nght ventncular pre«sure is

minimal Emptying of the nght afnum reverses

the decreasing ventncular pressure and the two

chambers equaUze their pressures, nsing rapidly

to complete the earlj diastolic dip The diastolic

dip, which is not alwaj-s present in tncospid m
sufficiency, is also seen in nght ventncular failure

and constnctive pencarditis but not wit/i the

characteristic plateau pressure curve of the nght

atnum
The cardiac output is decreased m most pa

tients with tncuspid insufficiency and nses, a!

though subnormallj, with exercise The penph

oral arteriovenous oxjgen difference is usually

abnormal and increases further with exercise as

the tissues extract more oxjgen per unit of blood

to tompensate for the decreased blood flow Pa

tients with tncuspid in«ufficiencj are often said

to have a lower cardiac output than those with

mitral incompetence because there is no ventricu

lar pump to compensate for the tncu‘'pid regurgi

tation of blood

Tlie enlarged nght atnum, with its increased

pressure, ma> never completelj emptj in tncus
' nid insufficicncj and eventually cannot compen

sate despite the presence of hypertrophy and di

lation Tins leads to a high penpheral venous

presaure with the development of edema, hepa
tomegalj, and ascites In contrast to tncuspid

stenosis, the enlarged, congested liver pulsates

during systole Tiie usual explanation for the

pulsating liver is that the reflux of blood into the

atnum transmits a pulse wave to the organ, but

Bloomfield and associates hav e measured in some
patients a pressure gradient from the nght atnum
to the penpheral veins suggesting there may
actually lie a reflux of blood into the infenor vena

cava and into the liver The nght atnum may
reach gigantic size in tncuspid insufficiency

, as in

stenosis, but, m contrast to the latter, the nght
ventncle also hypertrophies and/or dilates be

cause of the increased workload imposed by

pumping blood into both the nght atnum and

pulmonary artery

Hemodynamics jn Caiidiac Tamponade

Pencanlia) effusions may develop dunng the

course of an inflammation of the pencafdium
(pencarditis) due to a multitude of etiologies

Large amounts of fluid, up to a liter or more, ac

cumulating slowly may not embarnss the heart

while acute effusions of much smaller amounts
may compress the myocardium and interfere

with Its function (often referred to as tampon
ade’) Chrome constneUve pencarditis is a fl

brous, sometimes calcified thickening of the pen

caidium which adheres to the epicardium Both

conditions interfere vnth the normal cardiac

action by restncting the ventncles, one by an in

creased intrapencardial pressure (effusion), the

other by a stiffened pencardium (constnctive

pencarditis) They produce a clinical syndrome

cbaractcnzcd by systemic andpuimonaiy venous

congestion with signs and symptoms of left and

nght suled heart failure There is an absence of

cardiac murmurs but a prominent heart sound

may be heard early m diastole According to

McKusick, this protodiastolic sound is probably

related to the rapid ventncular filling and/or the

abrupt halt in ventricle filling

The hemodynamic abnormalities of canliac

tamponade hav e been studied in both animal ex

penments and m patients Pencardial effusion m
d<^ lias been produced bv infusion of air or

sahne into the pencardium while irntative sub-

stances such as cellophane, have been used to

incite chronic constrictive pencanlitis The syn

drome produced m the dog is very simibr to that

seen m man Metcalfe and associates, and Isaacs

unrt co-workers, have showTi that the mam hemo
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djTiamic abnonnality 13 a hindrance to the dias

tohc expan'sion of the heart and not a restnction

of blood flow into the nght atnum socondarj to

conetnction of the venae ca\ae at their onficca

As $uccc«si\c amounts of saline or air ncre in

jected mto the pcncardium to raise the mtra

pencordial preesure, the sjstemic and pulmonary

%cnous, the mean atnal, and tl>c pulmonary
wclge pressures increased irhilc penpltcril blood

pressure fell slonlj at first and then precipitously

The cardiac output dcrreaaed sccondarj to a pro

grresue fall in stroKe loliime and iras insuf

ficienth maintained bj a concomitant nse m
heart rate Tlie intravascular pressures (pulmo

narj and stcmic, v cnous and arterial) tended to

approach each other as the mtrapcncardiat pres

sure jnereased Isaacs androllcagues cvplainwl the

restricted cardiac output bj the pressure volume

curve of the pericardium which showed tliat la^
volume changes gave small increases m pressure

when pressures and volumes acre small, but as

the curve rose, small volume increases caused

large pressure increases (fig 2S 15) Tlius, the

circulatory effect would be due to a limitation of

space available for expansion of the ventricle

Isaacs and associates also produced generalised

and localized constnctive peneardUis in dogs by
placing plastic casts in the pcncardium Hemo
dynamic changes w ere identical to those described

for tamponade from effusion onl} when one or

both ventncles were constneted Isolated alaal

involvement proved to be unimportant

Catheterization studies in patients with ebronic

congtnetire pencarditis and/or effusion have pro

duced data comparable to that m the animal

experiments The mean atnal, s>stemic, pulmo
nar^ wedge, pulmonary artery diastolic and nght

ventncular end diastolic pressures lend to be

sumlarlj elevated m severe cases Hemodynamic
events are the same for both sides of the heart,

and the nght mean atnal pressure a approx

unatelj equal to that of the left atnum showing

that the distensibihty of the heart is detennmed

by the thickened pericardium

The ventncular pulse pressure curve is of low

amphtude with a slightly elevated, normal or

decreased s}stohc pressure After the a^stohe

pressure nse, there is a rapid fall almost to oreven

below the baseline (? zero pressure), for the ven

tncle empties normally creating a steep pressure

gradient between the high atnal mean pressure

and the ventncle As a result, blood rushes into

the ventncle causing a st«p nse of the pressure

curve to a higher than normal plateau for the re

mvindec of diastole Ihis sharp fall and nse is

Fjo 2S 15 Volume elasticitjeurvMofnghtand
left ventncles before and after total pericardial
constnction These are volume pressure curves
obtained immediateh after death from the nght
(R F ) and left (LI) ventncles of the dog s

heart within a normal pericardium (before) and
from nght and left ventncles within s generalized
pemardia) constnction (after) Increments of 10
cc of saline were injected via the pulmonary artery
or aorta into the closed ventncles while mtra
ventricular pressures were recorded It can be
seen that if the pericardium is thickened b} sear
eo that It offers more resistance than usual as the
nght ventncle volume increases against this in
creased resistance greater than usual correspond
mg pressures are required (from Isaacs Carter,
and Haller)

cafferf the cfiastofic ' rfip"^ Cp 24i) Since the ven

tncular end diastolic (and mean diastolic) pres

sure approximates the mean atnal pressure (for

the ventncle is prev'eated from distending bv the

thickened pcncardium), filling of the ventncle

occurs dunng the first part (' dip") of diastole

with little further increase dunng the plateau

phase The atnal pressure curve shows two sharp

drops to givre a charactenstic “M" shape a laige

pressure decrease dunng the rapid ventncular

filling which coincides with the "dip" of the ven

tncular curve in tune, amplitude and shape, and a

smaller drop associated with ventncular ejection

(“X’ wave) Atnal sjstole IS of high amphtude

for the atnum is contracting against a nearly com
pletely filled ventncle Cardiac output and stroke

voliunc have been normal ui some patients but

are usuaUj decreased With exercise, all elevated

pressures nse farther In those that show some m
crease m cardiac output with exertion, the stroke

lolome did not increase indicating that the nse
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m cardiac output was secondary to an increased

heart rate

From the data presented abo%e, hemodynamic
sequelae can be postulated for both pencardial

effusion and chronic constrictive penearditia TTie

thickened pericardium or effusion interferes with

diastolic filling of the lentricle so that greater

than normal diastolic fillmg pressure gradients

are needed to maintain cardiac output As e\

plained before (pp 146 and 309), dilation of the

\entnclc nonnalli leads to an increase in stroke

output by increasing the mjocardial fiber length

resulting in a greater force of contraction Pre

sumably, such dilation is preicnted by a con

stnctmg scar Systemic and pulmonary venous

pressure rise by unknown mechanisms to in

crease the lenous return to the heart and

maintain cardiac output The increased \enous

pressures lead to serous cavity effusions ana

sarca, hepatomegaly and pulmonary conges

tion The compensatory mechanisms probably

become inadequate as scarring progresses, and

cardiac output and stroke volume fall

The treatment of pencardial effusion is drain

age of the fluid by needle tapping or sui^ery to

create a pleuropencardisl window In chronic

constnctive pencarditn, the two lentncles arc

decorticated of their thickened pencardium, the

atna may be left alone Following the surgical

procedures, all pressures may return to near nor

mal with a disappearance of the diaatobc dip’

,

but most patients continue to show abnormal

hemodynamics despite clinical improvement The

failure to attain normality is postulated to be due

to incomplete decortication of the lentncles

persistent abnormalities of the lung"' or myo
cardial fibrosis It should also be mentioned that

the entire clinical and heraodraamic picture of

chronic constnctiic pericarditis and pencardial

effusion can be produced by other conditions the

most common of which is diffuse mvocardial

fibrosis

HEiiODYNAirics I** Congenital

Heabt Disease

The deielopment of intracardiac catbclenza

tion to measure the pre^urcs anil oxygen con

tents of the vanous chambers of the heart has led

to a better understanding of the hemodynamic

effects of congenital lesions upon the heart \an
ous formulas ha%e been developed for measure

raent of cardiac output, and sj steraic, pulmonaiy

and shunt flows from the data obtained It must

[« borne m mind m this section that many as

ons must be made m these formulas and

that adequately mixed blood is often difficult to

obtain when a shunt is present Only the more
common congemtal entities involving the heart

will be discussed It is hoped that from the data

presented, the main hemodynamic effects of the

less common anomalies can be surmised

PoiaiOMc STENOSIS Cardiac catheterization

studies have shown that isolated pulmonary
stenosis is a much more common congenital

heart lesion than it was formerly considered Ac
qviired stenosis, due to rheumatic fever, bacterial

endocarditis, or carcinoid tumors, is quite rare

The obstruction to right ventricular outflow usu

ally occurs at the valves but is not uncommon in

the outflow tract of the nght ventncle (infundib-

ular stenosis), and even occurs m the pulmonary

artery or one of its mam branches The outflow

tract may be narrowed by muscular hypertrophy,

but often, a diaphragmatic stenosis is also present

The murmur of pulmonary valvular stenosis is

located in the second or third left costal inter

5V
AORTIC AKSA

IS

Fig 28 16 Phonocardiogram (and clectrocar

diogram) showing the murmur of pulmonic eteno
SIS Upper tracing recorded in the 3rd left inter

space at the sternal border middle tracing at

aortic area, and lover tracing, at apical area The
systolic murmur (Slf) is loudest at the pulmonic

area and fills all of systole The diastolic interval

shows no murmur (from Levine and Iiarvey)



Chapter i8 REGULATION UNDER STATES OF STRESS 431

60-

Fio 28 17 Simultaneous pressure recordings in the right ventricle (R F ) and pulmonary artery
(r^ ) m a patient v-ith valvular pulmonic stenosis The ^ectrocardiogram is shown above each pres
sure tracing Upper tracing preoperative and lower tracing n posioperatne ITiemean pulmonic valve
Bvstohe gradient is shown bj the suppled area and fell from 45 to 19 mm Hg postoperatively Note the
wevated right ventricular systolic pressure which decreased, but not to normal following surgery (from
Tanenbaum, Braunwald, and Morrow)

Space, parastemaUy It is often loud and rough

with a pansj’^tobc duration (fig 2816) Infundib

ular stenosis most often produces the same type

of murmur o>er one or two lower interspaces

Multiple catheterization studies of patients with

the 1 arioua forms of pulmonic stenosis have been

reported (fig 28 17) The characteristic finding is

an increased systohe pressure gradient across the

stenotic area Usuallj, there is little or nor meas
urablc gradientm this area The right iratncular

systohe pressure and work are elevated, pre

sumablj depending on the degree of stenosis

Right ventncular and diastolic pressure is normal
until failure intervenes The nght atnal mean
pressure is normal to high * The pulmonaiy

* The mean right atrial pressure may be high
because of a large atnal pulse pressure (giant “a”
wave) mth &ti eleiated systohe but normot dias-
tolic level The giant ‘ a wave is related to the
contraction of the normal sired or enlarged stnum
against the increased resistance to filling offered
by the right ventricle

artery pressure is normal or decreased while pul

nionaiy wedge pressure and vascular resistance

are norma) The pulmonary blood flow is less than

normal, but this has been shown not to cause

arterial desaturation smee saturation of pulmo
nary venous blood is withm the normal range

Cardiac output is normal or low, although in

creases are found m the presence of mimmal
Bteno<:is Oxygen consumption mcreases with mild

exercise Zoning that pulmonary artery flow can

increase

The pathophj siologj of pulmonic stenosis is

due to the obstruction to flow from the nght v en

tncle (o the pulmonary artery (fig 28 18) leading

to an increased volume of blood retained m the

former This increases the myocardial fiber

length, the eystolic pressure, and the work of the

tight ventricle, resultmg in a compensatory m
crease in output to maintain the pulmonary

blood flow and venous return to the left heart
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Fjq 28 18 Pulmonic Stenosis Fizurrn within vessels or choinbert denolc the Wood oxygen content
in cubic centimeters per liter of blood Circled figures indicate the blood pressure sjstolic over diastolic
and mean pressures are shown The black shadow shows the area of pulmonic stenosis infundibular in
this patient Tbe pressure changes from the pulmonanr artery to the nght ventricle were determined
b> catheterization and localized the area of stenosis The pulmonary artery is dilated as often seen In
ca«cs of pulmonic stenosis Notice the marked degree of sjstobc hypertension m the nght ventricle
with a normal pulmonarj artery pressure (from Cournand Baldwin and Himmelatein)

Such d\Tiarnic changes lead to nght vcntncular

hypertrophj
,
the work of the left aentneJe is not

increased The right atnal pressure nses in order

to maintain a filhng pressure for its \entncle

I^ith increasing degrees of stenosis (he nght

ventricular output falls and its end diastolic vol

ume and pressure nsc The latter is reflected in

the peripheral i enous s} stem by the dei elopment

of right heart failure signs Animal experiments

and data from patients suggest that the presence

of an atnal septal defect or patent foramen ovnic

in pulmonic stenosis act® as an escape \sl>e for

the mcreased load on the nght heart by allowuiga

shunting of blood to the left alnum Such cases,

of course, may de\e!op cyanosis

Tlie surgical approach to correction of pulmo

nary stenotic %ahes is an incision or exciMon of

the vahes by means of a transartenal or tnaa

^xentneubr approach E’dracorporeal pump
iToxjgcnators arc now used more frequently in

Order to view the \al%-e directly Infundibular

stenosis may be corrected by excision of the sten

otic area or by an actual reaming out of the hyper

trophied muscle Following the operation the

chamber pressure may return to normal but often

remains elevated Mo^t patients haie improved

markedly whether theu- pressures returned to

normal levels or not

PcLMOvic ivscTOciExcY Insufficiency of the

pulmomc valves, acquired or congemtal, is a very

rare lesion Functional incompetence from dila

tion of the valvular ring is often seen in pulmo-

nary hypertension secondary to mitral stenosis

or pulmonary disease A soft, blowing diastolic

decrescendo murmur, which can sometunea be

loud and harsh, is located in the second or third

left costal interspace parastcmally
,
and may be

tfananitted to the apex TVhen present m nutra]

steiKsis, it has been named the ‘ Graham Stcell

munnur
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Se\cra! senes of dog experiments ^vith partial

or complete pulmonic \aKectomj or bypis<!inB

the pulmonic ^ al\ c (shunting of the total right

\cntncular output into the pulmonirj arteij)

did not produce mjocardial dccompen'ation,

e^en with strenuous exercise, for pcnods up to 18

months The pulmonarj artcrj diastolic and

Bj-stelic pressures were found to approximate

those of the nght x entncle m thcae dogs Changes

m cardiac output were not consistent The nght

veutucle was ddatod (hj Ruoroaccipy or at au

topsj) or sometimes hypertrophied (at autopsj

by heart weight to body weight ratios)

A few patients with isolated pubnomc insuf

ficiency were studied bj cathetcnzation of the

nght heart The nght x entncular and pulmonary

artery systolic and diastolic pressures were ap-

proxunately equal (fig 23 19) Mean nght atnal

pressures were normal No exudence of nght xen

tncular decompensation was shown unless pul

monary hj pertension or another lesion co existed

The pulmonary artery pulse pressure cone re

serablcd the tracing seen in aortic insufficiency

According to the aboie clinical and expen

mental data, pulmonic insufficiency eiulently ts

easily compensated by the nght i entncle Usu

all) there is not sufficient functional disturbance

to produce symptoms or signs as ei idcnced by Uie

fen* clinical reports The patients, whose cath

etenration data are reported aboi'e, were asymp

tomatic for many j ears despite the if incompetent

pulmonic xalves Howei'cr, insufficiency ofpulmo

nary valve may become significant if pulmonary

hypertension is present increased diastolic

pulmonary artery pressure in the latter condition

would lead to larger regmptant flow Right ven

tncular x oliime, stroke output and wort, would in

crease Right ventncular hy-pertrophy was found

in patients showing a combination of pulmonic

insufficiency and hypertension

Atrial SEPTAL DEVECT Often relcrredtoaslhe

most frequent congenital heart lesion atnal septal

defect most often inxolxes the foramen ovale and

includes part of the septum secundum Defects in

the septum pnmum are less common and usually

he in the caudal part of the septum, involving the

Valvular nngs A patent foramen ovale (called

*'probe patent”) is often found at autopsy, con

sistmg of only a sht-hke aperture which is func

tionallj closed during hfe by the left to nght

atnal pressure gradient Defects less than 05 cm
in diameter are usually hemodynamically m
significant, while those greater than 2 cm almost

always produce signs and symptoms A loud sys

tohe murmur, usually heard m the eccood third

Fic 2S 19 Simultaneous pulmonary arterx
(PA) anti right ventricular (k f ) pressures ob
tamed at right heart catheterization in a patient
with congenital pulmonic valvular insulTioienrx

The pressures in the right ventricle and pul

monarx artery are identical (28/7 mm Rg) A
diastofic pressure gradient is not present across

the pulmonic valve indicating the absence of

pulmonarv stenosis (from Collins Braunwald
ami Morrow)

Xe/£Atr/d/

Fic 28 20 Simultaneously recorded left and
right atnal pressures m the open chest dog
Vertical intercepts at A C F beginning of atnal
svsiole onset of ventricular isometric contraction

period closure of aortic and pulmonary valves
respectively For discussion, see text (from Op
dyke and associates)

costal mterepace, but also present m other areas,

» the comtnOTi finding nnd © Wt to be caused bv

the large nght x entncular outflow An apical or

pulmonic diastohe murmur may also be audible

presumably due to the large blood flow through

the tricuspid vahes or pulmonic insufficiency

Opdy Le, Little and associates, hare studied the

hemodynamic effects of the normal atria in dogs

with and without an atnal septal defect They

found that during the cardiac cycle, the left con

ststently surpassed the nght atnal pre«sure by a

small but significant, difference except for an oc

casiooal bnef penod before atnal systole (fig

2820} When intraxenous infusions were gixen,

the pressure differential between the two atna

was maintained In another group of dogs, after
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crc'ilion of an atml septal defect the same left to

nglit prc‘";ure differential existed Bj tjing the

veins entenng both atna, it was demonstrated

that the left atnoienous sj’stcm naa ]e«a dis

ten«iblo than the right, more bloorl eould be

added to the right atnal chamber before a prea

sure nsc occuned (fig 2S2I) Tins difference m
distcn^ibility could account for the pressure dif

fcrential betn-een the tno atna It vas concluded

that the pressure differential a as solely a d>

namic c^ent smec an equalisation of pressures in

the tno atna occurred when ventricular asystole

nasproduced the gradient mas then reestablished

with the resumption of ventricular action Two
oti or reasons liavc been postulated for the differ

cnee m atnal pressures (1) right atnal contrac

tion slightly earlier than left atnal systole may
transmit pressure to the left chamber (2) an in

creased rtsisbince to filling by the thicker left

ventncle as compared to the nght lentnele may
result in a higher left atnal pressure

Githetcnration studies ui patients have agreed

with the above animal findings IVhen the cath

cter passes through the atnal septal defect left

and nght atnal prKsures can be compared Find

mgs vary of course with tJie size of the defect

and with the presence or absence of pulmonary

hypcrt«!sion which mil be discu«scd below In

the absence of the latter catheterization studies

show (% 28 22) (1) the left exceeds the nght

Fio 28 22 Atnal septal defect Nurnencsl figures within vessels or chambers denote the blood

oxygen content in cubic ccntimetcre pet liter of blood Circled figures indicate the blood pressure

systolic over diastol c and mean pressures are shown The presence of a shunt of well oxypnated blood
into the nght atnum is diagnosed by the large difference in oxygen content between Ihe blood samples

from the venae cavae and the right atnum Sii ce the findings do not differentiate between an atnal

septal defect and anomalous drainage of pulmonary veina into the nght atnum the shunt (denoted by

the arrow) is depicted in an intermediate position Tie pulmonary flow was calculated to be over twice

tfe systemic flow Pulmonarj hypertension and an elevated nght ventricular end diastoJ c pressure are

also present {from Cournand^ ^Jdwin and H mmelstem)
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atml mean pressure, the actual pressures hemg
normal or elevated, (2) nght atnal and ventnc
ular 0x3 gen saturations are higher than that of

the superior vena caval blood due to the left to

nght shunt, (3) a left to nght shunt flow vhich
often is 3 times the sjstemic flow, (4) a normal or

increased nght ventricular sjstolic pressure, the

latter may be due to a functional pulmonic
stenosis from the excessive pulmonary blood flow

in addition to the increased stroke volume of the

nght ventricle, (5) an increasetl workload of the

nght ventnclc, e«pecia!ly m imparting velocity

to the increasetl flow
, (6) a markedly increased

pulmonary blood flow which may be 2 to 4 tunes

the systemic flow, but a normal or slightly ele

vated pulmonary artery pressure, and a normal or

low pulmonary vascular resistance, (7) a norma),

but sometunes decreased, systemic flow, (8) an
increased oxygen consumption with mild exercise,

and (9) a normal peripheral artenal saturation

From the above data a hemodynamic picture

can be postulated for atnal septal defect Since

the left exceeds the nght atnal pressure the shunt

of blood 18 predominantly to the nght atnum al

though some reverse flow may occur Tlie nght

atnal pressure may nsc to increase the filling

pressure of the ventncle for the latter must eject

not only the svstemic venous return but also the

large amount of shunted blood Tlie increased

volume of blood stretches the myocardial fibers

of the nght ventncle to give an increased stroke

output this leads to an incre‘i«ed nght ventnc

ular workload and to a very largo pulmonary

blood flow Largo defects therefore, may be as

sociated with diLition of the nght atnum ventri

cle and pulmonary artery and nght ventncular

liypertrophy The normal lung is a low pres^re,

highly distensible system which can accommo

date the large excess flow with little change in

pressure and a decrease in resistance nie in

creased venous return to the left heart is divided

between the shunt and the systemic blood Son,

which may be normal or decreased ttith laigc

shunts nght ventncular output is augmented,

but may not continue proportional to the increase

m nght atnal pressure, the nght ventncle be

comes less efficient at the higher fillmg pressures

as the end diastolic pressure n«e<i This can

eventually lead to the signs and symptoms of

nght heart failure since the penpheral venous

pressure reflects the nght chamber pressure

elevations

Pulmonary hypertension usually does not de

velop until the third decade m patients with

.-1 septal defects The mcrea'»cd pulmonary

vascular resistance is due to narrowed arterioles

by medial hypertrophy and endothelial pro

liferation, and probably, in some patients, to an
increased vascular tone The etiology of the de

velopmcnt of these changes has not been eluci

dated despite much investigation They appear

earlier in ventncular septal defect but evidently

are not only secondary to an increased pressure

uv the pulmonary vessels, for this would not ex

plain their dev elopment m atnal septal defects In

dogs, similar pulmonary vascular changes can be

produced by end to end anastomosis of a sy stcmic

artenal vessel to a pulmonary artery This is more
effective than a side to-end anastomosis anti could

be cxpktued bv the lack of direct pressure thrusts

ID the latter Fetal lungs show highly muscular,

small, pulmonary vessels in ventncular septal

defect it 13 postulated that the increased pres

sure m the pulmonary artery does not allow nor

mal regression of this fetal state This is not of

course, an adequate explanation for the dev cl

opmenl of pulmonary hypertension in patients

with atnal septal defects

Whatever the cause once pulmonary vascular

resistance begins to increase m septal defects, it is

pre^ressue The resistance raises the pulmonary

artery pressure and decreases the pulmonary

blood flow The nght ventncle has a further in

crease ID its workload against pressure and shows

a n«e m systolic, and later, m end diastolic vol

ume and pressure The latter is reflected in the

nght atnum which must then raise its pres

sure to fill the ventncle The elevated nght

atnal pressure decreases the pressure gradient

and, thus the shunt from the left atnum This

cyclemay progress to a point where the shunt flow

reverses, causing a decreased penpheral artenal

saturation and cyanosis

Atnal septal defects are also seen m combi

nation with other congenital lesions, such as pul

momc stenosis, mitral stenosis (usually acquired

and called Lutembacher’s syndrome) Ebstein s

disease, tncuspid atresia and many others These

all affect the hemodynamic findings but, because

of their ranty, will not be discu«sed

The surgical correction of an atnal septal de

feet IS performed by a closed or open technique,

the latter with the aid of an extracorporeal

pump-oxygenator The defect is closed by direct

sutunng After complete closure, a shunt flow is

not measurable, systemic blood flow often m
creases, pulmonary blood flow is markedly re

doced, and right ventncular work and pres

cures ate reduced The pulmonary vascular

resistance often increases m the postoperative
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ponod along mtli Ihc docroa'icd pulmonarj flon

If sc\erc pulmonirj liiTwrlcn^ion was prcfcnt,

results arc not so good, for the pulmomrj \as

cular changes usuallj do not rcgrc'^s an«l right

heart failure may deiclop Patients luth high

pulmonary va'^cular rc«istance are refused op

eration for this reason An idea of the re\ ersibility

of the pulmonary hypertension may be gamed

by baiuDg the patient breathe pure oxygen or

by administration of a pulmonary vasodilator

agent, although such a correlation with post

operatn c results has not been extcn«su ely studied

VENTOicuLAn SEPTAL DEFECT Vcntncular sep-

bil defect is probably tlie second most common
congcmtal heart Iwion Approximately 90 per

cent of the defects occur m the membranous

septum lynng m the outflow tract of the left \en

tncle beneath the base of the aortic v-nlv-e sep

arated usually from the latter by a band of con

ncctive tissue Iie«s common are defects of the

muscular septum which are often multiple per

forations, not usually functionally open because

of the contraction of the musculature during

sy’stole A pansy stoUc, loud, often coarm murmur
IS heard in the third to fourth costal mterspacc

parasteraally A mid-dmstobc apical murmur may
also be present, resulting either from a functional

mitral stenosis or from rapid ventricular Glhng

The hemodynamic effects of a ventricular sep-

tal defect are determined by the size of the de

feet the pressure gradient acniss the valve, and

the relative resistances to flow of the pulmomc
and systemic circulations Small defects are usu

ally asymptomstic with the rounnur ns the

only sign present, such uncompheated cases are

called Roger’s disease, after the man who first

described the murmur Because of the pressure

diBerential, which may be over 100 mm Hg be

tween the left and right ventncle, large defects

have much more profound hemodynamic effects

than those seen m atnal septal defects

Catheterization findings in patients with ven

tncular septal defect depend on the size of the

opening and on the presence or absence of pulmo

nary hypertension Pulmonary hypertension is

often present from buthm these patients, or may
develop later and progress m seventy Small to

medium defects (fig 28 23) (less than 1 cm per

M* of body surface) show a pressure gradient

across the defect, an elevated nght ventneuW
systolic pressure an increased oxygen content of

nght ventncular blood compared to nght atnai

blood, a shunt fiow which may reach sev eral bters

per minute, and a large pulmonary blood flow

with a nonnal or shghtly elevated pulmonary

artery preesure The left and, also, the nght heart

have an increased workload and arc usually

hypertrophied The left ventncle must pump
blood into both the nght ventricle and the aorta,

it increases its output m order to maintain sys

temte blood flow Mean nght atnal and pulmo

nary wedge pressure arc normal, while pulmonary

vascular resistance may be normal or low in the

absence of pulmonary hypertension

Rilh very large ventncular septal defects, the

systolic pressures tend to equalize between tbe

nght and left ventncle The shunted blood fiow

into the low resistance right vcntncular system is

enormous in amount There is a very large pulmo

nary blood flow and decreased pulmonary vaa

cular resistance Such defects usually lead to early

failure of one or both ventncles unless pulmonary

hyiicrten-ion dev-elops to decrease the amount of

shunted blood In patients with pulmonary

hypertension (fig 28 24) the pulmonary artery

pressure is increased but the pulmonary wedge

pressure is normal (in the absence of left ventne

ular failure) demonstrating that it is an artenolar

resistance There is a decreased pulmonary blood

flow and an incrcared pressure workload of the

nght ventncle, leading to pressure elevations in

this chamber wbch tend to decrease the shunt

flow As tbs cj cle progresses, the shunt flow may
be reversed causing a decreared pcnpheral arterial

saturation and cyanosis The latter ^*ndroffi6 is

indistmguishable from that desenbed below os

Eiscnmenger's complex

In summary, the amount of flow through a

VRutnculsT septal defect depends on tbe size of

tbe defect and tbe resistances of tbe sy steimc and

pulmonary circulation Small defects present a

large resistance to flow, meamng that a high pres

sure differential continues to exist between the

two ventncles large defects allow a very large

ofaunt flow which IS decreased only by tbe de

relopment of increased pulmonary vascular re

Eistance However, the latter increases the work

load of the nght ventncle so that now both

ventncles are Beverelyrhemodynamicallyinvolved

Eisezunenger a complex, consisting of a ventne

ular septal defect, an aorta which ovemdes the

ventricular septum and is therefore open to both

ventncles, and nght ventncular hypertrophy , wtU

be bnefly discussed, for it is often considered to

be ttsevere forni of ventncular septal defect Sub
stituting the word “syrndrome" for “complex,”

Wood and others list any reversed shunt flow due

to pulmonary hy-pertension (such as occursm pat

ent ductus artenosus ventncular and atnal

septal defects) under this classification Since tbs'*
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Fio 28 23 Interventricular septal defect Figures within vessels or chambers denote the blood
OTjgen content in cubic centimeters per liter of blood Circled figures indicate the blood pressure,
s>atoIic over diastolic and mean pressures are shown The increase in oxygen content in the right ven
tricle (compared to the right atrium) indicates a shunt of oxygenated blood (shown by the arrow) from
the left ventricle The estimated systemic and pulmonary blood flonswereS 57 andfiUUters per minute
respectively This indicated a shunt flow of 2 57 liters per minute Note the moderate elevation of right
ventricular and pulmonary artery systolic pressures secondary to the shunt flow (from Cournand,
Baldwin and Himmelatein)

upper portion of the ventncular septum has a

spiral course whereby the aortic root may come in

contact with both tentneular cavities, a large

ventncular septal defect located below the aortic

valve may cause an apparent overriding of the

aorta, i c , the second component of the Eiscn

menger’s complex The nght to left shunt in this

cyanotic disorder is probably not related to the

dextroposition of the aorta but to the pulmo

nary hypertension which is always present The
aorta unless it nses almost directly from the

right V entnelo, w ould rcceiv e little blood from the

right side as long as the nght ventncular systolic

pressure remained well below that of the left ven

triclc In patients vnth a large ventncular septal

defect and an over nding aorta, catheterization

studies show a tremendous increase in pulmonary

vascular resistance, an elevated nght ventncular

and pulmonic systolic pressure equal to the sys-

temic systolic pressure, evidence of a right to left

sliunt by decreased arterial oxygen saturation,

and a normal or low pulmonary blood flow The
oxygen saturation of the nght ventncular blood

IS higher than that of the nght atnal blood indi-

cating that an admuxturc occurs through the sep-

tal defect The nght ventncular work is markedly

increased this is reflected in the hypertrophy of

this chamber There is an increased oxygen con

sumption with mild exercise, although the cya

nosis may deepen due to increased nght to left

shunting of blood

The surgical correction of ventncular septal

defect has been greatly enhanced by the use of

extracoiporeal pump-oxygenators and/or hypo-

thermia Under direct vision, the defect is su

tured closed with or without the use of a synthetic
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F:o 2S24 Interventricular aental defect with marked pulmonary h>perten«ion Figures within
vessels or chsmhers denote the blood oxvgen cootent in cubic ceotimelers per liter of blood Circled
figures indicate the blood pressure sjstoUe oser diastolic and mean pressures arc shown The increase
in ox\ gen content m the right ventricle (compared to the right atrium) indicates a shunt of o\% genated
blood (shown b) the arron) from the left ventricle The Jack of a sislobc pressure gradient across the
pulmonic vaUe rules out pulmotiie stenosis The high pressure in the pulmonar} artery must be «ec
rwi's.*3 pstk>^}cgfcs} eksetges at tk& rJiw.wg ss ATJrtirjiyi' *9iiw

'•ote that the end diastolic right ventricular pressure is elevated slightly indicating the pre«enee of
decompensation The estimated sj stemic blood flow is 3 7 liters per minute and the pulmonary flow 6 9o
btcrs per minute giving an estimated shunt flow of 32o liters per minute (from Coumand Baldwin
and Himraelstein)

patch The ideal candidate for surgery would haTC heart diseases Classically it has been de=cnbed

a lai^e shunt %-oIume with a high pulmonary os a combination of pulmonary stenosis \entnc
blood flow but normal or only shghtU increased ular«eptaJ defect right lentncular hypertrophy

pulmonary I’ascular resistance Small defects mth sod dertmpo'^itiQn of the aorta the latter oier

nunor hemodyTiamie changes are usually not cor riding the ventncular septum A nght-sided aor

reeled because of the surgical nsk Cyanotic ps tic arch is also present in about a quarter of the

tients with nght to left shunts from seiere cases The puhnonaiy stenosis is most commonly
pulmonary hy pertension including Eisenmenger’s of the infundibular type Since the adient of

complex do not benefit from closure of the defect cardiac callietenzation studies the concept of

Following operation patients who had an ele tetralogy as a single entity has been undermined

lated pulmonary lascular resistance show little It is now considered that a spectrum of patients

decrease when eathetenzed sei eral months later ensts ranging from ®e\ ere tetralogy
, with a large

Patients with se\ ere pulmonary hyperten«ion who \entncular septal defect and severe pulmonic

have undergone surgery have fared very poorly stenosis to patients with either a large ventnc

TETnALocT OF FALLOT The tetralogy of Fallot ular eeptat defect or a severe pulmonic stenosis

IS tlie most common of the cyanotic congemtal as the dominant lesion Between these two ev
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tremes are milder combinations of the tv?o le-

Bions The dextroposition of the aorta is not
considered as an important determinant in the

hemodynamic picture (see ventricular septal de-

fect) The right ventricular hypertrophy is not
congemtal m ongin but results from tlie stress

imposed on this chamber There is usually a loud,

harsh, systohe murmur m the second or third

costal interspace parastemally, presumably due
to the pulmonary stenosis, but it is not pansj'S

tolic, endmg before the aortic second sound

Patients with large \entneular septal defects,

but mild pulmomc stenosis, show a left to nght
shunt without cj anosis and the reader is referred

to the above discussion of ventncular septal dc
fects for the hemodynamic abnormalities Sim

ilarly, patients with a severe pulmonic stenosis

and a small ventncular septal defect behave

hemodjTiarmcally as discussed under pulmomc
stencsis but, m addition, have a nght to left shunt

with (^anosis

When both the ventncular septal defect and
the pulmomc stenosis are signiScant, the follow

mg cathetcnzation data and calculations are

found (fig 28 25) (I) the pulmonary arterj pres

sure IS reduced as is the pulmonary blood flow,

(2) the pulmonary capillary flow is often greater

than the pulmonary artery flow from collateral

circulation to the lungs, however, the effectne

pulmonary flow is still below normal (3) the

nght ventricular sjstolic pre«sure is elevated, but

the end diastolic pressure is usually normal

Fjg 28 25 Tetralogy of Fallol Numencalfigurea within vessels or chambers denote the blood oxvgen

content m cubic centi^ters per liter of blood Circled flgurw indtcato the Woo 1 pressure, systolic^
diastolic and mean pressures are shown Dark areas represent very low blood saturation as compared to

white areas denoting high blood saturation The large systolic gradient of the right ventricle to the

pulmonary artery indicates a marked degree of s^tenosis

blood flow IS about half the 8>8temic flow Note that the aorta overrides both ventricles (from Courn

and Daldnin, and llimmclstein)
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the nght ventricular sjstolic pressure npproTi

mates the aortic systolic piesstire, (4) nsht and

left mein ntnal pressures are similar, (5) the

arterial oxjgen saturation is (lecrea««l, left

atnal samples of blood are usuillj more satu

rated thin left lentricular samples shomng tbit

the«hunt is mostly mtenontncularandnot from

the nght lentncle into the aorta, and (7) the

otjgen consumption with mild exercise does not

n«e but decreases, ns does the pcnplieral artenal

saturation, deepening the ejano'is

In summirj, a hcraodjnamic picture can bo

postulated for tetrilogj of Fallot Tlie resistmce

offered b} pulmonic stenosis ciu^es the nght

ventricle to shunt blood mostly through the ven

tncuhr septal defect and somculiat into thedex

tropositioned aorta The right ventricle loTier

trophies in response to the increascxl workload hut

rarelj dilates, for it cm easily emptv into the left

ventnele or aorta The systolic pressure of the

nght ventricle n«cs to the level of tliat m the left

ventricle in order to eject its bloo<! into the s3 s

temic circulation through the least renstant

available opening, ic, the aortic valve na the

septal defect TIio aortic blood is desaturated b)

the shunted venous blood The pulmonary or

tery pressure and blood flow arc mirketlly de-

creased because of the pulmonic stenosis, but the

pulmonaij capillary circulation miy be aug

meated by a collateral flow from sjstemic ir

lencs Tlie fact that some reversed shunt also

occurs IS established by the higher blood oxygen

content of the nght ventricle compared to that in

the atnuni Thde patients cannot increase their

oxygen consumption during rrufrf exercise pro6

ably because of the lunited, circulating volume

of mixed venous blood that can be propelled

across the stenosed valve in to the lungs

The surgical correction of tetralogy of Fallot

has grown through three stages The Blalock

Taussig operation, creating a channel similar to

a patent ductus arteriosus between the aorta

(subclavnan artery) and the pulmonary irtcry,

supplies more blood to the lungs, but the results,

although often good, are not excellent The next

procedure attempted was an indirect cor

rection of the pulmonic stenosis (see p 430) Tins

produced slightly better results but with a higher

operative mortality Tlie use of the extracorpo

real pump-oxj genator has recently made a direct

open approach possible to correct both the ven

tncular septal defect and the pulmonic stenosis

Since these patients do well without a correction

of the dextropositioned aorta, this is further proof

that it M probiblv not a significant hemotlynaraic

detenninant in this anomaly

pATfVT DUCTi? ATiTznio^vs Patent ductus

artenoxus is next in frequency, after the septal

ifrfects, among congenital heart diseases it is the

persistence of a patent clianncl joining the left

puJmomn irtery to the aorta (rlista! to the «ub-

claviin artery), which is normally found in the

fetui and vvhich closes mlhin a fen weeks after

birth The exact mcclnni«m of the normal ol>

htention of the ductus is not understood al

though it his been shotiTi tint the ducti constrict,

nlien perfused mth oxy genated Wood, and dilate

if nitrogen rephees the ovygen, another theory

asserts thit liigh pressures maintiin the ductus

patent while low pressures lead to its clomre

Clisaieilly i miihinery ’ murmur (fig 2S26)

IS heiril throughout systole and diastole due to

tlie continuous 'hunting of blood and is located in

the second or thml costa! interspace, parastem

ally Tins mumiur is harsh in quality increas-

ing toward the end of sv «tole, and waning dunng
diastole

The bemodymamic effects of a patent ductus

artenosus are secondary to the shunting of blood

from the high pressure «yTstcm of the aorta to the

low pressure circulation of the pulmonary artery

(fig 2827) Tlie amount of blood «hunted de

pends upon the size of the ductus and the pres

sure difference between the aorta and the pulmo*

Fio 2326 Phonocardiogram (and electrocar

diogram) demonstrating the machinery mur
mur of patent ductus arteriosus Upper tracing

(recorded preoperatiieli ) at the pulmonio area
shows loud s>atolic (SR) and iTiastolic (i^V)
cenoponenta of the continuous murmur Si and Sj
denote the first and second heart sounds Lotcer
traetng (recorded after ligation of the ductus)
shows persistence of a soft pulmomc systolic

murmur (from Levine and Harvey)



442 CIRCULATIOX

Fto 28 27 Pateot (!uetU3 artenosus Pigures witbin vessels or chambers denote tbe blood oxygen
content in cubic centimeters per liter of blood Circled figures indicate the blood pressure systolic over
diastolic and mean pressures are shown The large increase in ox}gen content in th^ulmonary artery
demonstrates a shunt of oxygenated blood (indicated by the arrouv from the aorta l^e estimated puf
monary blood flow as calculated from the oxygen content of the left pulmonary arterj was 4 OS liters
per minute and the systemic cardiac output was 2 33 liters per minute This means a shunt flow of 2 6
liters per minute existed The slight increase in pulmonary arlerj pressures indicates the presence of a
mild degree of pulmonary hypertension (from Cournand Baldwin and Himmelstem)

nary arter> Eppinger Burwell and Gross studied

the hemodjTiainic changes in patients and dogs

with patent ducti In dogs the left subclavian

artery was sutured to the pulmonai^ artery to

simulate the clinical situation Such animals

showed an increased left but a decreased nght
vcntncular output The shunted blood from the

aorta to the pulmonary artery was calculated to

be more than 50 per cent of the left ventricular

output Two of three dogs showed an increased

mean pulmonaiy artery pressure, probably from
the large pulmonary blood flow rather than an in

creased pulmonary resistance Patients with pat

ent ductus were studied while under anesthesia

and dunng thoracotomy, before tlie ductus was
lied The oxygen content of the pulmonary arterj

was greater than that of the nght ventricle

^
Blood flows through the shunt vaned from 4 to

19 Uters per minute, which was 45 to 75 per cent

of the left xentncular output The total pulrao

nary blood flow (nght ventricular plus shunt

flow) was 10 to 2o liters per minute The left was

2 to 4 times the nght ventncular output Arterial

blood pressure showed a low diastolic level with a

wide pulse pressure Studies in unanesthetized

subjects by other groups have demonstrated

similar findings The mean nght atnal pressure

was nonnal while the nght ventncular and pul

monary artery sj’Stolic pressures were normal or

elevated The pulmonaiy vascular resistance was

mcrcased when pulmonary hypertension was

present

In summary, the higher aortic pressure shunts

blood through a patent ductus artenosus to the

low pressure pulmonarj circuit dunng the entire

cardiac cycle Depending on its size, some shunts

have been calculated to deliver up to 30 liters per

mmutc to the pulmonarj artery TIils leads to an
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cxcc<spuImofiarj blood flow and \cnou3 return to

the left fide of tiie heart Tlie increased \oIuinc

return to the left \entnclc results m a stretch of

the mjccanlial fibers, wherebj the left \entncle

increa«es its output in order to maintain ^-Hemic

blood flon at or near normal levels This jnerea*^

irorUoad of the left vcntnele maj lead to its

escape of blood from the aorta

to tiie pulmonarj arten cau«es a sharp fall in

diastolic pressure, producing an incrcasctl pulse

pressure and most of the peripheral signs of aortic

insufficiencj

Patients mth a patent ductus arteriosus maj
develop ptdmonary hj^pcrtension, for unknoivn

reasons, as discussed under atnal septal defect As
the pulmonarj wcular resistance increa'«es the

pulmonary arteij and right vcnlncuUr sj-stohe

pressures n«e This causes a decrease m the pres

sure differential between the aorta and pulrooi>ai>

artcrj and a decrease in the shunt flon When the

pulmonary hi'perten'ion is more sev ere, the shunt

flow maj become partiallv , and then compfctclj

,

reversed, producing a hemodjuamic picture eim

liar to Eisenmenger’s complc.x, except that the

cjaao^is 13 limited to the lower bodj Such pa
tients usuallj have a very large ductus, right ven

tncubr hjTiertrophj
,
secondarj to the uicreased

work of the nght ventricle, and an atjTitcal or

absent murmur
The surgical treatment of patent ductus arten

osus consists of cutting the ductus and sutunng
the aortic and pulmonarj ends closed After

operation, the artenal diastolic pressure rises, the

left ventricular output decreases and, in the ma
font} of patients, the murmur disappears Oper
ation IS usuallj not recommended for patients

with severe pulmonarj hj"pcrtcnsion and reversal

of ductal flow, smee the ductus serves as an es-

cape valve for the excess nght ventncular pres

sure and output Delajed closure, in such cases

by partial ligation or by a two-stage shunting

operation has been suggested, but not tested in a
suiBcient number of patients

CoASCTATiov OF THE AORTA Coarctatiottof the

aorta 13 a congemtal defect which is usuallj sub
divided into an “infantile” and “adult’ form In
fantile coarctation consists of a long segment of

narrowing m the distal aortic arch, from the left

subclavnan arteiy to the ductus artenosus uiser

tion while the adult form is a shorter, more lo-

calued constriction at or distal to the ductus

attaclunent Since these two vanations are often

seen m different age groups than their label im
plies it has been suggested that such a classifi

cation be discarded because it serves no useful

purpose to the surgeon who is attemptmg to cor

rect the defect A loud sj'stolic murmur, due

pTobablj to the turbulence at the constricted

arw, extends from earlj sj stole ehghtlj mtodias

tole It 13 most often loudest at the base of the

heart but is nl<so heard in the left interscapular

area

The hemodynamics of coarctation of the aorta

involve an mercased pressure workload on the

left ventncle which has to pump its output

through the narrowed area This strain, which

often leads to left ventncular hyportrophj, 13

somcwliat relieved by the development of an

extensne collateral circulation between the sub-

clavun arterj and its branches abovT; the con

stnction, and the branches of the de«cending

aorta below (fig 28 28) In patients studied b>

cathclcmation techniques, the cardiac output is

normal or increased The blood flow to the upper

bodj IS normal or elevated and, due to the ex

ten'll e collateral circulation, normal to the lower

bodj An elevated blood pressure occurs above

the coarctation There la a delaj in onset of the

femoral pulse (6g 2529) whichnormallj precedes

the radial pulse slightlj This debjed onset may
not be palpable but the bte ^stolic peak of the

femoral pulse as compared to the radial, is very

noticeable The femoral pulse cun e shows a slow

n«e and fall with o decrea«ed pul«e pressure and

an ab«eot dicrotic notch

Patient and animal studies purport to show

that the upper bodj hj’pcrtcnsion can be ex

pbmed on a purely mechamcal baiis rebted to

the degree of aortic constriction Gupta and Wig

gera tborougbJj studied, in dogs, the hemodjmam

ICS of aortic constncfion ju't bej ond fie left sub-

cbvian arterj As the degree of constnction was

increased, sjstohc, diastolic and pulse pressures

increased in the aorta above the constnction and

decreased in the femoral arterj Thej postulated

that the hypertension above the constnction was

not onl> secondaiy to the increased resistance but

also to the reduced capacitj and distensibihtv of

the aortic compression chamber, into which the

left V entncle empties, and to the phj 'lological re

actions of the left ventncle, whereby its sj'stolic

discharge is increased Thej explained the slow

nac and fall and the maintenance of diastohc pres

sure of the femoral pulse to the damping effect on

the aortic pressure wave in its passage through

the constneted area In dogs with a constneted

aorta, but with a subclavian to aorta shunt uni

tatiQg the colbterals found m man, the sj’stohc

and diastohc pressures of the aorta above the

constriction were drereased, while those of the

femoral artery were increased when compared to

the findtngjt m coarcted dogs without such a
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2nd intcrcoytol a

Fio 2S 28 D agraimnatic representat on of routes of coliateral c rcuUtion >n coarctation of the
aorta The extensive collateral circulation betneen the subclavian arteries and their branches above
the constr ction and the branches of the desceoding aorta below the coarctation is shown (From Ld
wards and associates An atlas of congenital anomalies of the heart and great vessels Charles C Thomas
PubJi«her Springfield Illinots )

shunt The pulse pressure increased but the con

tour of the femoral pulse Mate did not return to

normal Thu*! nn artificial collateral circulation

reduced the workload on the left xcntncle and

the elctated blood pressure of the upper bod>

while increasing the blood flow to the lower ex

tremities

Experimentation on dogs has produced eti

dence for and against renal i«chemia being a factor

in tl e upper bodj hypertension Also Painter

and associates hate demonstrated hjiiertroplij

of tl c media and endothelial proliferation of

’^arterioles in organs of patients above and below

the coDstneted aorta The fact that hypertension

does not exist m the lower bodj was explamcd by

the metabolic need for blood dilating its nar

rowed arterioles This increased penpheral re

Bistonce could explain the finding of normal or

even mcreased femoral artery diastolic pressures

m inan> coarctation patients

Ctmctation of the aorta has been corrected in

hundreds of patients by excision of the involved

area and anastomosis of the proximal to the distal

end Ifalongarea of Uieaorta IS involved agraft

IS inserted Following operation the upper ex

iremity hj’pertension ma^ either decrease to nor
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A.j A 1

V, N

zoo-;- A
h ft

Fio 2S^ Tracings of the intraradjal and
fntrafemoral arterial pressures from a patient
with coarctation of the aorta The folloving
points should be noticed (1) tho elevation of the
s^ stolic and diastolic pressures in the radial

arter>, (2} ffte smaffer femoraf aj^atofte anrf pufsc
pressures, (3) the slight dela> in onset of the
femoral pulse wa\e compared to that of the radial

pulse wave, and (4) the late peak of the femoral
pulse as compared to that of the radial pulse (from
Brown, Clagctt, Burchcll, and Wood)

msl letelfl or remain cletaled The persistence of

this hiTiertcnston after removnl of the constricted

aortic area would arguo for a renal ctiotogj except

that the increased pressure may ha\c induced

permanent artcnolar changes, thereby increasing

the peripheral resistance
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SECTION THREE
Respiration

29

UPTAKE AND DELIVERY OF THE RESPIRATORY GASES

tlic Physical Principles Governing the Respiratory Exchanges

The cells of higher animals continually use ox
jgen and produce carbon dioxide as a waste pro-

duct Movement of oxygen into the Jun^ of

mammals is promoted by breathing moxemenla
Oxygen diffu'cs into the blood in the pulmonary

capillaries to be earned to all parts of tbe body

where it diffuses from the capillary blood into

the interstitial fluid and on to tlie cells Carbon
dioxide diffuses from the cells to the mterstitial

fluid and then to the blood in the systemic capil

lanes to be earned to the lungs nhere it diffuses

into the alveolar air

The major problems to be considered under the

heading of respuatory physiology are 1) the up
take of oxygen from alveolar air and its delivery

to the tissues 2) the uptake of carbon dioxide

from tissues and its deluery to the alveolar air

3) the mechanism of rhythmic inspiration and
expiration and 4) the mechanisms by means of

which the amount of air breathed per mmutc is

adjusted to the needs of the body The actual

chemical processes by nhich the oxygen is uti

liaed m the cells (cellular respiration) will not be
discussed This subject is considered in detail m
texts m biochemistry Some of the derangements
of respiration are considered under the appropn
ate major headings while others which are of a
more general nature are d^cribed in the final

'chapter of the section

It 13 assumed that the reader already will ha\e
knowledge of elementary biochemistry and hu
man anatamy Further, it is essential that the

relation of carbon dioxide to the acid base faal

ante (ch 13), the physiology of nerve muscle
and reflex action (ch 63) and the phj'siology of

the autonomic, nenous system (ch 71) should

be studied in advance m order to understand the

chemical nnd neural control of respiration

Tlic Kinetic Tlieory of Gases—Diffusion,

rnrtisl Pressures, Absorption

Coefficients

Aoy quantity of a gas when placed u a con

tamer of whatever sue expands its volume until

brnitcd by the boundancs of tbe confining vessel

Tilts fact IS explained upon the theory that the

gas molecules are m contmuous motion moving

through «pace at high v'elocity and being deflected

from their course only upon coming into collision

with other gas molecules or w ith the boundaries

of the space itself which they strike and from

which they rebound repeatedly Such movements

constitute 8 bombardment upon the confining

walls which is responsible for what is called the

pressure or tension of the gas The greater the

number of molecules m any given space the more

frequent obviously ml] be tbe bombardments

So if the capacity of the space is reduced the

molecules are brought closer together The rate of

bombardment upon a unit of surface wall mcrease

and the pressure of the gas w ill nse (see Boyle a

Law below) A nse in temperature vicre&tes the

velocity of the molecular movements mcrease

the rate of bombardment and the force of the

impacts The pressure m consequence mcreases

{Charlea’ Law)

la all circumstances the gas molecules as a re

buH of their movements will in time distribute

themselves evenly throughout the «pace in which

they are confined and consequently the pressure

will be the same upon all parts of the limiting

419
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TABLE 29 1

Ab$orplion coefficients of lanous gases tn distilled

water at different temperatures

Temp*r» nrv«.n Carbon Carbon
tuje

Oxygen D,o„de Ifenoude

0 049

0 031

0 023

1 71

0 87

0 53

0 035

0 023

0 018

otxn
0 016

0 012

surface In other words although at the start tlie

molecules may be m greater concentration in one

part of the space than m another, even distnbu

tion 13 soon brought about, and the pressure

throughout all parts of the space becomes equal

This behavior of a gas whereby the equalization

of its molecular concentration occurs is spoken of

as diffusion If we should deal with a mirturc of

two or more different gases instead of withasmgle
gas it w ould be found that each component m the

mixture behai ed as though present alone Its mol

ecules would become distributed evenly through

out the muxturc, and its pressure would depend

upon its concentration without regard to the con

eentrations of the other component gases (Lato of

partial pressures)

If two samples of a gas of different concentra

tions, bo placed one on each side of a membrane
permeable to that gas, diffusion also occurs until

the tensions on the two sides of the membrane are

equal, as in the case of a gas mixture each gas

behaics as though present alone

When a gas or a mixture of gases lies m contact

with the surface of a liquid, the molecules of each

gas penetrate the liquid and become dissoIiTd in

it until the tensions of that particular gas withm

and w ithout the liquid are equal 'i'he gas is tligU
‘

said to be equilibrated with the liquid {Law of

solubility of gases) On the other halid, if the liquid

be now exposed to a lower pressure^f the gas the

molecules which had undergone solution at the

higher "pressure escape until coutlibrium i3_re

stored 1p\ pT. Soda w ater, for example^

13 water which has been equilibrated with carbon

dioxide at^ high pressure ^Ticn the cork is re

moved from the bottle containing the^rcbargi^

liquid, effervescenee orr-nra Molecules of carbm

dioxide are given off until the pressure of thc.di3

solv ed gas equals'that of the carboq dioxide in tbe^

atmosphere A gas at different_i£a£lQna_in_Iwo

liquids also comes mto equilibrium lOiether the

liquids arc' direct contact or are separated by a

membrane permeable to the gas Also the actual

amount of gas which will undergo solution at

' giien pressure vanes with thi

with the liquid If distilled water for example be

exposed to oxygen at a pressure of 760 mm and

a temperature of 0®C each 100 cc will take up
4 9 cc of the gas Oil, on the other hand, under

the same conditions of pressure and temperature

will absorb a great deal more Therefore, if sam
pies of water and oil are exposed to the atmos

phere though the gas pressures in the three media

are identical, the volumes of the atmosphenc

gases in 100 cc (volumes per cent) of each me
dium will be w idely different

The quantity of a gas (measured at standard

temperature and pressure) which can be absorbed

by 1 cc of a liquid at 760 mm Hg is called the

abtorphon coefficient of the gas for that particular

liquid Thus the absorption cocffiaent of oxygen

m water at 0®C is 0 049 and of carbon dioxide

1 71, the coefficient vanes inversely with the tern

perature (see table 29 1) The presence of dis

solved solid substances m the water will reduce

the absorption coefficient of these gases The val

ues for the body fluids are, therefore, sli^tly less

than those given above Thus the coefficient of

absorption of oxygen in plasma at body tempera

ture (37^C ) is 0 024 and of carbon dioxide 0 510

The rate of diffusion of a gas through a liquid

IS m direct proportion to the absorption coefficient

of the gas in thatliquid and inversely proportional

to the square root of its molecular weight The
diffusion rate of carbon dioxide through a wet

membrane is about 30 tunes greater than that of

oxygen when the two gases are under identical

conditions For general phj'siological work the

diffusion coefficient of oxygen has been defined by
ICrogh as tlie number of cubic centimeters of the

gas which will diffuse 0 001 mm distance over a

square centimeter of surface, per minute, at a

pressure bt 1 atmosphere Tt vanes lor clffierent

tissues and bodj fluids and mcreases 1 per cent

per degree Centigrade

The diffu<ion coefficients for oxygen through the

following matenals at body temperature were

found

Baler 0 51

Gelatin 15 per cent 0 45

Muscle 0 31

Connective tissue 0 18

Certam diseases that cause thickemng of the

pulmonary membrane, destroy lung capillaries, or

mterfere with diffusion withm the blood itself,

will reduce the rate of gas diffusion between the

blood and the alveolar air Among such condi

turns are edema of the lung, emphysema, pulmo-

nary flhrosis, mitral stenosis, and congestive heart
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Stimniarj of the Gas La^ts

(1) Boyle's Low When the volume of a pos is

altered, the temperature remaining constant, the

pressure vanes invcrselj
, i e , the product of the

pressure and the volume remains constant If the

space wherein a certain gas is confined be reduced

by half, the gas pressure is doubled and vice versa

(2) ZiCtc of CAorfes (or Cay Lussac) For each

nse in temperature of 1*C a gas kept at constant

pressure expands by ^5 of its volume at 0*0 The
volume of a gas at constant pressure la therefore

proportional to its absolute temperature

(-273’C

)

(3) TAe Low of Partial Pressure (Dalton’s Law)
The pre«sure exerted hj a gas in a mixture of ga*es

13 equal to (he pres'^ure which the fame quantity

of that gas would exert were no other ga'cs pres

ent It follows that the total pressure of a mixture

of ga«e9 IS equal to the sum of the pressures of its

component ga«ca For example, the atmosphere
(dry) exerts a pres'ure of 760 mm llg The gases

of which ills composed—oxygen, nitrogen (inelud

ing other inert ga»ea), and carbon dioxide arc

pre«cnl m the proportions of 20 9Q per cent, 79 per

cent and 0 01 per cent respectively The partial

pressure exerted by oxygen is therefore (20 96/
iOO) X 760 * 169 2 mm Hg and of carbon dioxide

(0 04/100) X 760 - 0 30 mm Ilg

Air m contact with water is continually recciv

ing w atcr molecules from the surface of the liquid

This water vapor follows Dalton’s Law exerting a
pre«8ure independently of the other gases, and
proportional to the quantity present m the air

The higher the temperature the greater is the

quantity of water w^eh (he air will bold before

becoming saturated and the greater eoo<equeatly

Will be the tension of aqueous vapor

The air in the lungs has a temperature of about

37®C and is usually stated to be fully saturated

with water vapor, the latter, therefore, exerts a

pressure of 47 mm Hg ‘ The air after leaving the

lungs falls in temperature, some of the water vapor

condenses and the latter in consequence is much
less The tension of w ater vapor in room air (18*C)

would be no more than 15 5 mm Hg even though
the air were fully saturated, and is usually around
4 Or 5 mm Hg The aqueous tensions of air (satu

rated) at various temperatures are given in table

292
In the measurement of the respiratory gases the

volumes are expressed dry (1 e Je«s the aqueous

vapor, though actually no correction for this is

’ Christie and Loomis from direct measurement#
have obtained a lower value for the aqueous ten
Sion of alveolar air than the usually accepted one
of 47 niTn Hg (namely 45 mm Hg) They claim
that the alveolar air is not fully saturated and that
the temperature of the lung is lower than has been
assumed Hy^pe^nea thw found
aqueous tension by as much as Tmm 0*6 0’oiaitig

the breath increased it by 0 5 ram Hg

TABI C 29 2

Tension of aqueous lapor and water in grams tn

moisture saturated air at different temperatures

Temiimtoie 1

Tension ol Aqueous
\»por

Rater per Cubic
Meter of Ajr

r<m nt irnnr

0
1

4 6 1 4 9

5
1

6 S 1 6 8

10
1

9 1
1

9 4

15 12 7
1

12 S

20 17 4 17 2

30 31 6 30 1

37 47.

required) and at standard temperature and pres

sure (STB)—760 mm HgandO'C The individ

ual gases carbon dioxide or oxygen are then

expressed as percentages of this drv volume
In order to nrnvc at the tension of one or other

gas from its percentage in dry air the figure for

the barometric pressure less the aqueous tension

must of course be u«ed as the ba«i9 for calculation

For example if the carbon dioxide percentage in a

sample of alveolar air (dry ) is 5 6 per cent and the

barometric pressure, (and so of course the total

gas pressure of the alveolar air) is 700 nun Hg,

then (he tension of carbon dioxide in the alveolar

air must be

(56/100) X (760 - 47) - 39 9 mm Hg

Similarly when the Oi percentage tn dry alveolar

air IS 142 the oxygen tension is

(142/100) X (760 - 47) - lOl 2 mm Hg

(4)

Henry s Law of the Solution of Gases If the

temperature remains constant, then the quantity

of a gas which goes into solution in any given

liquid IS proportional to the partial pressure of the

gas

The Exchange of Gasps in tbe Lungs

Toe Pahtui, Pressthies of the Gases iv the
Lung Air

In table 29 3 are given average figures for the

partial pressures of oxygen, carbon dioxide and

zutrogen including argon and other inert gases in

inspired, expired and alvecdar aira The fall m ox

y^n pressure from inspired to alveolar air and in

the reverse direction for carbon dioxide w ill quite

evidently promote the free interchange of these

gases across the pulmonaiy epithelium The inter

change of gasses between inspired and alveolar

au3 is reflected in the intermediate values shown

for tbe gas prrasures m the expired air

txrjges and rarbon diovide ten

BioDs tend to vary with the minute volume
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TABLE 29 3

Composition of atmospheric atr, inspired atr, and
aheolaran at pressure of 1 atmosphere

Barometer 760 mm Hg
1

P»rti»l I^essure*

Gu Expired

Oxygen
Carbon dioxide

Nitrogen, argon etc

Aqueous vapor

Bt

158 25

0 30

596 45

5 00

MX Bt

116

2S

569

47

mm Bt

100

40

573

47

Totals 760 00 760 760

• These are general figures There is considerable
variation between individuals and under dilTerent
conditions The ranged gas pressures in thealveo
lar air for man at rest is from D7 to 103 moi Hg of
ox>gen, and from 35 to 45 mm Ug for carbon
dioxide
Minute amounts of argon helium neon and

other rare gases are present in the atmosphere
and are included in the figure given for nitrogen
They are inert in so far as respiration is concerned,
nor do they appear to be essential for any ph>-8io
logical process

During toluntarj hjperpnca the C0» tension

falls and the Oj tension nscs When the breath

18 held or during periods of apnea, changes of a

ret erse order occur

Nitrogen, so far as respiration u concerned is

inert Argon and other inert gases are included

along nith nitrogen and all of these together or

dinanl} are designated as “nitrogen”, since no

distinction needs to be made in discussions of re

spiratorj physiology

A small but constant amount (about 083 vol

ume per cent) of nitrogen is taken up and dis

sohed in the plasma but it is neither used nor

produeed within the body, hence, the quantities

in arterial and in % cnous blood are identical Itw ill

be noted, howeier, that the perceidage of this gas

IS higher m aheolar and expired airs than in m
spired air Tins is due not to any absolute in

crease in the quantity of nitrogen but to the re

duction of the total xolume of the respiratory

gases resultmg from the greater quantity of cay

gen absorbed than of carbon dioxide put out

Partial Pressures or Oxyoev and Carbon

Dioxide in Blood

In table 29 4 are gnen the tensions of oxygen

and carbon dioxide m arterial and in xenous

blood The xenous blood, it xnll be seen, has a

lower tension of oxygen (by 60 mm ) than the

alx colar air but a higher tension of carbon dioxide

TABLE 29 4

Gas lenstons in arterial and in tenons blood

j

Teiuioa

Venous blood Arterial blood

mm Bt mm Bt

Oxygen 37 100’

Carbon dioxide 46 40

Nitrt^n 573 573

Water vapor 47 47

Totals 703 760

(by 6 mm ) It is to be remembered that the pul

monary capillanea and the air m the alveoli are

separated by delicate membranes freely perme

able to these gases The pressure gradients are

favorable to a rapid inward diffusion of oxygen

(from alveolar air to blood) and an outward dif

fusion of carbon dioxide (from blood to alveolar

air) Equilibrium is quickly establtshed between

the respiratory gases in the alveolar air and in

the blood of the pulmonary capillaries Since the

diffusion coefficient of carbon dioxide through the

pulmonary membrane is much higher than that

of oxygen, the pressure gradient of the former gas

need not be so high for this to occur It will be

seen from fables 29 3 and 29 4 that the tension of

carbon dioxide in the blodd leav mg the lungs, i e

,

U) the mt^ad arterial blood , is the same os that in

the alveolar air Indeed it is the usual practice

when one washes to know the arterial COj tension

to determine that of the alveobr air and assume

that the two are identical It has been shown

however, by Bock and associates that a slight

difference (0 5 mm Ilg) docs exist

Tlfooggen tensjoacl arSe^}J?}ood

returned from the lungs of man is only slightlv

lower than that of the alveolar air Comroe and

Dripps, m a senes of normal human subjects ob-

tained a value of 97 4 Hg for the alveolar air and

97 I Ilg for the arterial blood’—an aheolar air

arterv^ difference o! on]} 03Hg Comparable val

Ues for man were obtained by Lileintha! and as

sociatcs

Gaseous equilibrium is attained not instantane-

ously but progressively along the course of the

pulmonary capillary Diffusion is rapid at the ve

nous end but as blood and alveolar air approach

equilibrium the diffusion process necessarily be

•Since virtually no oxygen is releaswl from the

blood in the artenal system a 'ample taken from

an artery will have the same Oi tension os that in

a pulmonary vein
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D

Fio 201 Kroghs reicrotonametcr A la an
enlarged view of an equilibrntioc chamber coajli
tutiDg the lower part of f?(0 but ^hich ta «hown
onl> in part in the latter dramng A is filled with
aaline solution through the aide tube f, a narrow
tube m(o which the specimen of blood ta totro*
duced, 2

,
so air bubble The Ion er end of J is con

nected by rubber tubing to a cannula Inserted into
a blood ve««el, the blood issuea from a narrow
opening at the upper end of the tube 1 in a fine jet
and pla>8 upon the bubble After the gases in
blood and bubble have come into equilibnum the
latter is drawn into the graduated capillary tube
shown in fi, bj means of the screw plunger (4)
and analjzed according to the following proce
dure The volume of the bubble is first measured,
It IS next drawn into a solution of KOH which
absorbs the CO3 , then returned to the graduated
tube and measured again, the difference between
the two measurements gives the amount of CO,
which it contained The bubble is then passed
through a solution of potassium pjrogaUate to
absorb the 0, , and its volume measured a third
time C IS a model with an attached cannula which
can be inserted directly into a blood vessel

comes slower The length of the capillary and the

rate of the blood flow through it are factore which
must determine the e\tent to which equilibrium

occurs Roughton obtained a figure of 0 76 sec

onds for the tune of passage of the blood through

the pulmonaiy capillaries for normal men at rest,

Che was shortened to 0 24 seconds during heavy
w ork The total i olume of blood in the pulmonary
capiUanes at any moment is also, owing to their

distension, much greater than dunng test,

during arduous exercise the quantitj of blood in

the lungs may be double that during rest

The tensions of oxjgcn and carbon dioxide in

human arterial blood ma> be detcrmmwi by
bringing a small hublde of air into contact with a
sample of the blood obtained bj arterial puncture

The method cmploj^id for the purpose is an ad

aptation to man (Rarcroft and Nagahashi) of a

method originally invented bj Krogh for animals

(bcc fig 29 1) After the gases m the air have come

into equilibrium w ith those dissolv edm the blood,

the small bubble is analyzed and its composition

determined Tlic gas tensions are then calculated

from their percentages Since no gaseous ex

changes occur across the walls of the artenes,

the tensions so detennmed ate those ofthe blood

leaving the pulmonary capillaries It has already

been mentioned that the arterial carbon dioxide

tension IS usually obtained from an analysis of

alveolar air The gas tensions of the blood coming

to the lungs—the mued tenons blood—may be

determined in man by direct or indirect meth

ods In arnmafs mixed venous bfood may be

obtained from the right ventncle by puncturing

the chest vi all vnth a holloa needle attached to a

syTinge

Tlie ^o1llme8 of Oxygen and Carbon Dioxide

in Blood

Knowmg the respective absorption coefficients

for oxygen and cailxin dioxide in plasma, and the

gjis pressures, the volume of each gas in wmple
solution in 100 cc of pla»ina can be readily cal

cubted (table 29 5) For example, the ateorption

coefficient of ovygen in plasma is 0 023 at body
temperature and at a pressure of 760 mm Hg
At the partial pressure of oxygen m arterial blood

the plasma should hold in solution (100/760) X
0 023 « 0 003 cc of oxygen per cubic centimeter

or 0 3 volume per cent The absorption coeflicient

of carbon dioxide in plasma (0 51) or of whole

blood (0 48) IS higher than that of o'^gen, but the

partial pressure of carbon dioxide to which arte-

rial blood IS eiposed 23 ibe long is hirer (40mm

TABLE 29 5

Volumes per cent (cw6vc centimeters 0/ gas per tQQ

cc fitood} of oxygen and carbon dioxide m
orteriat and in venous blood

Vcaou;! Blood .

1

Blood

Cu
Toul

1

1

,oIuUos
Toul

1
soluuoa

Oxygen 12-14
1

0 1 1 19 5 1 0 3

Carbon dioxide 58
I

3 0 1 48 2 5
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Hg) than that of oxygen The qizantitj of the

former gas in simple solution in whole blood is

therefore (40/7GO) X 48 = 25 \olumesperoent
About 19 5 volumes per cent of oxjgen and

from 40 to 50 volumes per cent of carbon dioxide

can be removetl from arterial blood The proper

tions of these ga«es present in simple solution are,

therefore, onl> a small fraction of the quantities

held in the blood in other w aj^s Thej are present

m chemical combination—oxjgen with hemoglo

bm and carbon dioxide mainly as bicarbonate (see

p 459)

Blood normallj contains about 15 grams of he
moglobm per 100 cc Since 1 gram of hemoglobin

carries a maximum of I 34 cc of oxj gen, arterial

blood would therefore, when saturated to its full

capacitj ,
contain about 20 cc of oxjgen Blood

as it leaves the lungs is about 97 5 per cent satu

rated with oxjgen so that the hemoglobin holds

at this degree of saturation about 1 9 5 cc of oxj

gen per 100 cc of blood ’

The photoeleelneal dtlermtnalion of the oiggen

saturation In man, the oxygen saturation can be

determined m the blood as it circulates through

n translucent part such as the pinna of the ear, by
means of the oximeter This instrument originally

suggested by the work of Squires has been devel

oped by Ooldie and by MiUikin The method is

* Since the blood in passing through the capil

lanes of an air sac comes into equilibnum with the
air of that air sac as described previously the
statement that the artenal blood has a tension less

than that of the alveolar air and is only fromOt to

96 per cent saturated requires explanation The
discrepancy is explained as follows The air sacs

are not all ventilated to the same extent in some
the Oi tension is higher in some tower than that

of the alveolar air as determined upon a sample
In other w ords the Oj tension of a sample of aivco
lar air is an average of the Oi tensions of the air

in a’n the air sacs But when we come to consider

the blood coming not from a single air sac but
from the lung as a whole—i e the mixed artenal

blood—It becomes evident that while an under
ventilated air sac will lower the ox>gea tension

and so the oxygen saturation of the hemoglobin
an overventilated one cannot compensate this

effect to anj sicmGcant extent The Oj in solution

(upon which the Oi tension directly depends) is

in equilibnum with that combined in hemoglobin,

and It is evident from the shape of the Otdjssocia

tion curve of hemoglobin that a ri«e in oxvgen

tension above IfX) ram Hg will saturate the blood

very little more, whereas a fall of 20 mm Hg or so

will reduce the saturation verv matenally
The variation between individuaLs in the Ot

saturation of the artenal blood is attnbuted to the

different degrees to which uneven ventilation of

the air sacs occurs and al«o to slight differences in

the shapes of the dissociation curves It was first

shown by Barcoft that the Oj dissociation ewrve

IS not preciselj the same for all persons The dis

similarities are due apparently to slight differ

ences in the chemical constitution of the globin

^ part of the hemoglobin molecule

ba«ed upon the fact that red light (wave length
600 to 7500 nui) is transmitted readily by oxy
hemoglobin, but onlj slightl} bj reduced hemo
globin The apparatus consists of an electric light

bulb and a photoelectnc cell placed, respectively,

flt the front and back ot the pinna The heat of the
bulb dilates the ve«eel8 so that the oxjgen satura
twn of the blood m the capillaries becomes that

of the arterial blood the light transiliummates
the tissue and after passing through suitable

filters IS received by the photoelectric cell The
electric current set up is measured galvanom
etrically and the actual piercentage of oxj gen
saturation is calculated by means of the calibra

tions of the instrument with values established b}

the Van Slyke method This method has proved
of great value in determining the oxj gen satura

tion of the blood drawn by catheter from the right

auncle ventricle and pulmonary arterj m the

diagnosis of congenital cardiac defects (p 522)

Groom and hi« associates have devi«ed a more
CODvement apparatus for this purpose The blood

18 tran«i!luminated by pa««ing it through a tube

composed of polj theoe attached to the catheter

on the opposite •ide the transmitted light is

registered bj photoelectric cells placed re«pec

lively behind red and near infrared (wave length

750 to 900 m*i) filters The oxyhemoglobin concen

tralion is calculated from the value registered by
the first cell, the total hemoglobin from that given

bj the second cell From the ratio of these values

tbe oxygen saturation is estimated

The quantity of oxygen or of carbon dioxide

contained in a given sample of blood {oxygen or

carbon dwxtde content) is detemuned by traasfer

ring the sample to a blood gas apparatus (Haitian

or Van Slyke) and then freeing all the oxygen

from thehemoglobm by the addition of potassium

fcmcyanide, or all carbon dioxide from combma
tioa by the atldition of acid Precaution mu^t be

taken not to permit the sample to come m con

tact with air Smee the cell wall is not frcelv per

racable to Kire(C\)t the corpuscles should be

first laked by ammonia or saponin solution Ha!

dane showed tliat all the oxygen in blood is liber

at«l by this procedure and the oxyhemoglobin is

turned into methcmoglobm (p 57) The oxygen

capacity of a «iample of blood is calculated by ex

posing it to air or oxygen and determining the

amount which it then contains, that is when the

hemoglobin is completely saturated Tlic ratio of

oxj^n content to oxygen cnpacity X 100 gives

the percentage saturation of the blood with oxy

gen Since the quantity of oxygen (I 34 cc ) which

will combine w ith I gram of hemoglobin is known,

the heraoglobm content of a specimen of blood
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maj be calculated from tl)c quantitj of Oj in Ibe o^gen cipacitj of 10 \olumes per cent, it« hemo
blood nben full} «aturatctl, i e

,
from its o\jgen globin content is (10/1 34 =) 7 5 grams per cent

capacitj Torcvimplc, if asampleof bloodhasan w about 60 per cent of the normal

The Transport and Deliver} of Ox>gcn to the Tissues

The small amount of o'ogcn m simple solution

(about 1 per cent of the total) is negligible Tihen

one considers the o\jgcn requHrments of the tis

siicse^cn during rest (250 cc per minute) If the

blood could hold no more tlian this it nould be

neccssarj for some 120 liters to circulate through

the tissues each mmute, c\ cn assuming that nil

the o^gen were gi\ en up during each circulation

^e\crthclcss, the gas in simple solution is of the

utmost importance since it is in equilibrium mth
the aKeolar air on the one hand and on the other

determines the quantitj of 0x3 gen nhich shall be

held m combmation i\ith the hemoglobin Tins

will be made clear from a sludv of the otjgen

dissociation cur\o for hemoglobin

Tlie Dissociation Cune of Ifcmoglobin

Oxvgen enters into chemical combination with

the iron of the hemoglobin molecule (see eh 6) to

form oxyhmoijlobin Each atom of the metal

unites with two atoms of oxj gen The remarkable

feature of the union of ONjgcn with hemoglobin

13 the readiness witli which the gas is released from

combination when its tension m the surrounding

medium is reduced Hemoglobin from which the

OTjgen has dissociateil is called reduced hmoglo
bin The relationship between the partial pressure

of o^'gen and the percenttge saturation of the

hemoglobin with the gas—i e , the proportion of

o>:5 hemoglobin to reduced hemoglobin—can be

shoim m the form of a cune—the oxyyen dtsw-

ciatwi curve of hemoglobin Tlie cun e for a soJu

tion of hemoglobin in distilled water is obtained

in the following manner Se>eral samples of the

hemoglobin solution are placed each in a separate

closed \essel known as a tonometer (fig 292)
The respectue samples are thenexposed toknown
0x3 gen tensions 0, 10, 20, 40 and 1(X) mm Hg
Tile tonometers are rotated continuously in s
water bath at bod3 temperature The solution is

thus spread out as a thm film o%cr the inlenor

surface of the vessel After equilibrium has been

attained, the proportion of o\> to feduced bemo-

globm IS determined \5'hen 100 per cent satu

rated—tiiat is w hen the hemoglobm has taken up
o'^gen to its full capacit}—the solution contains

about 20 volumes per cent of ov5^en TMien a

quarter or half saturated it therefore contains 5
or JO volumes respectively The results are plot-

ted on a chart with the oxygen tensions along the

flbscLssne and the percentage saturation along the

ordinates as shown in figure 29 3

Huffner obtaincfl •'Utb a curve for hemoglobin

from calculations ba««l upon the law of mass

action («co below

)

If the foregoing procctlures arc earned out with

blood instead of with a hemoglobin solution a

different tjpc of curve is obtained as =hown in

figure 29 4 It IS S-shaped

Tlie dependence of the 0x3 gon saturation of

hemoglobin m an aqueous solution upon the par

tial pressure of the gas is m accordance with the

law of mass action which states that ‘thevclocit5

of chemical change la proportional to the product

of the concentrations of the reacting substances ”

In this case the rcactmg substances are reduced

hemoglobin and 0x3 gen The reaction is rev crsiblc

and IS rcprc*=cntctl thus

Hb + Or UbO,

Reduced Oxj bemoglobm
0<) hemoglobin

It IS evident that m the foregoing procedures the

tension of 0x3 gen m the hemoglobin solution, or

m the plasma in the ease of whole blood, came

mto equiiibnum with the 0x3 gen pressure of the

atmosphere introduced mto the tonometer Then,

the concentration of the dissolved 0x3^0 must

be proportional to the partial pressure of the

gas to which the «olution was exposed So,

if C« = coacentmtion of Ot

,

Cr =• concentration

of reduced hemoglobin and Ca concentration

of oxybemoglobm, then the vdocit3 of the reac

tion of Hb with 0* to form HbOj will be proper

tiooal to the product of Co and Cr multiplied b3

Pic Z92 Senes of tonometers The numbers
denote the pressure of 0x3 gen inmm (After Bar
croft

)
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Fio 29 3 Oxygen dissociation curve of a eolu
tion of pure hemoglobin (After Bareroft

)

It mil be recalled that natural hemoglobin

has a molecular weight (about 64,(XK)) four times

greater than was previouslj supposed It may
therefore be given the symbol Hbi It is thought

that each molecule of hemoglobin corabmes mth
four molecules of oxygen, Hb^ + 40j -» Hb40j

The oi^gen dissociation curve calculated bj the

application of the law of mass action to this equa

tion has a more pronounced S shape than any
actually observed for blood On the other hand,

the curve calculated from the equation Hb* + Os

is h3rpcrf>ohc (fig 29 3) It is beheved, therefore,

that in the combination of oxygen with hemoglo

hm under physiological conditions, four separate

but simultaneous reactions take place

Hbi + Oj - Hb,0,

Hb, + 20i = Hb.Oi

Hbi + 30j « Hb40,

Hb. + 40, « Hb.O,

The combination of all these reactions, it has

been suggested, is responsible for the special

&«hapc of the oxygen dissociation curve (figs

294and29 5)

Certain features associated with the shape of

the dissociation cun e of whole blood os shown

in figure 20 4 arc of the utmost physiological

importance It will be seen that with the partial

pre«sur8 of o\-jgen m arterial blood (97 mm
Hg) the bemoglobm is already nearly (93 per

cent) saturated with the gas Exposing the hemo-

globm to a higher oxygen tension, therefore,

Fia 29 4 Composite curve to show the degree
of variation in the oxygen dissociation curve of

human blood as determined upon a number of
persons In each case the blood v as exposed to an
atmosphere containing the same percentage of

CO, as that of the alveolar air of the individual
examined Ordinates, percentage saturation, ab
scissae, oxygen pressure (After Bareroft

)

a constant k, and the reverse reaction, the disso

elation of oxyhemoglobin (HbOO to reduce hemo-

globin (Hb) and oxygen, will be proportional to

Cn multiplied by another constant ki Thus

k(CoX C„)^k.(CH)

At any given tension of oxygen in the opposed

reactions, the formation of oxyhemoglobin and its

dissociation proceed simultaneously until eqinlib-

num becomes established A simple reaction of

this nature will explain the dissociation curve of

a hemoglobin solution but the S-shaped cune of

blood IS thought to be due to a senes of reactions
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will ewe a negligible mcron«c m the total quan

titj of o\jgen taken up bj the blood, and to

gam c\en the ultimate 2 or 3 per cent thco\jgcn

pre«^ure would require to bo raised to o\cr 300

mm llg Tlic Battening out of the upper part

of the cur\e means that rclati\elj little reduc

tion m the percentage «aturation of the liemoglo

bin occurs until the ovjgen pressure falls to

nlxmt half its normal %alue At pressures abo\e

GO mm Hg rchtuely wide \ariatiQns in ahcolar

o\% gen pressure can occur with mmimal cliangw

m the total oxjgen load of the blood At an

ovjgen tension of 70 mm Hg the hemoglobin

IS still about 90 per cent saturated Tlic slope of

the lower part of the cur%e is such that a given

fall m o'ogen pressure causes a much greater

dcsaturation of the hemoglobm The behavior of

hemoglobin as indicated bj the shape of the

curve therefore favors a nearly maximum up
take of oxygen m the lungs so long as the oxygon

pressure 13 abov e 80 mm Hg and a rapid release

of the gas at the lower oxygen pressures which

prevail in the ti««ues (I mm or 10*3 to 60 mm
Hg) It wiU be realized from a glance at the liy

perbobc ciine shown m figure 20 3 how unsuit

able hemoglobin would be ns a earner of O’^gen

if it behaved m the manner indicated by such a

curve The hemoglobin would show a great

avadity for oxygen m the lungs but would not

yaeld up its oxygen load until the partial pres

sure in the tissues had fallen to a very low level

At the pressures which evist in the tissues the

rate of difsociation of oxyhemoglobin would be
many times slower than the rate of its formation

Hemoglobm would thus be worthless as an ovy

gen earner As it is the oxygenation of bemoglo-

bm m the lungs and its reduction m the tissues

proceed at practically equal rates

The EiTects of Reaction and of Temperature
upon the Shape of the Oxygen

Dissociation Curve

A change in the reactvm of the blood toward

the acid side causes the dissociation curve to

flatten toward the right, i e , the affinity of

hemoglobin for oxygen is reduced Carbon diox

ide and lactic acid bberated during ti«ue activ

ity will exert this effect The influence exerted by
COj was discovered by Bohr and is usually re

ferred to as the Bohr effect^ (see fig 29 5)

‘ The oxygen dissociation curve of hemoglobin
IS so sensitive to acid that it has been u^d by
Barcroft and bis associates as a basis of a method
for measunng ciianges in blood reaction A abifl

of the curve to the nj:ht i e when the blood ab
sorbs less oxygen at a given Oj pressure would

Fig 29 6 Oxygen diMOCiation curves of goats
blood fetal two curves on left fflatsmai two
curves on nght Beaded lines about 10th week of

pregnancy intcrrupfed lines about ISth week
(Drawn from data of Barcroft and associates )

Temperature exerts a similar effect upon the

dissociation curve These agencie® therefore,

cause the hemoglobm to liberate its oxygen more

readily ot the lower nxv^en tensions hut exert

httle effect iinon the iipbikp -of nxxgpn at the

higher tensions They 080*10 the reactions in

volvcd m the breakdown of oxyhemoglobin to

be speeded up, the equilibria shown on page 456

bemg shifted to the left Alkalis and a fall m
temperature will of course have the reverse

effect

The oxy^n dissociation curve of fetal hemo-

globm differs from that of postnatal hemoglobin

in bemg steeper as shown in figure 29 6, that is,

at a given oxygen tension it takes up more oxy

gen than does adult blood Yet *!ince the passage

of oxygen from mother to fetus is simply a

matter of diffusion the ternion of oxygen m the

blood of the umbilical vein is the same as that

in the maternal venous blood of the placenta

sadicafo SD Joeresse >b B job coacexitTslJPD and
a shift to the left the rcver«e change
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As gestation proceeds the fetal curve moves
farther to the left and due to increased H ion

concentration the maternal curve moves to

ward the right (See Fetal Circulation p 521

)

Tlie Unloading of Oxjgen in the Tissues

It IS now possible to give a summary of the

manner in which oxjgen is taken up from the

lungs bj the blood and supplied to the tissues

The al sorption of oxjgen from the alveolar air

18 the result simply of diffusion The oi^gen

tension in the artenal blood is lower (never

higher) than that of the alveolar air 11113 is so

even at high altitudes where the alveolar oxjgen
tension is greatly reduced (ch 33) There is no
reason therefore to bebeve that the pulmonarj

epithelium actuallj secretes oxjgen into the

blood ® Tlie percentage saturation of the hemo-
globin IS dependent upon the oxjgen tension of

the blood i e the amount of the gas in simple

solution which as just mentioned is governed

m turn by the oxjgen pressurem the alveolar air

^^o have seen that the hemoglobin m the blood

leaving the lungs is about 9S per cent m the form

of oxv hemoglobin (i e it is 08 per cent saturated

with oxygen)

Practically no oxygen is lost from the artenal

blood until the capillaries have been reached so

the blood reaches the periphery with a high

pressure head of oxygen The oxjgen tension of

the tissue fluids and cells is relatively low but

\ arics w ith the functional activity at the moment
between 1 and CO mm Hg a flow of oxygen from

the jla^ma across the capillary membrane re

suits T1 13 of course will tend to lower the ovy

gen- tension of the capillary blood plasma and

upset the equilibrium between it and the

hemoglobin Dissociation of the latter occurs to

sustain the partial pre'ssure of the plasma oxy

gen In other words a steady flow of oxjgen from

red cell to tissue cell is maintained as a result of

the elojie m partial pressure of the gas The nsc

m temperature and liberation of carbon dioxide

and lactic acid in the tissues as we have seen

shifts the ovjgcn dissociation curve to the nght

and so accelerates the decomposition of the oxy

hcmo;,!obin

Cocflicient of Osjgen Utilization

Dejiendmg upon the particular tissue and its

actmt) at the moment the blood m its passage

‘ The view U at the pulmonarv epithelium does

not aiwaj-9 play the role of a passive membrane
I ut IS caj able of nctivclv eccreting oxygen into

the artenai \ lood was advanced by lioht and later

elaborate I by Haldane

through the capillaries loses from a fifth to nearly

all of its oxjgen load The mixed blood coming
to the lungs i e blood from all organs of the

body, dunng rest is Bomewhat more than 75

per cent saturated with oxygen containmg about
4 5 volumes per cent less than does the artenal

blood,,/rhe figure used to express the proportion

of the total oxygen content of the blood which is

given up to tlie tissue is called the coefficxent of

oxygen utUization Thus if the oxjgen content of

the arterial blood is 19 5 volumes per cent and

that of the venous blood 15 volumes per cent

(le an artenovenous oxygen difference of 4 5

volumes per cent) the coefficient is 1(4 5)/

(195)1 “ 0 23 As mdicated above the coeffi

cicnt vanes considerably for different tissues and

for the same tissue m accordance with the degree

of Its activity

The Respiratory Quotient

The ratio of the volume of carbon dioxide pro

duced by a tissue to the volume of oxygen ab-

sorbed

Volumes COi produced

Volumes Oi absorbed

13 called the lespiiatory quotient of that particu

br tissue The ratio of the«e volumes as deter

mined from the expired air will be the respiratory

quotient of the bodj' as a whole

The Manner m Which tbe Call of the Tissues

for Oxv gen is Met

Increased activity of any tissue always entails

an increased oxygen consumption which may be

aeverol tunes the re';ting value Increase in the

oxygen supply to the tissue above its reqiure

ment on the other Iiand does not increase the

oxygen usage The tissue takes what oxjgen its

activity at the moment demands but no more

There are two waj-a in which a greater de

nmnd of the tissues for oxjgen may be met By

(1) increasing the total blood flow through the

tissue and maintammg a high intracapillarj

oxjgen pressure and (2) raising the coefficient

of oxjgen utilization i e mcreasing the quan

tity of oxjgen abstracted from a given volume

of blood

Both these factors come mto plaj but the

extent to which each operates is not the same for

different tissues The coefficient of oxjgen utili

zatiOQ 13 increased by establishing a steep oxygen

pressure gradient between the plasma within the

capiUanes and the tissue cells That ls the quan

Uty of oxjgen used (Q) will other thmgs being
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wjual, be projwrtional to the difference m intra

capillarj ami intniiollular pressure? (Pc and

pTrespcctiicIj), thus

Q « Pc - Pt

The pressure gradient of ov) gen from blood to

ti'sue cells acts in a sense as a force to dme
ovjgcn through the tissues Tlic farther the cells

are from the source of supplj—the blood—the

loner the oxjgen pressure will be and the less

o\>gen mil thoj rcccne During acttwt> or any
pronounced fall m oxjgen tension of the blootl,

tlie cells most distant from the source of supply

maj suffer anoxia unless more capillanea open

up, and tlius reduce the radiua along nhich

oxygen diffuses Some tissues, however, such as

canliac muscle, take up oxjgen at a pressure

as low as 5 mm Hg (KeiUn) An mcreasc in the

pressure gradient is brought about, (a) bj the

action of acids (carbonic and lactic) and a nsc

m temperature both of which accelerate the dc

composition of oxyhemoglobin and so maintain a
high intracapillarj oxjgon pressure, (b) by lower

mg the oxjgen tension within the tissue cells,

and (c) bj shortening the distance through which
the oxygen must diffu«c, i e , by opening up
more capillaries and «o reducing the radius of

the cylinder of tissue suppliwl by each capillary

Durmg activity more oxygen is consumed and
the oxygen tension m the ti««ucs tends to fall,

thus increasing the pressure gradient from blood

to tissue coils

As mentioned abo\e, uunng arduous work, the

coefficient of oxygen utilization zs mu«h in

creased, and, iincc the blood flow through the

musclis IS greatly increased, as well, the oxygen

supply to the contracting muscles is augmented

seteral foW In man the oxygen consumption of

the muscles may actually be increased by from

twenty to thirty times or m an athlete e\en

fifty times The increase in oxygen consumption

18 broug^it about in part by the remoi al of more

oxygen from each unit of blood

The circulation rate (ch 25) m man may m
crease tenfold or more during muscular exercise

U IS certain howexer, that there is also a redis

tnbution of tiic blood, that is a greater propor

tion of the total blood xolumc is driven through

the muscles than during rest The actual blood

flow through the active muscles max, for this

reason, be twenty times or more greater than

the flow during rest Nc\crthcle®s, though the

red cell has a shorter stay in the capillary it un

loads more of its oxygen, as indicated by the

increase m the cocfDcient of oxygen utilization

The actual speed of the red cell through the

capdlary is not, howexer, as great as might be

thou^t from the increased xolumc of blood

flowing through the muscles, for the opening up

of more capillary channels and the oonseciuent

increase m the total cross section of the blood

atream tends to prevent excessive acceleration of

the red cell’s passage

TIic Carriage of Carbon Dioxide by ibc DIood

jPr i'^huyKfiwir jFtnRfsJuu**’

The total carbon dioxide content of blood

means the amount of COj w hich can be extracted

from a given volume of blood by exposure to a

vacuum after the addition of acid The results

ate usually expre^ed as volumes per cent (v p c )

by which IS meant cc of COj (measured atSTP )

per 100 cc of blood The methods ofVan Sly Jeeand

his cow orkers are now most commonly used forthe

measurement of COj in blood and o^er fluids In

Van Slyke’s manometnc apparatus a known
volume of blood is acidified and subjected to a

partial vacuum in which COj and other gases

are rapidly extracted The gases are then com
pressed to a known volume and their pressure

measured The CO* is removed by introducing

NaOH, and the pres«ure at the same volume is

again measured Fom the change m pressure the

amount of COi can be calculated By such a

method then, it is found that human blood nor

mally contains 50 to CO v p c of CO* ,
the venous

the nrtcnal

It was first shown by Pfluger (1864) that, if

whole blood were xery thoroughly exacuated, all

the CO* could bo removed without the addition

of acid On the other hand, all the CO* m plasma

could not be removed by vacuum alone After

very thorough evacuation the addition of acid

or of red Wood corpuscles allowed the hberation

of more CO* These facts xu^i^ted that, m
plasma, (X)* is present mainly as bicarbonate,

for on exposure to a vacuum NaHCO* loses a

part of its CO* according to the equation,

(A) 2NaHC0,-»C0i + H,0 + NajC0,*

To liberate the CO* m Na CO* it is necessary to

add acid The<e results suggested, too, that the

red cells contam something which can act as an

acid

* At a given temperature (H,CO,) is a constant
fraction of the dissoKed COi

,
and hence does not

require separate representation in the formula
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TABLE 29 6

Solubility of COt in physioloytcal fluids al

body temperature

Fluid Absorpt on Coctfewnt*

Water 0 545

Plasma i 0 510

Red cells 0 44

Whole blood 0 48

The amount of dissolved COi in blood ean be

calculated from ita solubility coefficient m blood

(table 29 6), when the pressure of carbon dioxide

with which the blood is in equilibrium is known

(p ) The dissolved CO» consists m part of

carbonic acid (HjCOi) Although the actual

amount of ffjOOj is extremely amaff (being onfy

about 0 1 per cent of the dissolved COi) it is of

great impoitance When HiCOj enters the blood

nhich IS a slightly alkalmc solution, it combines

uith base to form bicarbonate (BHCOt) until an

equilibrium is reached between the three forms

of CO,

(B) CO,?± H,CO,?s BHCO,

The relative amounts of those three forms at

equilibrium depend upon the pH of the solution

and can be calculated from the Henderson

Hasselbalch equation

(C) pll pKi 4* l08
(BHCO,)

(CO,) dissolved’

pKi 18 a composite constant which in normal

plasma has a value of about 6 1 The pH of

plasma is normally about 7 4 Hence ne may
write

(D)

or

74 = 61 + log
Bicarbonate COt

Dissolved COih

Bicarbonate CO, ^ 20

Dissolved CO, 1

If the pH of the plasma is abnormal this ratio

will, of course, be different

The mtenor of the red cell is more acid than

the plasma Consequently, the ratio ol bicarbon

ite to dissolved CO, will bo smaller Further

more, smee the water content of the red cell is

less than that of plasma, the amount of dissolved

CO, will be less too For these two reasons thoi,

* Cubic centimeters CO, (measured at S T P )

dissolved id 1 cc fluid at a pressure of CO, of 760

mm Hg

at the same tension of CO, , the cell contams

total carbon diovide than the plasma \et,

as we shall soon see, the red cells play the domi
nant role m the transport of carbon dioxide

Tub Role of Hemoglobin in Cxbbon
Dioxide Transport

When carbon dioxide enters the blood from

the tissues it combines with water to form

H,CO, This reaction is rclativclj slow m most

solutions with a pH close to neutrality In the

blood, however, the reaction is catalyzed by an

enzyme carbonic anhjdrase, which is found in

the red cell but not in the plasma The H,CO, is

thus formed within the cells Ivearly all of the

RjIX), thus formed then combmes with base to

form bicarbonate The base available for com
bination is that which is already combined with

Weaker acids mamlj proteins, which arc dis

placed by carbonic acid according to the equa

tion,

(E) H,CO, + KHb si HHb + KHCO.

Hemoglobin is used as the example m this equa

tion b^ause it does m fact, furnish dirccth and

mdircctly, the greater part of tlie base used It

does so for a number of reasons In the first

place, it comprisos about three quarters of the

total protein m blood Secondly it holds m com
bination an even greater proportion of the base

held by weak acids in the blood, because it has

80 many weak acid groups in its molecule

Thirdl}, It has the remarkable propertv of chang

ing its acid strength with its degree of ovygena

tion TVlien the blood is in the tissues, it lo'os its

o'ljgen, and the hemoglobin becomes a weaker

aeid and able to > leld more base to carbonic acid

1ft the lungs the bemoglobia iS oi^genatcfl and

brreomes a stronger acid This assists in displacing

carbonic acid from combination with base and

in tummg it out of tho bloml Figure 29 7 show s

the titration curves of oxjlicmotlobm and hemo

globui It will bo seen that at the same pH o\j

hOmoglobm is combined with more base than is

hemoglobin, le, 0x3 hemoglobin is the stronger

aqid

Hiat hemoglobin behaved m this peculiar waj

was first suggested bj ChnstiaJisen, Douglas and

Haldane (1914), who investigated 'tSe carbon

dioivie dusoctation cvne of reducedand oxvgen

ated wh(dc blood /ks in the construction of an

oxygen dissociation curve, samples of o\)gcn

atrf or reduced whole blood are brought into

cquilibnum in a senes of saturating vessels

odled tonometers, with different pressures of
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COi The COj contents of the cquijibratrd

bloods are then determmef! b> analjsis and
plotted against the corresponding gas tensions

Christianson Douglas and Haldane found that

the cur\c for o'^genated blood wtxs loner tlian

that for rwluced blood In other nortls reduced

blood could carrj more COi at the fame tension

of COi than ovjgonatod blood (fig 29 8) For

nian> jears it was thought that this phenomenon
was due ontirclj to the cliangc in acid strength

of hemoglobin on OYigenation Itcduccd heiso

globm being a weaker acid would Meld more
base to carbonic acid and hence, at equal pres

sures of CO}_, more bicarbonate wouldji^formod

It now appears however that SO per cent or

more of tills plater COrcombining power of re

duced blood is due to the greater power of re

duced hemoglobin to combine dircctlj with COi
Leaving i^idc the question of how the greater

COrCombinmg power of reduced blood is effected

let us consider the phj-swlopcal importance of

the phenomenon Bj examining figure 298 it

wiU be «ecn that if the blood represented by
point A on the curve took up 6 v p c of COj,
from the tissues and no reduction of the bemo
globm occurred the ten«ion of COt m the blood

would nse by about 14 mm Hg If however,

about G \ p c of 0 ate lost from the capillary

Fig 29 7 Curves to show the amounts of base
(Iv) bound by oxygenated and reduced beiaoglobili
at varjang pH The slopes of the curves represent
the buffer values in terms of the equiv^ent of
lase required to cause unit pH increase ffrena
Feters and Van Slyke Quanitlalite Clinicaf Chem
jslrt/ Vol 1 1932 from data of Hastings \an
Sljke Neill Ueidelberger and Hanngton)

3

4 30

o“

|.o

Flo 29 8 Carbon dioxide dissociation curves
of fully reduced human blood (upper solid line)

m prc'ence of h>droEen and Cull> oxvgenated
human t food (loner smid line) in presence of air

tolumcs of COt along the or iin&tes COt tension

along the abscissae Line AVB is the «o called

phisiological disrocistion cun o of CO i e as a
mult of the reduction of I emoglobin the relation

of volumes ol COi to COr tension is indicated at

R
omts along this line and not along the lower curve
>r ox>genated blood At I (arterial point) are

indicated the volume and teD«ion of COi in arterial

blood Point B ind cates the conditions in fully

reduced blood Point T (venous point) represents
the degree of reduction of heoioelobia which nor
molly occurs id the body dunng the passage of the
blood through the systemie capillaries The po«i
tion of the line A^B vanes with the respiratory
quotient moviDg to the right or left respectively
with a n«e or fall in the It Q Its position in the
Sgure corresponds to a respiratory quotient of
about 0 S The interrupted line below is the CDs
dissociation curve for oxygenated dogs blood
(ModiSed from Chmtiansen Douglas and Hal
dane )

blood (as indicated by pomt V) the extra COi can

be taken on wath a rise of only 7 mm Hg m tbe

COi tension As the change m COj tension la

mimmized bo too is the change m the pH of the

plasma because at the lower pressure of COj
less free carbonic acid is present In the lungs the

reverse reactions occur Here oxygenation of the

bemoglobm reduces the COrCombining power of

the blood and a Bmaller fall m COj pressure is

effective in removing the excess COz
The dominant role of the red cells in COj

transport can be further demonstrated by con

tiastiog the CO* dissociation curves of eeparatfd

plasma and true plasma The latter is constructed

bj expiring whole blood to different pressures
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Fic 29 9 CompansoQ between the COj <li3

conation curves of blood and of separated and
true plasma from the Game blood (After Evans,
ledravn from data by Joffe and Poulton )

of COj and tlien separating the plasma and
analyzing it for COj

,
the former by equilibrat-

ing plasma m the absence of red cells (fig 29 9)

It IS apparent that the curve for separated

plasma is much flatter than that of true plasma

T>hich signifies that much larger changes m COj
pressure and pH accompanj a given change in

CO} content in separated plasma Evidently

separated plasma is not as uell buffered as true

pl^ma The greater buffer power of true plasma

must bo duo to the red cells e know
,
however,

that base ions, e g , K* and Na* cannot pass

from the red cell into the pla«ma, bccau«e the

red cell membrane is impermeable to cations

with the exception of H* Con«equcntlj, the

red cells must increase the buffer power of the

plasma indirectlj They do so by means of the

chloride shift or Ilamberger phenomenon

If CO} IS added to whole blood and the cor

puscles and plasma are analyzed separately, it

will be found that

(1) The bicarbonate content of both plasma

and corpuscles has increased

(2) The chloride content of tlie corpuscles has

increased

(3) The chloride content of the plasma has

decreased

(4) The metallic cation content of the cor

puscles and plasma has not changed

(5) The water content and volume of the cor-

puscles has mcreased

v-The reverse changes occur when CO* is re-

"''^moved from blood by evacuation Evidently,

there is a transfer of the chloride from plasma to

cells when COt enters the blood, and the reverse

process when CO} leaves the blood, hence the

name, chloride sliift A simple qualitative ex-

planation of this phenomenon can be given

AMien COi enters the blood, more HCO»“ is

formed in the corpuscles than m the plasma, be-

cause they contain more available base for neu-
tralizmg H}CO» Tliese exce«s HCOr ions tend

to diffuse out into the plasma, but, owing to the

electrostatic attraction of the cations within the

cells, can only do so if an equal number of Cl

ions enter to take their place Thus HCO," from
the cells enters the plasma in exchange or Cl"
wbieh enters the cmpuscles Tins process will

continue until an equilibrium is reached which

has been found to agree (very nearly) with the

distnbution required by Donmjin's theory of

membrane equilibria (p ) This requires the

followmg relations •

iH*) ici-j ^ m*) ^ ici-i
'

cells ^ cells plasma ^ plasma

(H*| [HCOrl ^ (H+I [HCOrl
cells

^
cells jilasma ^ plasma

or

|H*| plasms 1C1)~ cells [HCOil cells

(H*) cells {Cl ] plasma (HCOj ) plasma

Hie phenomenon can, in fact, be explained very

prcci«ely in terms of the Donnan theory Mlicn

CO} enters the blood the ratio (HCOr) cells/

(HCO»“) pla«ma increases becau«e more base is

available in the cells Similarly because the buffer

power of plasma is less than that of the cells

(H*) plasma/(H*) cells increases The Cl" of

the plasma must now pass mto the cells in ex

change for HCO» until the ratios are again

equalized at a new level Since the new ratio is a

higher one, the number of oamotically active

particles in the cells must now be higher than m
the plasma Consequently, water enters tlio cor

puscles to equalize the osmotic pressures of the

corpuscles and plasma and the volume of the

corpuscles increases If stasis of blood occurs

dunog the withdrawal of blood from a vein, an

abnormal amount of COi miy accumulate and

the relative volumes of corpuscles and pla«ma

may be appreciably altered Hence stasis is un

desirable when the blood is required for purpo«os

where the relative volumes of corpuscles and

plasma must be measured, e g ,
m the estimation

of blood volume

• In applying the Donnan equilibrium to the red

cell, the only cation which can be regarded as

diffusible through the red ceil membrane is the II

lOB



CkapUr S9 UPTAIvE AND DELIVERY OF RESPIRATORY GASES 463

Thf EvoLtmov or Carbok DioxtoE

IV THE Longs

The pressure of COj m the aUcoli is kept by

respiratory actiuty at a lower lc\el than it is in

venous blood, hence CO: diffuses from the blood

into the ah coll This disturbs tlie equilibrium

between the three forms of COi and causes re

actions to proceed m the direction indicated be

low

BHCO,- HsCO, CO, + H O
(G) i

(diffuses out)

It has been known for a long time that the re

action SiCOt ^ COs + is infiercntfy a
slow one It IS known too that the blood spends

onlj about one second m the capiibncs of the lung

and about the same time in the capillincs of ac-

tiic ti'^es The lelocita constants of these rcac

tions m solutions other tlian bloo<l are known too,

and it can be calculated that if blood had not

certain peculiar properties, the time which it

spends in the lungs would scarcelj allow the escape

of 10 per cent of the COi which wo know does cs

cape Rapid loading and unloading of CO, by the

blood IS accomplished in two waj's. Tlic first,

which has been mentioned already, is the action

of the cnziTue, carbonic anh\dta«e, which accel

erates enormously, in either direction, the revers

iblereactionHaCOj^CO* +H:0 As the carbonic

anhjdrasc of tlic blood is found only in the red

colls and not m the plasma, we may deduce that

the rapid charges in COj content occur priroanJy

m the red cells while the plasma comes more
slowly into equilibrium with the cells, perhaps

after the blood has left the capillaries

Carbomc anhydrase is present in a number of

other animal tissues besides the erytlirocytcs,

e g , in gastnc jnucosa and the mucosa of the

small intestine as well as in the renaLcwicx,

pancreas, 1ms and retina, brain, spleen,

muscle, bver, tes^, in the deducts of hens,

w here its function appears to be concerned m the

deposition of calcium m the eggshell, and in

saliva Its physiological significance in most of

these situations is unknown Carbonic anhy drase

IS a protfm. and zinc, as showm by Ketlm and
Mann, IS an important constituent of its mole
cule The action of the enzyme is destroy ed by
an mhibitor m plasma, which has been identified

as a pseudoglobulin It is also inhibited by sulfa

nilamide, cyanide, sultocy anateT^nd by heavy

metals Different sulfonamide drugs differ m
Cficu abifity to inhibit carbonic anhy drase The

ones most commonly used therapeutically arc

weak inhibitors of this enzyme Some, however,

have been developed for this special purpose,

such os, ocetarolamide (Diamox) It is used

particularly as a diuretic m cardiac failure It

acts on the kidney to increase the excretion of

sodium and potassium, an action which seems

to depend on the inhibition of carbonic anhy

dro'vi

.^.Tlic otlicr mechntiism for the rapid combma
tion and dissociation of CO, m blood is the direct

combination of CO* mth hemoglobin This re

action docs not go through the stage of carbonic

acid and is very rapid For many years past the

existence of such a compound has been generally

denied tt is now accepted however About_2o_

per cent of the CO, liberated m the lungs under

normal resting conditions is carried m the blood

m direct combination with hemoglobin Never

Ihelcsa, the total amount of CO: m the blood

combined m this way is small, probably it never

amounts to more than from 8 to 10 per cent of

the total CO: But the fact that r^uced hemo
globm combines with more CO: than does o\y

hemoglobin gives the compound an enhanced

importance m the transport of COj , it accounts

for from 20 to 25 per cent of the gas freed in the

lungs

Carbon dioxide docs not combine with the

hemoglobm molecule m the same way that 0*

and CO do It apparently combines with an

NHt group to form a so-called carbamino acid

Hence, one name su^ested for this compound

IS hemoglobo-carbamic acid (Hb NHCOOH)
Another name less descnptivre but possessing the

virtue of brevity is carbhemoglobm

Carbammo compounds of CO: w^th ammo-
acids arc well known and the technique of esti

mating these simpler compounds has been

adapted for determining carbhemoglobm Other

forms of combined CO*, such as NaHCOi, can

be precipitated as BaCO: by the addition of

alkaline BaCl* The barium salts of the carb

ammo acids are soluble and remam m the super

natant fluid after centrifuging The affinity of

Hb for CO: diminishes with pH, and with strong

acidification all the CO* dissociates off Conse

quently, the Van Sljke technique for estimating

total CO: can be applied to the supernatant fluid

to measure the carbhemoglobm

An increase m the CO: pressure of the blood

should, per se, cause the formation of a greater

amount of carbhemoglobm, but smee an mcrease

m CO* pressure is always accompanied by an

mcreavid acidity, which lowers the affinity of



Flo 29 10 Upper curves showing the propor
tions of the difference in COj capacity of reduced
and of oxyhemoglobin which is due to the hi^er
carbsmiDO content of reduced hemoglobin The
shaded area represents the proportion due to
carbaminoCOj Lower curves showing the negli

' ffect of a rise m COj tension upon the carb
lobin content of blood (After terguson and
ton modi6ed )

Hb for COt variations in COj pressure over

physiolopcal ranges have actually little eflfect on

the carbhemoglobm content of the blood That

IS to say the dissociation curve of carbhcmoglo

bin IS practically flat oter physiological ranges of

CO* pressure 'ITie mam factor of physiological

importance m displacmg COi from Hb is oxy

genation of the Hb (fig 29 10)

About 5 per cent of the total COi in blood is

physically dissohed Two to ten per cent de

pendmg on the degree of oxygenation of the

hemoglobin is combmed directly with hemoglo-

bin (carbhemoglobm) The remainder is present

as bicarbonate and as such is combined with

base which has been yielded to HjCO* by the

weak, acids of the blood the most important of

these is hemoglobm
The COrCombmmg power of reduced blood is

greater than that of oxygenated blood (1) be

cause reduced 1 emoglobm is a weaker acid than

oxyhemoglobin and (2) because reduced hemo
globm can combine directly with more COj to

form caibhcmoglobm tban can oxygenated hemo-

globin

Base yielded by hemoglobm participates m
directly m the carnage of CO* by the plasma by
means of the ehlonde shift Ba«e within the cells

oeutralucs the Cl ions which enter the red

cells thereby leaving base m the plasma free to

neutralize HCOi ions

As the blood passes through the lungs it loses

a small part of its total COj (i e about 10 per

cent) The elimmation of COi is accomplished

with minimal change in pH and m COt tension

by tbe concurrent oxygenation of the hood

which decreases the COrCombming power of the

blood m tbe two wajs mentioned alrave

The transfer of COi to and from the blood

whde it IS m the cap llariea can be accomplished

RED CORPUSCLE
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in less than one second, liccaii'ie (1) carliomo

snlijclrase catalyzes the slow reaction IIjCO*

^ COj + HjO and (2) because the formation

and dissociation of carbhcmoglobin is inherently

rapid (fig 29 11)
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THE MECHANICS OF BREATHING

Phtsioloqical Anatomt

Air enteriDg through the nasal opemogs is

warmed, and some of the gro««er impurities are

retained by the fine hairs around the nostrils and
by the mucous secretion The nasal cavity )ust

within the external nares (vestibule) is lined with
skin The remaining parts of the nasal cavities are

lined with mucous membrane which la covered by
a lajer of ciliated columnar epithelial cells and
scattered ''goblet” cells, it is continuous with the

membrane lining the accessory nasal sinuses The
nasal lining is verj vascular, it contains a venous
plexus whoso channels anastomose freely and give

the mucosa an appearance suggestive of erectile

tissue The vascular channels are dilated by eev

eral conditions, e g ,
infections, local irnlaoU,

certain anaphylactoid states and a rise in tempera

ture of the inspired air or of the environment, or

by local heating of the skin, the mucosa swells and
the airway is narrowed in consequence Cooling

the inspired air or skin causes vasoconstnclion,

as will also the application of adrenaline or epbed

nne to the mucosa The vascularity of the mucosa
18 also influenced reflexly by (he application of

heat or cold to the skin of remote regions of the

body The pharynx is, of course, a common path

w ay for food and air As the food passes the Isryn

geal opening this is closed by refiex scfioa and
respiration is inhibited The surface epithelium of

AWAsJ ps.'t ihff pksr^Bi a? wJ.h

Cilia and goblet cells In the oral part of the pbar

ynx the epithelium is of the stratified aquumous

type The epithelium of the bronchia! tree presents

very definite changes as one proceeds from the

larynx to the terminal bronchioles Tlie stratified

squamous covering of the upper part of the Jaiynx

changes to ciliated in the lower part of the vesti

bulc of this organ The vocal cords are covered

with squamous epithelium, but ciliated cells again

line the trachea The epithelium of the trachea

contains aUo goblet cells and raucous and serous

glands The large bronchioles are similar to the

trachea in this respect, but in the bronchioles the

goblet cells and deep glands are lost

CiiiA The nasal secretions are moved toward

the no«triU largely by the action of cilis The
sinuses are kept clear, under normal conditions,

by the beating action of the cilia with which the

cpitbelmm is very plentifulh supplied As stated

4G6

above, ciliated cells are found m the nasal part
of the pharynx, in the lower part of the vestibule

of the larynx and m the trachea The cilia beat
With a motion which propels material toward the

mouth Thej become even more abundant when
the large bronchioles are reached, but are largely

replaced by cuboidal or flattened cells m the

respiratory bronchioles

The efficiency of the ciliated cells of the trachea

and large bronchioles in propelling mucus and
waste material orally i«, under normal conditions,

of a high order The ciha are not influenced by
nerve impuUes, but are very susceptible to chenu
Cal changes in the blood and to substances applied

locally Certain general anesthetics depress their

activity and many sedatives evert the same effect

Ciliary action is depressed by cold and increased

when the temperature of the cells is raided slightlv

above normal The efficiency of the cilia depends in

part on the viscosity and stickiness of the mstensl
which IS ID contact with them Their effeetiveness

may be varied b> changing the properties of this

material as well as by an increase or decrease in

the rate or force of their beating The motion of

the cilia IS wavebke and has been well compared

to the undulation of a field of windswept gram
The individual cilium moves, in the direction in

which its force is exerted with a wbiplike motion

and then relatively slowly returns to its former

position

Elastic tissle The bronchial tree is rich in

clastic tissue, most of the fibers being disposed

longitudinally in the tunica propria This elastic

membrane, which extends throughout the trachea,

bronchi and bronchioles to the alveoli, is reaponM

ble for the recoil of the bronchial tree dunog ex

piration and probably in large part for the recoil

mechanism of the whole lung In the larynx,

cartilage supports the special structures neees

earj for the attachment of the vocal cords and the

functioning of the glottis The cartilaginous rings

In the trachea are incomplete on their posterior

aspect This arrangement provides for some con

traction of the trachea, but the lumen cannot be

obliterated as is the ca«e with the small bron

chioles The tracheal lumen is narrow ed somewhat

when it 19 elongated during inspiration

ucscix The ends of the cartilaginous rings of

the trachea may be approximated by the action of
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the transverse smooth muscle fibers In the bron

ehi the band’’ of fibers tend to become circular and

this 18 seen even more definitely in the bronchioles

The amount of mu«clc i8 reduced in the rcpiratory

bronchiole and does not extend bejond this eub

division of the bronchial tree

Blood supply The bronchia! tree as far as and

including the respiratorj bronchioles, u supplied

by a rich plexus of ncbscIs derived from the bron

cbial arteries—branches of the thoracic aorta The
blood IS collected by the bronchial veins ^bich in

the ca®e of the right lung empty into the azygos

vein Those from theleft lung arc tnbutarj to the

left “upenor intercostal vein (or •’ometimes to the

acce“*or> henuazjgos vein), but a part of the

blood brought to the lungs bj the bronchial ar

tenes is returned direcU> to the pulmonaiy veins

and some, as mentioned below, enters the pulmo
narj vaecular bed The rcspiratorj pari of the

lung receives its blood from the pulmonary artery

,

the blood being returned via the pulmonary veins

to the left side of the heart Anastomo«e8 between

the pulmonary and systemic systems of vessels

occur, however, m the walls of the respiratory

bronchioles so that the blood from this region of

the bronchial tree is returned in part to the right

side of the heart and in part to the left Such
anastomoses are more numerous in certain inOam
matory pulmonary conditions and tt has been

thought possible that an abnormal increase m the

amount of blood entenng the pulmonary va«cular

bed through such channels might rai«e the pre*«ure

m the capillaries sufficiently to overbalance the

colloid osmotic pre«sure of the plasma and lead to

pulmonary edema It has been suggested that eer

tain types of paroxy smal pulmonary edema may
be produced in this way

,
as a result of reflet vaso

dilation of the anastomo^mg channels of the bron

chia! arteries However, the greatest quantity of

bronchial artery blood v. hich enters the pulmonary
system has been calculated to be not more than 1

per cent of the total pulmonary circulation even
with maximal va®odilation It appears unlikely

that this would be sufficient to senoudy alter the

liydrostatic-osmotic balance in the pulmonary
capillaries Not quite all the blood of the pulmo
nary artery traverses the capillary bed of human
lungs, a portion is shunted through artenovenoua

ana«lomo«C8 a fact which accounts for the passage

of relatively large parasites through the lung®

NeavE BcrpLY or tkb broncuiolcs Excitor

(broncboconstnctor) fibers to the bronchiolar

rau'cle arc derived from the vagu® and inhibitor

(bronchodilator) fibers from the svmpathetic

Aflerent fibers from the lungs run id the vagus

The nerve supply to the pulmonary ve^'els is

considered in eh. 2S The bronchioles are con

stneied by acetylcholine pilocarpine histamine

and by certain foreign proteins (anaphylactic

reactions) They are dilated by adrenaline epbed

noe and atropine (figs 30 1 and 34 5 p 518)

Tiicbroschioles ASPAiB SACS MacUin divides

the bronchial tree into two parts The first part

which extends from the trachea to the (erminof

5ronc5to!e inclusive serves simply as an air con

duit and like the branches and twigs of a tree

posses«es no respiratory function The terminal

bronchiole is simply the last of a senes of subdivi

Fio 301 Gmneapig Shoning thebroncboconstnctoreffect ofatimulatingthe vagusof tbesameside
The effect lasts after stimulation has ceased \tropinem moderate dose had a very slight dilator action
adrenaline m small quantity caused marked bronchodilatiOQ Dunng this action further stimulation of
the vagus bad an almost negligible effect (After Thornton )
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Fig 30 2 Descnption in text

Bions of these nonrespiratory bronchiolee The
muscle lo its wa]] js more highly developed Ibso

m any other part of the bronchial tree and when
fully contracted exerts a ephincterhke action

which can completely shut oS the air supply to

the air chambore beyond The structures lying

distal to the terounal bronchiole are the leaves"

of the bronchial tree They are respiratory in fune

tion I e ,
an interchange of gases between lung

air and blood occurs across their walls This pari

consists of (a) the reipiralorybTonckiole$ (b)oii«>

lar duets, (e) alveolar sacs and (d) pulmonary

alieoU The cluster formed of the<e structures to

gether constitutes a lung unit or primary Mule
(t e the group of structures w hicb like the oeph

ron or renal unit carries out the specific function

of the organ) It is the distensible or bellows pari

of the lung

The respiratory hronchiote has the same diameter

as the terminal bronchiole, of which it appears as

a branch or a continuation The alteofar duels, five

or SIX in number, arise from each respiratory

bronchiole (fig 30 2) Each alveolar duct after a

X anable number of rebranchings gives nse to from

3 to 6 dilations the alreofar sacs The bays in the

w alls of the latter constitute the pulmonary aheoh

which are lined b> a single layer of Rattened epi

thelial cells cemented together The alveolar walls

contain clastic fibers and a nch network of capil

lanes Frequently a single capillary channel alone

intervenes between the walla of adjacent alveoli

The blood m the capillaries is therefore separated

from the air m the alveoli by two membranes of

the utmost delicary—the alveolar and capillary

walls—so the greatest freedom is afforded for the

diffusion of ga«es from the blood to the alveolar

air and from the alveolar air to the blood (Willson,

Macldm) *

The bronchioles, as they are traced toward the
penpheiy of the lung, branch and rebranch re

peatedly, diminishing in length with each subdm
Sion The first branchings are about 1 5 mm ir

length and from 0 3 to 0 4 mm in diameter The
terminal and respiratory bronchioles are from 0 2

to 0 5 mm m length, but of about the same diam
eter as the earlier subdivisions That is, the bron
chioles, though becoming shorter, show practically

no decrease in diameter as they pass toward the

periphery The alveolar sacs, however, are con
Biderably wider than the respiratory bronchiole or

than the alveolar duct from which they arise The
diameter of each pulmonary alveolus which has a
semiglobular form is from 0 075 to 0 123 mm

,
and

the total number in the lungs has been estimated

by Zuntz at 750 millions Willson estimates the

total epithelial surface of the lungs at 70 square

meters Of this, probably 55 square meters is

respiratory, this is over 25 times the surface area

of the skin

The Expansion of the Lungs at Birth

Before birth the alveoli contain a small quan*

tity of fluid, the thorax is unexpanded and com*

plctely flUed by the quite airless lungs At this

tune the smaller proportion of the blood of the

right heart passes through the Jungs The re-

mainder passes by the ductus arteriosus into the

aorta and via the foramen ovale m the intcraunc-

ular septum to the loft heart Respiratory move*

ments are made by the fetus tn ulcro, a fact

clearly demonstrated bj the work of Barcroft and

of Snyder and Roscnfeld In man, they can be

induced by suitable stimulation after the 17th

week India ink mjectod into the amniotic sacs of

nbbil3 nss fouodia theahe€4i Tka sigaiRcsnee

of the latter observation is debatable W indie

states that he has observed the aspiration of am
niotic fluid into the alvcoh of experimental am
Rials only under asphyxial conditions Davis and

Potter, on the contrary, injected thorotrast (a

radio-opaquc maternl) into the amniotic sacs of

ten women about to be delivered by Caesarian

section and were able to demonstrate the presence

of the material in the lungs of half of the newborn

infants

The fetal respiratory movements are readily

* The results of Joselyn s studies on the anat

omy of the alveoli strongly suggest that the alveo

lar lining may be a discontinuous membrane and

that the capillaries are uncovered In certain

areas, therefore the air m the alveoli would bo

separated from the blood only by the capillary

endothehum and a small amount of fluid
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induced bj tactile stimulation Either anoxia or

carbon dioxide e\cc«a alone cau*^ atrong ino\e-

ments, Asphj'xn, caused bj clamping the iim-

bibcal cord, bnngs about gaiping respirations

The fetal respirations are depressed by anesthet-

ics, narcotics, or bj carbon dioxide deficit In ex-

perimental animals the son«itii itj to anoxia and
COj (inhaled bj mother) has been obsened to

vary with the age of the fetus’ Barcrofl and
Kanonen found that anoxia, induced in pheep

fetu'es by cj anide, had no effect upon Uie tes-

piration”, except between the 5Sth and Diet days,

before and after this time, no effect was obsen ed

Thej believe that the effects are brought about

through the carotid bodj (ch 32) Tlie commence-

ment of breathing at birth thej attribute to cu-

taneous nenc stimulation, rather tlian to mdd
asphyxia

At the moment of birth the fe5pirator> mo\c-

ments become more forceful, the diaphragm de-

scends and the external intercostal muscles con-

tract with the result that the diameters of the

thoracic canty are very con«iderabIy increased

A large proportion of the venous blood is now

convejed through the lungs The general enlarge-

ment of the capacit> of the thorax—a clo'tcd

eav itj—tends to reduce the pressure on the outer

(pleural) surfaces of the lungs The greater the

degree of enlargement of tlie cheat, the greater

mil be the reduction in the pressure upon the

outer pleural surfaces The interior of the funp,

however, is m direct communication, through the

air passages, with the atmo«phere. The visceral

and panetal pleurae being inseparable Oie luogs

follow the thoracic wall as it enlarges, and there-

fore must expand The reduced pressure of the

pulmonary air as a result of the expansion results

in a flow of atmospheric air into the lungs Full

expansion of the lung is not attained until some
few da>s after birth The lung throughout the

individual’s life remains m tlie expanded posi

tion—pressed asitw ere against the thoracic fraiue-

work as a result of the greater pressure exerted

upon the alveolar than upon the pleural aspects

of the pulmonary tissue ^
Rhythmically alternating increases and reduc-

tions of the expanded state of the lungs initiated

at birth continue throughout life and coDstiUjte

’Windle has drawn attention to the senous
effects upon the central nervous 8>9tem of feud
anoxia, even of short duration, and suggests that
aspliyxia of the newborn even though of short
duration, may be responsible in some instances for
nervous and mental conditions e g siibnonnal
mentalitv, oreven feeble inindedness in the adult

respccln clj the inspiratory and expiratory phases

of respiration The alternate inflations and par-

tial defiatjons of the lung are the direct result of

corresponding changes in the capacity of the tho-

racic cavity occasioned by tlie movements of

the diaphragm and other respiratory muscles

Oianges in pressure within the lung—the

tnirapulmonary pretsure—and upon its pleural

surfaces—the intrapleural pressure—occur coin-

cidcntly luth the alterations m lung volume

IXTRAroLViovAKT pnESSOKB The mean intra

pulmonarj pressure is atmospheric but there are

rh> thmic variations w tth the pha<ses of respiration

These variations may be demonstrated by con

xaxixj) »Jih a xasaeaxeteraad b^aath

iflg nith the mouth closed The pressure will be

found to be about —2mm Hg during the inspira

tory phase and to ri«o to +3 or +4 mm Hg during

the expiratory pha«c of ordinary quiet respira

tion *The vanalions are accentuated considerably

dunng forced respiration The maximal negative

pressure capable of being developed within the

lungs by a forced inspiration as when a strong

aucteng effort is made is from —40 to —50 mm
Hg When expirator> efforts are made against a

c)o«ed glottis as in coughing during muscular

effort with straining or dunog defecation or mic

tunlion the intrapulmonar^ pressure becomes

raised by from 10 to 40 mm Hg above the pressure

of the atmosphere If the free flow of air into and
out of the lungs is hindered as a result of some
diaeased condition the intrapuliaonary pressures

Will be increared beyond the normal range

The pleokal cavities The lungs are invested

by the visceral layer of the pleural membrane

The membrane is reflected from the root of each

lung on to the inner aspect of the walls of the

chest and upper surface of the diaphragm—this

IS the panetal layer of the pleura The two layers

thus form a closed membranous sac on each side

of the chest The potential space enclosed b3 the

pleural membranes is «poken of as the pleural

cavitj In health no octuai space exists, the two

membranes are m apposition except for a thin

film of fluid which serves as a lubricant to allow

the surfaces to glide over one another during the

respiratory movements This potential cavity

may, however, as the result of disease become

an actual one Serous fluid (hydrothorax), pus

(pyothorax or empiema), blood (hemothorax) or

air (pneumothorax) may collect and separate the

•Aa a result of the obstruction to breathing
offered by the apparatus these values are some
what greater than actually exist during norma!
breathing
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two layers Between the two pleural compart-

ments lies the tntdiaslmum, a spaee which is sub-

divuled by the heart with its pencardial invest-

ment mto an anterior and a postenor part—the

anterior and posterior mediaslina

IvniAPLEURtL pressuhfs It has already been
mentioned that the pressure on the pleural sur-

faces of the lungs is le'ss than that upon their

alveolar surfaces, i e
,
the mtrapleural pressure is

Bubatmosphenc We must now con«ider the man-
ner in w hich this ‘ negativ e ’ pressure is produced

As stated above (p 469) when the chest cavity is

fir«t expanded, the lungs are earned outwards by
the inflow of air to fill the enlai^ed space If this

were all that occurred, the pressure within the

lung and in the pleural cav ity would be equalised

and in the expanded position of the thorax after

birth, as m the unexpanded state m the unborn

animal, the pressure m the pleural cavity would

not be subatmosphenc The expansion of the

thorax however, and the consequent inflation of

the lungs puls the pulmonary tissue upon the

stretch In other wo^s, the closed thoracic box,

os a result of the first breath' becomes too largo

for the lungs to fill by a simple unfolding and

distention of the walls of the air spaces The
elastic tissue of the bronchial tree, blood vessels

and of the air sacs themselves is put under stress

The pull or recoil of the elastic lung amounts, m
the adult when the chest is about midway be-

tw een mspiration and expiration, to a pressure of

from -4 to --6 mm of mercury The existence

of such a pressure can be demonstrated indirectly

by connecting a manometer w ith the trachea of a

dead subject and puncturing the chest wall Thus

the negative pressure in the pleural cavity is

abolished, and the lungs are permitted to recoil,

I e ,
to collapse Air is expelled from the aheob,

and the manometer registers a pressure of -|-4

mm Ilg This represents the pull which had been

exerted before the puncture w as made and is just

equal in amount to the negative (suction) pres-

sure in the pleural cavity In the newborn the

lungs fill the thoracic cavity with comparatively

little «trctching The distension of the lungs in-

creases, how ev er, in later y cars since the thoracic

cage grows more rapidly than the lungs, the

elastic pull in consequence also increases and

with It the intrapleural negative pressure The

intrapleural pre«sure may be demonstrated di

rcctly by plunging a cannula connected with a

manometer into the pleural cavity in such a way

as to prevent leakage between it and the margins

of the puncture TIic manometer registers a nega-

tive pressure equivalent in amount to the positive

pressure recorded in the previous experiment In
other words, the mercury is “sucked ’ toward the

pleural cav ity until the pressure w ithm the latter

jast equalizes that of the atmosphere

Another and apparently a more important fac-

tor in preventing the separation of the pleural «ur

faces, and maintaining the lungs normally in the

expanded state against their own clastic pull, is

the “hydraulic traction” (West) exerted by the

film of fluid between the layers of the pleura

ThLs so-called hydraulic traction depends upon

the tensile strength of water (as is exlubited when
an attempt is made to pull apart tw o wet, smooth

surfaces, e g ,
two apposed moist glass slides)

A film of water is capable of withstanrlmg a puU
of 3600 mm Hg per square centimeter The in

troduction of air into the pleural cavity permits

shear to take place, just as the two glass slides

can be easily separated if a small quantity of air

13 allowed to enter between them That inequality

of pressure on the two sides of the two aspects of

the lung 13 not the sole, nor perhaps the most

important, factor holding the pleural layers in

clo«e appo»ition is evident from the foct pointed

out by Burn*, that the intrapulmonary pressure

can be reduced far below the intrapleural pres

sure without the lungs collapsing

The mtrapleural pressure (and the pressure

throughout the thoracic cavity generaUy) is al-

ways subatmosphenc under ordinary ciroum

stances,* even after death This ' negative ’ pres-

sure IS incieased during inspiration—since then

the distention of the elastic lungs is greater—and

reduced dunng expiration During the former

phase of quiet respiration (human) it amounts to

about —6 mm Ilg during an ordinary expiration

IS about —2 5 mm Ilg In the midposition as

stated above it IS about —4 5rQm Ilg When the

movements arc forced it may be very greatly in-

creased or diminished m the respectiv e respiratory

phase Dunng a strong inspiratory effort with the

closed glottis it may amount to —40 mm Hg
and in forced expiration under the same circum

stances it is abolished and a povtiie pressure of

SO mm Hg or so substituted Tliese changes in

intrathoracie pressure exert an influence upon

other thoracic structures An increase m the “neg-

ative” pressure caU'MS the thin walled veins and

auricles to expand and fill with blood drawn from

extrathoraeic regions (fig 30 3} On the other

• The intrapleural pressure may Imj measured in

the human subject by inserting a hollow needle

info the pleural cavity, injecting a email quantity

(40 cc or so) of air and connecting the needle with

a water manometer and a recording system
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(

Tia 303 'Model to illustrate the moaner by
which chaoses in thoracic capacity cau^ corre
spoodmg changes in the volume of air tn the lungs
and affect the return of blood to the heart The
large glass chamber represents the thorax, it is

hertnetically «ealed and has a flexible bottom or
diaphragm The Y tube which is m conimuaica
tion with the atmo«phere, represents the trachea
and bronchi, the lungs are represented by jbe
attached balloons composed of thin rubber The
ressure within the chamber, i e

,
surrounding the

alloons, 13 subatmosphenc to start with the bat
loons are therefore partially expanded W hen the
diaphragm is drawn down (as indicated by the
dotted lines) the pressure wilhm the ebamoer is
further reduced The rubber balloons are dis
tended to a corresponding extent by atmosphenc
airemenngthroughthe Y tube As the diaphragm
IS allowed to nse again the ’ negative pressure
within the chamber returns to its previous value
and the elastic balloons recoil to their onginal
dimensions
The bottle shown in the lower leftband part of

the drawing contains fluid upon which pressure
can be exerted to cause a steady flow up the tubing
into the small oval chamber within the larger one
The oval chamber may be taken to represent the
heart, the tubing connecting it with the pressure
bottle represents the targe veins, and the tubing
leading from its nght side the artenes U the tub
ing on the left, os well as (he upper part of the oval
chamber (which corresponds to the auncira) be
composed of some thm re«ilienl matenat, then
during the inspiratory reduction in intratboractc
pressure they will undergo expansion (dotted
lines) A greater body of fluid will an conseqaeace

hand, in forcfd ctpiration against the cIo««l air

passages the thoracic walla press power/uU) upon

the air-filled Jungs The nse in pre««uro which

results is transmitted to structures lying in the

mediastinum Blood is thus expelled from the

large mtrathoracic teins and auncles into the

t-eins of the abdomen and neck

The Respiratory Moiemcnts

\VTiat has been said m the foregoing paragraphs

should haxc made it clear that (he flow of air into

and from the lungs depends entirely upon changes

in tlic capacity of the thoracic cai ity The air is

not drawn in and expelled by actis e dilation and

contraction of the pulmonary pa^ges, as was

the bchef at one time Air is drawn in or forced

out strictly in accordance with the pressure tlif*

fcrencca between the atmosphere and the lung

air caused by the expansion or contraction of the

thoracic boundaries The principles are well il

luslrated by the model shown m figure 30 3 We
will now consider how the«c changes are brought

about

The respiratory cycles of an adult person occur

normally at the rate of from 16 to 18 per minute

In the newborn infant during quiet breatlung

the rate is between 30 and 40 per minute

During inspiration the thoracic cax^tJ is en

brged in all diameter? x ertical, anteroposterior

and trans\ erse The enbrgcmcnt, how ex er, is not

equal m all directions The upper part of the

thorax increases much less m capacity than doe^

the lower part, and since the position of the

spinal column remains relatively fixed, the m
crease m the anteroposterior diameter of the tho-

rax 13 due mamly to an expansion forwards The

increase m the x ertical diameter is due to the

downward elongation re«ultmg from the descent

of the diaphragm

Unequal enlargement of the thoracic box en-

tails unequal expansion of the lungs The lung

IS not distended equally from a center as in the

inflation of an elastic walled globe Keith dis-

tinguished three zones m the expanding lung

(a) A nonexpansile root zone contammg the

bronchus, pulmonary-xesscis and lymiphatics and

their mam divisions

(b) An intermediafe zone m which the vascular

and bronchial branches radiate outwards toward

the lung surface Between the<e ravs lies expan«ile

be transferred from the bottle to tbe small cham
ber representing the heart
Tbe manometer inserted into the wall of the

large chamber registers the pressure changes (indi

cated by dotted lines) oecurnng during the descent
and ascent of the flexible diaphragm
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pulmonary tissue This rone, therefore, consists

of tissue of varying degrees of expansibility, that

Ijmg near the periphery of the raj's being more
expansile than that situated more centrally

(c) An outer or subpleural zone, from 1 to 1}

inches deep, of maximal distensibihty

Tho<=e regions of the lung lying in relation to the

relate elj immobile regions of the thoracic Trails,

namely (a) the dorsal surface of the lung apex,

(b) the posterior surfaces of the lungs m contact

Tvith the spinal column and attached segments of

the nbs, and (c) the mediastinal surface lying m
relation to the pericardium and other structures

of the mediastmum, are expanded indireetli/ The
parts of the lung which are directly expanded dur-

ing inspiration are those lying m contact Tvilh

the freely movable boundanes of the thorax,

namely (a) the sternum and nbs and (b) the dia-

phragm

It IS evident that those portions of lung m
contact Tilth practically stationary regions of the

thoracic Trails can only be expanded mdirectlv,

that is, when other parts of the lung move out of

the way This could not occur did the root of the

lung remain fixed As a matter of fact the lung

root moves downwards, forwards and laterally

during inspuation (fig 30 4) and, as shotm by

Macklin by X-ray studies upon human subjects,

Fia 30 4 Mediastinal aspect of the light lung
to show the respiratory movement of the lung

root The crus of the diaphragm is also indicated,

and its attachment to the root of the lung through
the pericardium The arrows indicate the direc

tion of the inspiratory movement of the vanous
parts of the lung (After Keith )

Fio 30 5 X ray photographs (retouched) of
the bronchial tree of a young woman A m full
expiration, B, in full inspiration (After Maeklin )

the bronchial tree becomes elongated (stretched)

dunng the inspiratory phase The trachea be-

comes Blrctcbed and the apex of the lung actually

descends as it expands During expiration the

highly elastic bronchial tree recoils to its previous

length and the lung root ascends (fig 30 5) If

the root of the lung were fixed, little expansion of

a region such as the apex or of other regions

classed as expanding mduectly could result Vor
could anything but a x cry moderate expan«ion of

other K^ons (e g ,
costostemal and diaphrag-

matic, etc ) occur if the bronchial tree were un-

able to lengthen It is the elongation of the rays

asdesenbed abox e rather than the widening of the

spaces between them at their onginal lengths,

Idee the separation of the sticks of a fan, that is of

importance in permitting the expansion of the

mtervening pulmonary' tissue

The effect of the enlargmcnt of the thorax is

exerted first and to the greatest extent upon the

lung tissue in relation to the mox able parts of the

chest walls The mspiratorj decrease of intra-

pleural pressure m the diaphragmatic regions of
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the thorn IS considerably greater than tlial m
the region of the apex or in other parts of the

luognluch are expanded indirectly' As a result of

the greater negatn c pressure in the lorrcr part of

the thorax, a horizontal groove is Eomctimes dc«.

\ eloped here (Harrison's «ulcns) n hen the frunis

work, as in neketts, is soft and jnelding The
restnctal expansion of the air sacs of the apex and

oUier regions of the lung which are expanded

indirectly has been held responsible for their be-

ing «o commonly the primary site of tuberculous

infection

Tlie Enlargement of the Thoracic Cavity

during Inspiration

This is effected, according to Keith, by four

distmct mechanisms which consist of the mo\<s
ments of

(a) The Ihorane ftd or operculum (1st nb and
manubnum stemi)

(b) The upper coetai smea (2nd to 5tb nhs in-

clusji e)

(c) 'The huter costal tmes (Gth to 10th nbs in-

clusive) and the diaphragm

(d) The ^oating ni tenes and the muacles of

the abdominal wall

Fio 30 7 Diagram to illustrate the action of

the external ratercoftsl mu^clee danng taspers

tion, 1 ,
expiration and f ,

inspiration

tion of the Jung apex is directly expanded to some

extent by this mechanism The axtent of the

movement of the thoracic hd vanes considerably

id different mdiv iduals and with the depth of m-

epiration It la \ erj slight m quiet breathing The

manubno-stemal jomt becomes anky lo«ed in later

bfe but rarelv before the 00th year

The Upper Costal Series

Trb Thoracic Lip or Operculum

The thoracic lid or operculum is formed by the

fint pair of nbs and the manubnum stertu It is

jointed behind to the spinal column and in front

to the ‘‘temuin by the manubno-stemal joint

During the elevation of the thorax m inspiration

the thoracic Ld mov cs as a single piece upon the

body of the sternum, assuming a more horizontal

positioa (by from 1® to 16®) That is, the manu
bnum IS pushed upward and forward (fig 30 6)

Thus, the upper part of the thorax is increased m
its anteroposterior diameter The anterior por-

V'/ Ctrr VtH .

—

Aptt cflung

I'fflf/ix/,/*; -

r,

tAtnyi (nsp/rf

M4nyt fnp}-

—

®

Flo 30 6 Diagram to show the respiratory
movements of the first pair of nba and msaubnunt
stemi, and the effect of these movements of the
expansion of the apex of the fung (After Eeitb J

The 2Dd, 3nl, “Itb, 5th and Cth nbs «lope ob-

liquely from behind downwards and forwards

E^h nb IS longer, its direction more oblique and

it makes a fuller sweep outwards than its neighbor

immediately abov e Dunng inspiration these nbs

(with the exception of the 2nd) assume a more

horizontal position, their antenor portions moving

upward and forward That is, each nb rotatra

around an oblique horizontal axis parallel to its

neck (fig 30SCD) The sternum is thrust for

ward and upward, executing a movement at the

manubno-stemal joint Tbe®e movements in-

crease tiic antcropostenor diameter of the thorax

The elevation of the nbs is effected by the externa]

intercostal muscles The mu^e fibers pass ob-

liquely downwards and forwards from the lower

border of one nb to the upper border of the nb
below When the muscle contracts it exerts a pull

upon the-e attachments which tends to depress

the upper nb of the pair and to raise the low er

The first nb, however, acts through the contrac-

tion of the «ca!ene muscles, as a fixed point abov e,

so that contraction of the external intercostab

can only result m an elevation of the nbs Owing

also to the obliquity of the fibers which are at-

tached below to the antenor end of the long arm

of a lever aid abov e to the posterior end of the

long arm, a distinct mechanieaf advantage is
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Cth The nbs from the 7th to the ioth also make &
movement around an anteroposterior axis but not
around the axis CD The interrupted lines indicate
the position of the nb in inspiration (AfterGray )

given to the upward ino\emeat (fig 307) In

general the mtemal intercostal muscles are ex

piratory m function The internal and external

intercostals receive impulses alternately along

the intercostal nerves (Bronk and Ferguson)

The strongly bowed midportion of the body of

each rib from the 2nd to the 6th also becomes

eIc^ated, m relation to its two ends, roiatmg

around an oblique anteroposterior axis This

movement, which is compared to the raising of a
bucket handle to a more honzontal position, in-

creases the transverse thoracic diameter (lij:

30 SAB)

The Lower Costal Series and

THE DiAPHRAOVI

The nbs from the 7th to the 10th also swing

outwards and upwards (bucket handle move-

ment) during inspiration, rotating around an ob-

lique anteropostenor axis which passes through

the midhne in front and the necks of the nbs

behind The subcostal angle is widened by this

movement and the transver=c diameter of the

lower part of the thorax mcreased, the antcro-

postenor diameter is shghtly reduced

The diaphragm is the chief muscle of respira-

tion, its movements being responsible during deep

breathmg for about CO per cent of the total

amount of air breathed It consists of a muscuk)-

tendiQOUS sheet arched toward the thoracic cav-

itj The tendinous portion is centrally placed

(central tendon) and is adherent to the pencar-

dium The muscular tissue is placed circumferen

tialty The diaphragm consists of two parts w hieh

differ from one another in their actions

(a) The eosloslemal part arises from the back of

the xiphoid and the cartilages and adjacent por
tions of the six lower pairs of nbs It is attached

to the anterior edge of the central tendon
(b) The lumbar or crural part arises from tl e

fibrous arches over the quadratus lumborum and
psoas muscles and by two fleshy bundles (the crura

of the diaphragm) from the bodies of the upper

lumbar vertebrae These fibers are inserted into

the posterior margin of the central tendon

Actios of the diaphragm The diaphragm

descends during inspiration and ascends during

expiration In full expiration its upper limit lies

at a level situated between the costal cartilages of

the 4lh and 5th nbs In quiet breathing the range

of its movement is about 1 2 cm and in forced

breathing about 3 0 cm The total diaphragmatic

surface is about 270 sq cm A descent of 1 0 cm
therefore (assuming that all regions descend

practically to the same extent) will increase the

thoracic capacity by 270 cu cm and cause a

corresponding volume of air to enter the lungs

As the diaphragm descends its domed shape

alters very little it may be seen by means of the

fiuoroscopc to move up and down like a piston

(fig 30 9) At the end of expiration a considerable

proportion of the diaphragmatic surface is in con-

tact with the chest wall aa high os the 6th or

7tb nb, but dunng inspiration it is “peeled off
’

the thoracic boundary, while the base of the lung

jn^nands )o .fill JLhj* .^nanp .(nhuuaJ j
result of the slight indrawing of the intercostal

spaces caused bj this movement, a faint shadow

may be seen to move down the side of the chest

wall m most normal persons This is known as

Littens sign The costosternal part of the dia-

phragm, (using the lower nbs, which through the

action of the external mtercostals, serve as fixed

points) moves downward and forward, depressing

the abdommal viscera Thus, the capacity of the

lower part of the thorax is increased The abclonu-

nal wall distends but when, as a result of the re-

sistance offered bj the abdominal muscles, the

downward movement of the viscera becomes ar-

rested, the latter act as a fixed point for the con-

tinuing contraction of this part of the diaphragm,

its force 13 now spent in raising the lower nbs to

which it IS attached Through this action the stcr-
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CDEfRAL
TEtIDOH

Fio 30 0 Upper, radiograta showing the )>ositiOQ <>{ the diaphram dunng expiratioa and inspiration
Note the eSect upon the position and shape of the heart (Alter Norns and Landis ) Lotesr, diagram
showing the expiratory and inspiratory positions of the diaphragm

numia thrust forward and upward Theapiiwlor

crural part in its descent acts *olely m increasing

the vertical diameter of the thorax

The excunions of the diaphragm and conse-

quently its inidpo«jtion as well are influenced by
(a) the upward puU of the subatmosphenc intra-

thoracic pressure, and (b) the abdominal viscera

In the standing position the weight of the falter

aids the descent of the diaphragm but hinders its

ascent
,
the mean or midpo'ition of the diaphragm

IS therefore taken up at a lower level than in

recumbency (c) The abdominal muscles these,

when lav and the body in the standing position,

allow the v iscera to subside to a lower levd and

60 to increase the downward pull upon the dia-

phragm

The FLOA'^^G Ribs and the Abdouinal
Muscles

Functionally the floatmg nbs (11th and 12tb)

must be considered with the abdominal muscles

which are the antagonists of the diaphragm The
rooit sftd oHfcfcfe usdei^ a dec:<esse ar

tonus as the diaphragm descends, they regain

tonus with its ascent

Evpiratlon

Expiration is to a large extent a passive mov e-

meot, m quiet breathing, or eupnea, it is prob-

ably entirely so That is, as the contraction of

the inspiratory muscles ceases, the thoracic frame-

work tends through its own weight and mherent

elasticity to resume its former position, the elastic

lungs recoil and the relaxed diaphragm is drawn

upwards toward the thoracic cavity by the “neg

ative” intrathoracic pressure There is, however,

also a definitely active element As mentioned

above, the abdominal muscles regain tonus and

by pressing upon the vTScera aid the ascent of

the diaphragm

Under conditions which requue a con'^iderable

increase in lung ventilation (hpperpnea) or an

meteased muscular effort to maintain ventila-

tion (dyspnea), the expiratory muscles contract

to sccclerste the expulsion o! sir !rom the Inngr
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Movements of the bronchial tree during resptra

lion In addition to the inspiratory elongation of
the bronchial tree mentioned above, the bronchi

olcs and small bronchi dilate duringinspirationand

coDstnct dunng expiration TMiether these rhyth
mical bronchial movements are purely passive in

nature has been debated The bronchioles also

exhibit a peristaltic movement which can be de
tected by X ray photographs of the bronchioles

after the injection of Lipiodol* or other material

that IS opaque to the X ray It is not thought
that the ponstaltic movement plaja anj part in

the movement of air, but it appears to assist in the

movement of foreign material towards the larger

air tubes This bronchiolar peristalsis is said to be
increased in lung abscess and diminished in bron
chiectasis It is decreased by morphine
Pulmonic alveolar lenls The existence of certain

pores in the alveoli (pores of Kahn) have long been
recognized, but the difficult} of being certain that

they arc not artefacts produced by the method of

preparing the sections has prevented their wide

acceptance as normal structures Macklin, how
ever has been able to demonstrate the presence of

such vents m thick sections prepared from the

lunge of many species including man Examination
of the sections justifies the belief that they are

normal communications between the alveoli

IMiile the function of the vents is not at yet com
pletely understood it appears probable that they

play a significant part in the equalization of pres

Bures in groups of the alveoli particularly perhaps

during forced inspiration The vents are opened

Hide during inspiration and may be entirety closed

ID expiration

The Work of Dreathing

In recent jears methods have been devised to

obtain quantitative information about the forces

and resistances mi di ed in l^eathiDg Theaclioa

of muscles dunng inspiration opposes forces which

can be analyzed into three components, the force

required (a) to ov ercomc elastic resistance, (b) to

move nonelastic tL«sue, and (c) to overcome re-

sistance to air flow through the trachcobroncbul

tree

Elastic Resistance

The tissues of the lungs and thorax behave

somewhat like sprmgs in that tbej are stretched

during inspiration and recoil to assume their

previous state when the stretching force is re-

moved The slope of a line that is obtamed when

a ilbtcnding force, namelj pressure, is plotted

again't increase in v olume of the sj-stero indicates

* A preparation of iodized oil

the stiffness or the Sistensibilitj The less the m
crease m volume with a given increase m the

pressure applied the more rigid or the lees dis-

tensible IS the sj-stem The mechanical compliance

of the lungs is defined as the volume change per

unit pressure change, where the former is ex-

pressed in liters and the latter in centimeters of

water The compliance of the lungs is decreased m
disorders such as pulmonary congestion secondary

to chrome cardiac failure and m diseases which

lead to pulmonary fibrosis

The respirator} system actually consists of two

sets of elastic elements, those in the lungs and

those in the thoracic wall Methods have been

devised whereby these may be evaluated sepa

rately(sceComroeefal 1955)

Force to Moie Nonelastic Tissues

This is for the most part the force required to

overcome fnction within tho^e tissues which

move dunng inspiration The amount of force

required is greater with more rapid in«piration

It 18 to be noted that the work mv olv ed id moving

nonebstic tissues becomes zero at the termination

of inspiration while at this point the elastic force

IS maximal since the maximal enlargement of the

thorax has been reached

Retutanee to Air Flow

The total airwa} resistance depends on the

number, length and cross-sectional area of the

tubes through which the air passes The amount

of work required to move air through the air

passages is determmed bj the resistance related

to the structure of the airway itself and bj the

amount of air moved per unit of time If air

flow IS at a veJjCTfy great enough to C3cr«e ferr-

bulencc more work is required than when flow is

laminar If gases of lower densitj than air are

breathed (eg helium) work involved in moving

thegasHlowered correspondingly The resistance

to the flow of air is relatively greater at the

bronchiolar lev el than elsew here m the respiratory

tree, and, "inee the bronchioles can undergo

considerable changes in cahbor, large changes in

resistance can develop m this region of the

bronchial tree The major problem in bronchial

asthma is the increase in resistance to passage of

air through the bronchioles MTien rcsttance in

the airwa> is increased by bronchiolar constnc

turn, it is compensated for by a more forceful

m<«puwtory effort so that the normal v olume of air

if moved On expiration, if onlj elastic recoil were

operating, air would pass out more slowly than
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under normal conditions, but active expiration

develops to produce a sufficiently rapid egress of

oir

Tlie Cough Reflex

There arc three mechanisms for the expulsion

of foreign material from the larjmx, trachea and

lower air passages ns far as the terminal bron-

chioles First, the action of the cilia, second, the

peristaltic motion of the bronchioles, and thin),

the cough reflex The peristaltic movement has

been referred to abo\ e The cough reflex is most

commonly initiated by the stimulation of afferent

ner\e endings m the repon of the tracheal bifur-

cation, the most «iensitive area, or m the laryngeal

mucosa It may aUo be initiated from the excita-

tion of vagal afferents from the lungs, or from

nerve endings la the pleura Ear rliscase, through

the stimulation of tcmunals of the auricular

branch of the vagus (Arnold’s nerve), may also

cause coughuig The act itself consists of a short

inspiration followed immediately by closure of

the glottis and a forcible expiratory effort A
considerable degree of pressure la thereby de-

veloped witlun the lung The glottis then opens

suddenly and offending matenal is moved a

variable distance along the air passage During

the subsequent inspiration the irntatmg particle,

if not large enough to seriously obstruct the air

passage, remains mits new position, from which

it IS earned forward again during succeedmg ex-

pulsive efforts until jt is swept away from sensi

tive areas

ticulate nature which has entered the alveob, is

removed by large ameboid cells—tbe alveolar

macrophages, or “dust cells” Normally, a feir of

the^^e cells are to be seen in the alveoli, but they

are attracted in large number by the presence of

foreign particles The ongin of these cells is a
controversial question Some ate thought to ongi

nate from the monocytes of the reticuloendothe-

lial sj stem, others from cells la the alveolar septa

(septal cells) The foreign material is conveyed

by the macrophages into the lymph channels

draining the alveoh In city dw eUers or those who
w-ork in dust laden atmospheres e g , coal miner*,

the lymph nodes are dark with the scavenged

matenal Irritating matter, especially pathogenic

bactena ate attacked as m other situations by
the neutropliibc phagocytes of the blood

Hiccup or stngullus is a spasmodic and purpose-

less contraction of the diaphragm which results

from man} causes or may occur without known

cau'sc, it occurs rarely in epidemic form It i^

usually reflex m nature bemg imtiated by som%
abaoimal stimulation of tbe afferent nerve terxm^

nids in the diaphragm or viscera in the upper

part of the abdommal cavity The fibers of the

phrenic nerve constitute the efferent lunb of the

reflex Hiccup following abdominal operation^

may be most intractable and endanger the life

of the patient The inhalation of an air mixture

contammg 6 or 7 per cent of carbon dioxide (or

simpli breathing and rebreathing from a bag for

a number of respirations) has been reported to bo

a valuable means of terminating an attack

Pneumothorax

Air maj enter the pleural cavity through a
penetrating wound of the chest (open pjieumo^

thorax), as a result of tbe rupture of an emphj'scm

atoua xcsicle on the surface of the lung or from

the extension through the pleura of a lesion of the

pulmonary tissue (e g ,
tuberculous) or of some

other air-contammg organ such as the fsophflgu:^

orstomach ^Vhen the intrapleural space coatsia^

air but communication with the atmosphere ha^

become occluded tbe pneumothorax is said to be

closed

If the opening through the thoraeio wall were

large and the mediastinum acted os s more or

less ngid partition, the pleural cavity of the

affected side could be considered quite separate

from that of the sound side The lung on the

open side would exhibit ita elastic properties and

recoil, the air would be expelled and the lung in

iba coiispsad state Tbe s^>osit» iusg n'mW be

unaffected Actually, the mediastmum, as a rule,

13 mobile, so the two pleural cavities though

anatomically separate, act so far as tbe distnbu

tion of pressure is concerned, almost as tf they"

were a single cavity Consequently when an

opening exists m the thoracic wall the jxelding

mediastmum with its content's—heart and great

vessels—moves toward the sound side The nega-

tive pressure on the sound side of the chest is

therefore reduced, and the lung on that side

also tends toward collapse The response to the

pneumothorax is deepening of the respirations

That IS, the thorax enlarges and the lungs expand

to a greater degree to create a negative pressure

despite the communication between the chest

cavity and the atmosphere It therefore becomes

a matter of competition between the amount of

air entering the lungs through the trachea and

that entering through the opening m the chest

dunng inspiration The chest may be compared
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Fig 30 10 Bronchiectasis X ray photograph
after injection of bronchial tree stttn Lipiodol
(After Moll retouched )

to a bellows with a hole in its wall when the

bellows IS opened (inspiration) the volume of air

entering through the leak and that through the

nozzle (which la analogous to the trachea) will

depend upon the sizes of the respective openings

From this it wiU be realized that with a email

opening pulmonary v entilation of practically nor

mal value could be mamtamed Even with a
large opening a normal tidal volume of air might

be drawn in during inspiration The reason for

this IS of course that the tidal volume is only a
email fraction of the vital capacity When how

ever the opening is quite large the thorax even

when the inspiration is maximal might fail to

expand the lung sufficiently to maintain the tidal

volume at its normal value As a result of the

work of Graham and his associates the following

summary inaj be made
(a) Both lungs are affected in a pneumothorax

If the opening is small or if in a closed pneumo-

thorax the pressure is low, the effect upon the

two lungs IS nearly equal

(b) A bilateral open pneumothorax may not be

fatal if the openings are small

(c) The size of the opening compatible with

Lfe bears a relation to the vital capacity of the

subject Any pneumothorax, unless the openmg

is very small would be fatal to a person who be-

fore the pneumothorax occurred had possessed a

V ital capacitj httle greater than his tidal air

(d) The r^uction in the intrathoracic ‘ nega

tive pressure caused bj a pneumothorax tends

to impede the filling of the right heart and to

produce stasis in the venous system

Wlicn the mediastinum has been rendered stiff

uid resistant by previous disease some of the

statements obviously wiU not appl>

the pleural surfaces on the side of the

\ -fire adherent and so hold the lung out

against the thoracic wall a pneumothorax will

not result Or if as a result of such adhesions the

pneumothorax is limited m extent only a part

of the lung is affected

Pleural shock Marked slowing of the puNe and

a profound fall in blood pressure which may lead

to fatal syncope sometimes follow puncture of

the chest w all for the w ithdrawal of fluid or dunng
the production of pneumothorax Tlie cardio-

vascular reaction is apparently due to a pleural

reflex since a similar effect upon heart rate and

blood pressure can be induced in animals bj

stimulating the pleura It is more commonlj seen

when the chest is punctured for the withdrawal

of fluid than duruig the injection of air in the

production of pneumothorax a fact among others

which argues against its being due to air embo-

Lsm Injury to the visceral pleura or to the under

lying layer of pulmonary tissue appears to be a

factor essential for the production of this type of

circulatory collap«e

Rroncliiectasis

This is the term npplied to an abnormal dila

tion of the bronchi or bronchioles The dilation

may be localized or widespread fusiform saccu

lar beaded or uniform m distnbution The con

tour of the bronchial tubes is readily demon
strated by X ray after the injection of Lipiodol

(fig 30 10) Secretion may collect within the di

latcd lumina and be expectorated at intervals as

large quantities of a foul smelling sputum This

classical sign of the condition is only "een in its

advanced stages More commonly the sputum w
small m amount and in the form of yellow

chunky pieces (Earner)

Bronchiectasis is practically always secondary

to some other affection of the lung« The primary

change leading to the condition is weakenmg of

the bronchial wall as a result of infective proc

esses The clastic and muscular tissues are

atrophic As we have seen the bronchial tree di

lates dunng inspiration and constricts during ex

piration The latter movement is in part at lea«t

an clastic recoil M ith the gradual dctcnoration of

the elastic tissue of the bronchial wall the latter s

resiliency becomes progressively less The lumen

of the tube docs not regain its normal cahber after

inspiration but remains more or Ic-s dilated Ac

cording to the most widely hell view further

dilation 13 induccil because tie pre^oure wit! in

the bronclaal lumen dunng inspiration is higher

than the pre«sure in the surrounding pulmonary

tissueand m the pleural space Dunng expiration

however, the intrabronchial pressure cannot rise
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above tlie pressure m the surrounding tissue, the

bronLlual v\alls are supported Coughing or other

conditions causing a general nse in mtrapleuial

pressure cannot, therefore, induce bronchiectasi>.

On the other hand, conditions \\hich increase the

negatn e pressure wuthin the Ihor'tx, =uch os the

collapse of an am of lung (atelectasis), of a lol»

or of entire lung (massive atelectasis), will in-

crease the tendenej to branel«ecta«is Incomplete

ob'-truction of a bronchus cspeviaHj if it exerts a
valvclikc action, bj permitting inspiration but

hindering expiration, favors the development of

bronchiectasis The latter is, therefore, not an

uncommon result of the lodgment of a foreign

bodj in a bronchus On the other hand, it w
thought bj some (Roberta and Blair) that reten-

tion of secretions, as originally suggested by Lacn-

ncc combined with inflammatory weakening of

the bronchial wall are the important cau«atiie

factors and deny the «ignificaneo of atelectasis

and an increase in pleural negative pressure

Rlutw cll, in an examination of200 lungs remov ed

at operation, found atcloctisia ui only 10 per cent

F\brosxa of a lung or portion of lung is con

sidcretl by «ome as a potent cause of broniliial

dilation It lb thought tliat the fibrosing lung as »t

shnnks makes equal cucumfcrential traction upon
the bronchi or bronchioles and thus leiils to their

dilation It IS probable that oven in tbe«c in

stances previous weakening of the bronchial wall

w the primary fault since bronchiectasis com
monly occurs in the absence of fibrosis

PresBure Breathing

Pressure breathing refers to breathing against

a pre«sure greater than the ambient pressure

This has been utilized, for example, in pilots flyung

at altitudes such that the pOj in inspired air is

insufficient even when breathing 100 per cent O*
by mask, and also it has been used as a thera

peutic measure in patients wath pulmonary
edema In the latter case the rationale is to pro

vade pressure such as to counteract the transuda

tion of flmd into the alveoh \ subject can breathe

against a prcs<»ure of around 20 mm Hg for rela

lively prolonged periods and against somewhat
higher pressures for a few minutes An lounediate

effect of procure breathing is the increased resist

ance to flow of blood through the pulmonaiy ca|»l

lanes which resultsm a decreased flow of blood to

the left side of the heart and consequently in o re

duction of left veatncular output and of sy'stenuc

artenal blood pressure Since the return of blood

to the right atrium is unimpeded, the pressure

here increases, and as the right v entncular volume

mcreasca, the strength of the v entncular contrac-

tion becomes stronger with the result that the

Bow through the pulmonary circuit is soon re

stored despite the greater resistance TSTien pul-

monary blood flow IS restored, the left ventricular

filling also is restored, and arterial pressure is

brought back up to approximately normal lev e)»

At the new steady state circulation is essentially

normal but is being maintained at the expense of

increased right ventricular work Some degree of

vasoconstriction (both artenolar and venous),

setoffrcflcxly from the smoaortic pressoreceptors

also appears to be involved in maintaming the

artenal blood pressure and contnbuting to ele-

vated venous pressure (on the basis of decreased

holdmg capacity of the systemic circuit) dunng

pre^ure breathmg

Tlic VaUalva ^laneiiver

Bv voluntarily clo«mg the glottis and per/ona-

iiig a strong expiratory effort one can produce an

mtrathoracic pressure of well ov er 80 mm Hg

,

and this pressure is reflected in a similar nse in

the alveoli and also in the blood v esseU and other

structures willun the che«t Actually , this maneu

ver (which has an effect similar to that of the

method described by VaUalva for blowing air

into the middle ear and hence is known as the

Valsalva maneuver) ah>o involves contraction of

the abdominal muscles and, consequently, there

IS a considerable rise m intra abdominal pressure

A similar type of muscular activity is utibeed

IQ defecation, during which there may be a con

“iderabte nse in intrathoracic and intra ab-

dommal pressure The Valsalva maneuver has

the effect of preventing the return of blood from

the four extremities and head just as if blood

pressure cuffs w ere appbed and inflated to a pres

sure level corresponding to that produced m the

body cavities Thus when the act is commenced,

venous pressure in the extremities and head rises

venous return decreases sharply, cardiac output

decreases, and artenal blood pressure falls The

heart rate is increased reflexly as a result of the

fallm pressure in the smoaortic zones As soon as

the expiratory effort is released the blood, which

has accumulatedm the veins, rushes in to the right

v«ntncle which now suddenly becomes quite en

larged and contracts forcibly to pump its con-

tents through the pulmonary circuit and into the

left «de of the heart The su^e of blood into the

left ventncle causes a sudden increase in the

amount of blood pumped mto the systemic arte-

rial tree, and the concomitant nse of artenal pres-

sure elicits reflexly from tiie pressoreceptors a
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bncf period of bradjcardia, following which the

condition'! that existed prior to the maneuver are

re-established The normal heart can withstand

the strain put upon it by the sudden rt'o in venous

return which is seen on terminating the Valsalva

maneuver, but in patients with chronic congestive

heart failure, the heart is weakened and may be

distended even under basal conditions, in such

cases the influx of blood may produce overdisten-

tion of a degree which results in acute cardiac

decompensation This is considered to be the

mechanism of some of the sudden deaths occunng

in patients with chronic congestive heart failure

during straming efforts
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St
LUNG A'OLUMES AND PULMONARY ATNTILATION

Tlie Lung 'N oliimcs

Thp amount of gas nio\«l into the lungs and

out dunng a single respiratorj cjde is knonn as

the tvrfaf lofumc The position of the chest at

the cessation of expiration in eupnea (which is

reached as a result of inactiiit} of the respira

fory muscles) is knowTi as tlio reslxng end exptra

lory position Tlie amount of gas that can be

exhaled bejond this position is the expiratory

reterie lolume while the inspiratory copoetty is

the amount of gas that can be inhaled starting

from this position iMptraiary resene folume is

the amount of gas that can be inhalctl bojond

the tidal xolume that la recorded in quiet breath

ing Since tidal volume and iD«pirator> capacity

are measured easily inspirator) reserve volume

can be obtained b> subtracting the former from

the latter (see fig 31 1) Vital capantj is the

maximal amount of gas that can be e\pc)Icd

from the lungs following a maximal inspiration

Not all of the air of the lungs can be forced out

by a maximal expiratory effort and that which

remains is the residual lofumc Total lung capac

ity B the vital capacity plus the residual volume

Another i olume which is of interest since it rep-

resents the amount of gas in the lungs to which

the tidal volume is added on inspiration is the

functional residual capaaty It may be seen in

the table that this is the residual air plus the

expiratory reserve volume AU of the names of

the different volume and capacities are abbre-

viated by the use of the first letters of the words

employed Mean figures for the various volumea

m 50 young men were found to be

TV-0 5 L]
mV—33Lf = VC—48L
erv—iol)
RV— 1 2 L

TLC—60L

In 50 young women the mean VC was found to

be 3 14 or about tvro-thirds of the figure for men

\lTAL CaPVCITV and Its VARIATIONS

\ relationship between certain body measure

ments and v ital capacity has been show n by sei

oral investigators Hutchinson a pioneer in the

field invented the spirometer and studied the w
tal capacity in a large number of individuals

normal and diseased He demonstrated a relation

of vntal capacity to height and weight The most

consistent relationship as shown by Drejerand

by West exists between vital capacity and sur

face area (see table below)

A fairly clo«c reJationsliip between total height

and vntal capacity was also found the latter ex

pressed as cubic centimeters being 2o times the

height m centimeters for men 20 tunes for w omen

and 29 times for athletes For example an average

adult male 170 cm tall would have a vital capac

ity of (170 X 2o ) 42o0 cc The surface area of

the same individual assuming an average weight

for his height namely 70 kg would be I 80

square meters Therefore his vital capacity

should be (1 SO X 2o00 -) 4o00 cc The dif

fercncc in the results of the two methods of cal

dilation of the normal standard is therefore

around 5 per cent

The ratios of v ital capacity to height and sur

face area respectively as found by VIest are

shovm m the following table

Ath
Men VNomen letes

Vital capacity cc per

cm height 2o 0 20 0 29 0

Vital capacity cc per

square meter of body

surface 2o00 2000 2S00

Occupation as «hown by Dreyer and others

exerts B potent influence upon the vital capacitv

the normal standard of persons employed in

sedentary work being considerably lower than of

those pursuing more arduous occupations Drey er

divided his subjects into tliree classes A B and C
Class A are those with the maximum v ital capac
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itics Clashes D and C ha^ e values 90 per cent and

85 per cent respcctivcl} of those of Class A lie

considered a reduction of 15 per cent below the

standard of the class to n hich the subject belongs

as an almost certain indication of some abnor

mahty It should be mentioned that measure

ments of cheat expansion, as bj means of a tape

measure maj bear little relation to the vital

capacity A subject nith powerful muscles can en»

large his thoracic cage to a capacity greater than

his lungs are able to till IIis diaphragm instead of

taking a full downward stroke is drann upwards

wflii'e file viscera are ibrceu' info fiie cx*afdoracic

space bj a strong contraction of the abdominal

muscles

Tlie vital capacity is reduced in many diseased

conditions especially those iniolving the respira

torj and cardiovascular s> stems Among the«c

are

(a) Conditions which dircctlj involve the

lungs, c g ,
pneumonia, pulmonarj tuberculosis,

emphysema, etc

(b) Mechanical interference with the enlarge

ment of the thoracic cavntj
,
e g , as by abdominal

conditions impeding the movements of the dia

phragm or abnormalities of the thoracic nails

The movements of the thoracic walls may be

senously restricted by abdominal or plenntic

pam
(c) Intrathoracic conditions which encroach

upon the space normallj occupied by the lungs,

e g ,
pericardial or pleuritic effusions, pneumo-

thorax, tumors etc

(d) Heart disease Engorgement of the pulmo-
nary vessels and pulmonarj edema involving es

pectally the lung bases lead to a reduction of the

vital capacitj in cardiac cases Peabody found

that when in heart disease the vital capacity

reached 40 per cent of the normal, the subjects

were almost constantly djspneic or showed dysp-

nea upon the slightest exertion

The vital capaeitj
,
the functional residual ca

pacify anu'i'de resiauaiNoiiime, and’ consequently

the total lung capacity are reduced in the recum-

bent posture

MEAaUZtEMENT OF FUNCTIONAL RESIDUAL

CAPACTrr (FRQ and Resioual

Volume (RV)

The residual volume is the only one of the

primary lung volumes that can not be measured

directly It can be estimated bj indirect methods

which mvolve diluting a known volume of gas

with the residual volume and determining the

amount of dilution which occurs Both open and

closed circuit methods have been used

Using a closed circuit, helium can be u«ed as

the test gas A known volume of a gas mixture

containing 10 per cent helium is introduced into

a spirometer The mitial concentration of helium
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in the lungs is zero, and in the spiroincter it is

10 per cent. Beginning from either the resting

end-etpiratory position (m which case FJIC is

measured) or from the position of maximal expi

ration (in which ease IIV is measured), tlic subject

breathes from the spirometer until mLV,tng is com
plete so that the concentration of helium in the

lungs and spirometer becomes equal Then the

concentration of helium m the spirometer is de

termmed

The \oIume of gas in the lung with winch the

hchum was mixed is calculated on tlie assumption

that the same number of molecules of helium is

present at the end of the test os at the begmmng
This assumption is permissible since only a short

time IS mvolv ed in rebreathing and helium is onlj

shghtlj Boluble in water The lung \olume is cal

culated as follows

VrF.Nt + VaTiNB ^ (Vl + Vb) Peid a

where Vl » initial volume in lung — unknown
FRC or RV depending on position

Fin t • initial concentration of test gas in

lung

Vg ** initial volume m spu-ometer

Fin b * initial concentration of test gas m
spirometer

Fekd a " hnil concentration of test gas m
spirometer (and m lungs)

Suppose the initial volume of the gas mixture

in the spirometer was 1000 ml and the mitialand

fiiml concentrations of helium in the spirometer

were 10 per cent and 5 per cent respectively The
calculation is as follows

0 + (1000 X 0 10) = (Vt + 1000) 005
100 - 50 =. OOSVi.

Vt « 1000 ml

In practice it is preferable to measure FRC,
because the restmg end-expiratory position is a
more constant point to work from than the posi

tion of maximal expuation Then the ERV is de
termmed experimentally, and this is subtracted

from the FRC to obtain RV

Tests of Mechanical Factors in Breathing

In the meisureinents of lung volumes neither

the effort mvolved nor the time factor m mow
ment of air is evaluated Records of normal
breathmg forced inspiration, forced expiration

from the position of forced inspiration {timed ntnl

capacity) and monmal brealhing capacity obtamed
on a movmg drum provide information concern

mg the rate of movement of gas In figure 31 2 a

spirogram obtained from s normal subject is

^lown for comparison w ith those characteristic of

patients with pulmonary fibrosis asthma and em
physema In fibrosis the major change is seen to

be the decrease in vital capacity In asthma,

which IS characterized by increased resistance m
the atrwav, the rale of expulsion of air and rate

of mliaUtion are greatly decreased, and, smec am
can not be moved os fast as in the normal maxi

mal breathing capacity also is greatly decreased

fnemphymma the defects though similar to those

seen m asthma, are of greater degree

For these tests the instructions to the subject

are very important if comparisons of records are

to be made First the subject breathes normally

then he is told to inspire maMmally, and then

to blow out os hard and fast as he can Next

he should mhale as quickly as possible to the

position of maximal inspiration Following this

to obtain maximal breathing capacity (MBC)
,
he

IS instructed to breathe as deeply and rapidly as

he 13 able for 15 seconds For tins he is allowed to

set his own frequency and amplitude

The normal person can exhale about 83 per

cent of the vital capacity m one «ccond 94 per

cent in two seconds, and 97 per cent m three

seconds In patients with pulmonary fibrosis the

vital capacity is below normal but the per cent

exhaled per second may be normal

The ^iBC IS low in many ty^ies of cardiopulmo

nary diseases It is not diagnostic of any single

disea«e and is not as specific in evaluating the

type of defect as simpler tests utilizing a emgle

respiratory maneuver However, it may be of con

Bidcrable v alue lo individual cases having impair

ment of breathing if repeated records are obtained

for comparison in order to determine whether the

patient isshowing improvement under treatment

Respiratory Minute Volxjsie (RMV)
AND Pulmonary Ventilation

The volume of gas moved in and out of the

respiratory passages per mmute the respiratory

minute lolume, is the product of the mean tidal

vrolume and the respiratory rate It can be mcas

ured directly by having the subject exhale

through a gas meter for a given period or the

individual tidal volumes recorded during a minute

can be added The upper portions of the respira

tory tree serve as conduits, since no exchange of

gas occurs at these levels it is evident that a

correction needs to be made to determine how
much of the RMV is available for alveolar \ en

tilation The latter also is known as pulmonary

ventilation As emphasized by Gray it is this
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figure wfuch maj be expected to be of phj-siolog

ical significance rather than the RMV
The ^olume of the air passages from the nose

and nasopharj-nx down to that level the re

spiratori tree whsec laterehinees of ox}genitnd
carbon dioxide with the blood occur is knoiinns
the anafermte dead space The volume of this space

can be determined on the basis of the fact that

expired gas is a mi'jture of gas from the dead
space and from the alveoli This method mvohes
analj'sis of expired air and ah eolar air samples

and representative samples of the latter are diffi

cult to obtam Anotlier method for dctertmnuig
the dead space is to inhale pure oxjgcn from a
spirometer and then to exhale through a contm
uous gag analj *cr At the bogmning of the expi

ration the first gas to leave the airway is pure
DXjgen which has been in the dead space without

any admixture with other ga*^, then as ctpira

tion proceeds, the gas shows a progressive increase

in nitrogen until it reaches the concentration

found in alveolar air Beginning with the point

at which the nitrogen concentration m expired

air becomes constant, alv eolar air is expired Thus
there are three phases in the nitrogen concen
tration curve (sec fig 31^) (a) no mtrogen pres

ent, (b) progrcs«i\cl> increasing mtrogen coocen
tratjoQ, and (c) maximal and constant mtrogen
concentration From tlie data obtained b> such
an analysis of s *ing1e exhabtion the dead space
can be computed (Examples of the calculation

are giva:n by Comroc cf al 2955 ) Jlean values
for the dead space in persons m the supine or m
a Bcmi recumbent position range around 150 ml
Vac alveolar ventilation is calculated b> sub

teecttng the volume of the dead space from the
tidal volume and multipljnng this by the respira

torj rate If v olumc of expu-ed air has been meas
ured diTcctlj by means of a gas meter the product
ofreapiratory ratetimeslSOml can be subtracted
to convert to the figure for alieolar ventilation

Since the dead space is about 0 3 of the tidal vol

ume under resting conditions aU eolar ventilation

IS about 0 7 of the RMV Average values for nor
nval young men under resting conditions are 3 to

4 liters per nun per square meter for RJIV and
2 to 2>i liters per mm per •square meter for alve-

olar ventilation As tidal volume mcreases, since

dead space remains constant the figure for alve

olar ventilation becomes a larger fraction of the

K\tV Com erscl^ , shallow breathing is relatively

inefficient in producing alveolar ventilation, smee
the dead space becomes a larger fraction of the

tidal volume

The tenhhiien rolie O'??) Hhieh inll be con
sidercd further in the discussion of the regulation

of pulmonarj ventilation, is the ratio of the alve

obr ventilation under a given «set of conditions to

(he alveolar ventilation under renting conditions

Thus jt is the limes mcrea«6 lo ventilation pro-

duced bv a given set of conditions over that

observed at rest

^ Single breath analj-sis using rapid, contiououa gas analyzer See teitt for explanation
l^proouced bj penDi«sion from Comroe cl ol. The Lung iear Book PubJisbora, Jno , Chicago,
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ALVEOiiAR Air

This IS the air contained in the air sacs and
alveoli Its gas« come mto equilibrium with

in the blood of the pulmonary capillaries The
alveolar air contmuall> is bemg renewed largely

as a consequence of the respwatory movements,
but smce the lungs are not emptied durmg expi

ration, it is quite clear that complete renewal of

the air cannot be effected by a smgle respiration

The ventilation of the lungs occurs by the me
chanical mixing of the inspired air with the vol

ume of air known as the FRC and by the slower

process of diffusion During expiration the air of

the upper respuatory passages is first expelled,

then follows a part of the air of the bronchia!

tree At the end of expiration the air which has

been m the distended aheoli, since these have

been reduced in capacity, now overflows into the

bronchioles and bronchi At the next inspiration

this air IS swept back again into the air sacs, its

place being taken by fre«h atmosphenc air The
latter as compared with the alveolar air has a

high oxygen pressure and a low pressure of car

bon dioxide Oxy^n, therefore, diffuses from the

inspired to the alveolar air and carbon dioxide

diffuses from the alveolar air to the inspired air

MeOiods of ohlaxnxng alieolar axr sampUo One

method of obtaining alveolar air is as follows

The subject, after a normal expiration makes a

forced expiration through a Haldane tube of the

type shown in figure 31 4 Toward the end of this

maneuver gas is drawn into the sampling bulb

It IS assumed that the last portion of air exhaled

bas the same composition as alveolar air, how

ever, contmued exhalation beyond the normal

cnd-expiratory position has an effect on alveolar

air composition somewhat like that produced by

breath holding for the period during which forced

exhalation ls performed Consequently when this

method is used the value for pCOi may be a little

too high and that for pOi a little low Rahn (1954)

believes that the gas which is exhaled four fifths

of the w ay along a normal expiration most nearly

approaches the mean composition of ah colar air

Rahn and Otis (1949) devised a method for col

lecting small portions of expired air at the appro-

priate phase of each expiration The device is

Fio 31 4 Haldane tube and sampling bulb

referred to as an end tidal sampler Samples col

lected by this method have a mean pCO* which
IS about 25 mm Hg lower than those obtained

from the same subjects by the Haldane Priestley

method and a pOi which is 4 3 ±06 mm Hg
higher The alveolar pCOj v alues obtained by the

end tidal sampler are reported to approach more
closely those for arterial pCO*

,
and this is pre

seated as further evidence for the accuracy of the

method on the grounds that it seems reasonable

to assume that equilibration between alveolar

pCOi and capillary pCO* in lungs is complete

The average volumes per cent of Oj m alveolar

air, reduced to standard temperature and pres

sure, 13 around 14 2 and the figure for CO* is

aroundS 5 The percentage in the lungs is reduced

however as a result of dilution with water vapor

of which about 6 2 volumes per cent is present

The pCOj of alv eolar air usually is around 39 to

40mm Hg m normal restmg subjects at «ea level

and under the same conditions the alveolar pOj

IS around 100 mm Hg
Atmosphereic air at STP contains 20 94 vol

umes per cent of Ot and 0 04 v olumcs per cent of

COi This gives a pOj of about 160 mm Hg and

a pCOt of about 0 3 mm Hg

Alveolar Capillary DilTusion and
Diffusing Capacity

W ith a normal alveolar pOj of 100 mm Hg the

diffusion gradient for oxygen at the arterial end

of the capillary is around 60 mm Hg and dc

creases exponentially toward the venous end of

the capillary where it may be only 0 to 10 mm
Hg The mean pOj gradient between alveolar air

and lung capillary blood was calculated by C
Bohr (1909) to be 15 mm Hg in resting subjects

and 30 mm Hg durmg severe exercise Bohr de-

veloped the concept of ‘diffusion constant’ of the

lungwhich 13 now known ns 'diffusing capacity ”

Thia quantity is written Do, or Dl© and is de

fined as the number of milliliters of oxy gen w hich

are taken up by the blood per mmute at on av

erage pOj gradient of 1 ram Hg between the

alveoW air and the lung capillary blood Smce

rate of diffusion is proportional to the pressure

gradient, Oj uptake (\'o,) * diffusmg capacity

(Do,) X average pO, gradient

ileasurmentof diffusing eapaaty To measure

the diffusmg capacity for oxygen three measure-

ments are necessary (1) ml of Oj passing from

alveolar air to blood per mmute, (2) mean ah eolar

0* pressure, and (3) mean pulmonary capillary

Oj pressure



Chapter SI LUNG VOLUMES AND POLMONAlli VENTILATION 487

m] of O2 pa««ing from alveolar

air to blood per minute

mean alveolar pOj
— mean capillary pOi

Item number 1 is measured ns m the BMR test

For item 2 the mo«t accurate figure is obtained

by use of the aU colar air equation (This equation

applies the principle that the total pressure ol

the four gases in the ah eoh equals the barometric

pressure Hence if the partial pressures of CO,

N, and 11*0 \apor are known the 0x3 gen tension

can be obtained subtraction ater vapor is

assumed to be 47 mm Hg pCO, is determined for

arterial blood which is n<!sumed to be in equili

bnum with the pCO, of alveolar air and pN, can

be calculated accurateh if the respiratory e\

change ratio IS determined ) Item 3 has been com
puted by Bolir a intogralion procedure from the

following (1) pO* of mixed xenons blood (nhich

IS « hat enters the pulmonari capillaries) (2)pO,

in aheolar air (3) pO, in the blood at the end of

the pulmonarj capillancs and the phj biological

o\3 gen hemoglobin dissociation curxe Foretcr

emphastecs the point that the most difficult prob*

lem is the measurement 0/ end capillao pO,

since there k no nay of obtaining a sample to

analyse It is apparent that indirect methods for

obtaining this figure tmolve the introductioo of

the experimental errors of the several tests m
volvedand also the setting tip of several assump
tions some of nhieli probably are unwarranted

Furthermore it is probable that the value for

pO, m mLxecl end-capillary blood even if it were

determined accurately would be of no real use

since m a laige proportion of the pulmonary cap

diaries the ah'eolar-capillary pO, gradient most

bkelj becomes zero before the blood reaches the

end of the capillary The relativel3 slight dif

ference m alveolar pO, and that of blood retumuig

to the left atrmm may be attributed to mixing of

blood from poorly aerated portions of the lung

xvith tl at from well aerated aheoli nhere equi

bbnum ma3 be presumed to be complete well

before the blood reaches the venular end of the

capiUar3 It seems quite possible that the values

calculated for the mean alveolar capillary pO, dif

ference in the resting subject zna} be as much as

tn o to three times that nhich actually is pre«ent

It IS probable also that the amount of the error

which IS introduced in postulating that eqiubb

num betneen aheolar air and pulmonary capil

lary blood is not reached until the blood arrives

at the end of the capillar} is much greater at

rc«5t than during exercise when rate of blood flov,

IS increased and this could explain a large part

of the increase in tlie figure for Dlo, >n exercise

as compared with that of the subject at rest

Forster (19o7) states that certain facts which

he tabulates make it apparent that each method

of mcasurmg Dt actually measures somethmg
different The methods referred to are the Dlq
steady state methoil the stead} state

method (three modifications) and the Dteo
breath holdmg method (two modifications) Ob
viou«ly if each measures something different onlv

one could measure the specific membrane prop

erties which ph3*8io!ogists wish to measure and

it 13 possible at present that none of the methods

in use measures any single specific aspect of lung

function

To summarize the situation with references to

measurements of Dl it would seem that one of

the factors needed in the calculations namely the

mean alveolar capillar} pO, difference has not

been determined accurately and consequent!}

the errors mvolved probably are quite large

BEFERENCJES
CuRisTis Jl \ J Clio lavest 193*^ 11 1099

Combos J H avoDripcs R D Am J Physiol
1944 U2 700

Drbtsr G Lancet 1919 2 2V
Hbnobrson \ Chilusoworth F P and
WiiiTver J L Am J Physiol 1915 38 1

Hercuixsov J /n Todd s Cyclopaedia of Anat
ctny anJ /’AjS’jhygy •# jr fWi?

Lilibntual j L Jr Hilet R L PROsmixL
D D AND Fbanre R E Am J Physiol 1946

UT 199

XanSatke D D andBinceb C A S J Exper
Med 1923 27 457

West H F Arch Int Med 1920 2c 300

Monographs and Revieies

Arnett J H J Clm Invest 1935 14 543

Comroe j n Jr Forster R E Dusofs
A B Briscos W A and Cablsen E The
Lung Clm cal Physiology and Pulmonary Func
tion Tests The 'i eat Book Publ shers Inc

Chicago 1955
Forster R E Fhjaiol Rev 1937 3" 391

FoirtBH W S Phisiol Rev 1952 32 1

Haldane J S and Priestlet J G Eesp ration

Clarendon Press Oxford 193a

Henderson Y Adventures in Respirat on The
WvU ams & Wilkins Company Baltimore 193S

Otis A. B Physiol Rev lOol 34 449



THE CONTROL OF BREATHING

Control of Inspiration anil Expirotlon

As described in chapter 30, inspiration dunog
eupnea is accomplished by contraction of certain

muscles, such as the diaphragm and external

intercostals, nliich may be called primary mus-
cles of inspiration, nhile expiration is the result

of the elastic recoil of the lungs and thoracic cage,

and the action of gravity when the inspiratory

muscles relax With increased demands for ven-

tilation, additional muscles, collectively called

aceeasory muscles of mspu'ation, are activated to

produce a more rapid and deeper inspiration,

certain muscles aI«o contract during expiration

to accelerate the return of the chest to the resting

end-expiratory position In eupnoic breathing,

therefore, for inspiration and expiration to occur

it u necessary simply for the motor neurons sup-

plying the pnmary muscles of inspiration to show
intermittent bursts of activity

The initial obsenation which is important in

considering regulation of breathing is that apnea

occurs when the CO* tension of the blood is below

certain levels if at the same time the 0* tension

IS above certain levels Tins situation can be

produced simplj by hyperventilating with at-

mospheric air, or an even longer period of apnea

can be produced bybyperventilatingwithoxygen

After hyperventilation is terminated apnea mil

supervene until CO* tension becomes elevated to

a certain level or until 0* tension becomes lowered

below certain levels Thus it is seen that the

initiation of breathing after hyperventilation de-

pends upon stimuli which derive either from a nse

in CO* tension or from a fall in 0* tension or from

an interaction of these changes

The relative importance of CO* and O* in in-

fluencing breathing in an individual at sea level

(ambient pressure of 760 mm Ilg) is illustrated

when the percentages of these gases m inspired

air are altered If the 0* percentage is increased

above the amount normally found, even up to

100%, negligible influences on rate and depth of

•s. breathing are observed Also, if the amount of

^0* in inspired air is moderately lowered, namely.

down to about 18%, tj’picaUy, little or no change
in breathing is observed Some persons will show
stimulation of breathing as the 0* is low'ered to

around 16% and levels of 10 to 12% regularlj

cause hyperpnea From these facts it is apparent

that reduction m 0* ten'uon is not an important

factor in regulation of breathing until the tcn«ion

IS reduced below some critical level which is some-

what loner than tliat found jn normal resting

subjects breathing air at a pressure of one at-

mosphere Any slight increase in the CO* ten«ion

of arterial blood, on the other hand, causes an

increase in breathing and a decrease in CO* ten

Sion IS associated with apnea even when the 0
tension is moderately below that which is found

normally at sea level Such facts provide a basis

for the mtcrpretation tliat the inspiratory process

at sea level in normal subjects is related to the

action ofCO* on certain neurons in the respiratory

center in the medulla oblongata, causing them

to discharge, and the termination of in«pirBtion

rcsalting ui expiration, occurs as a result of ‘ feed

back” of inhibitorj influences to these neurons

This mechanism serves to keep the CO* tension

of arterial blood at a constant lev el of about 38 to

40mm Ilg m the presence of wide fluctuations in

Oj tension of arterial blood as long as the latter

arc at levels from about 80 to 90 mm Ilg and up

Tlie Respiratory Center

It IS customary and conv enient to speak of the

collections of nerve cells in the brain stem which

are concerned with the integration of the activit}

of the muscles of respiration as the reapiraUiry

center But the use of the term shou/d not be taken

to imply that the controlling nervous elements

are a compact circumscribed mass, or confined to

a closelj restricted area Section through the

brain at any level rostral to the upper border of

the pons usuallj does not alter significantlj the

tcspiratorj rhythm But sections at various levels

behind this cause pronounced disturbances in

respiration If a cut is made tlirough the metluUa
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caudal to the tip of the cnlamu^ scnptoniw, all

breathing ceases

Legallois (1S24) located the rcspjraton center

in tlie Jower part of the meduUa oblongata, and

Flourens (1S42, 1S5S) found a small <!pot about

tlie size of a pin’s head ju«t beneath the forepart

of tlie cafnniiis senpfonua m the floor of the fourth

\ entncle, on eitlicr side of the midlinc lie showed

that after hihteral destruction of tins aren which

he named noeud ntal (\ ital knot), the respirations

ceased It appears, howe\er, that the respiratorj

failure in these animals could hv e b«?en second

arj to circulatorj failure related to loss of -vaso

motor tone

'Markirald (ISS7) dcsonbed powerful and pro-

longed tonic m<pirator3 mo; ements or ‘ cramps ’

which BUponened after bilateral «cctiQn of the

;agu3 ner\cs and dnision of the brain stem im

mediately behind the posterior coUicuh He con

eluded that a center inhibitory to inspiration was

located in the latter eituation, but that the \agi

also had an inhibitory action, consequently the

inspiratory "cramps appeared only after ;agal

influence had been abolished as well Markwald s

obsenations were confirmed shortly aftcrwaitJs

by other expenznenters The subject was studied

further by Lumsden (1932), who found that the

prolonged lospiratory mo; ements occurred only

if the section passed through the pons a few

miUunctcrs behind its anterior border and oc

curred whether or not the vagi w ere di\ ided The
inspiratory cramps or apneuscs, as Lumsden pro

ferred to call them, last for several seconds He
postulated their dependence upon an apneustic

Or t/TfpcniAjrg- at the letei cf the stnse

aeusticae, which was dominated normally by an
inhibitory or pneumoUmc center situated in the

upper part of the pons The duty of the latter

center was, through its inhibitory influence, to

help to transmute the apneustic movements into

the rhythmical movements charactarstic of nor

mal respiration After sechon of the brau stem
behind the stnae acusticac, the respirations con

Slated of a ^enes of gasps occumng at relatively

long intervals Lumsden concluded that these

represented the activity of a pnnutive posping

center situated m the low er part of the medulla

from which the two higher centers had evolved

It was considered to be of httle importance m
hi^er animals

Lumsden’s results were confirmed in the mam
by Stella and by Pitts, hlagoun and Hanson

Stella, however, found m contradiction to Lutns-

den, that section through the pons (i e separation

of the pneumotano center) did not result in

Pin 321 Showing apncusis Section of the
hrsm stem along a plane passing dorsali} munedi
ately behind the posterior colliculi and ventrally

2 5 mm below the upper border of the pons Be
twecDzanditlievngiwere blocked by cold Time
2 sec (After Stella )

opneu«i3 unices tlic v agal mfluence was abolished

also (‘ce fig 32 1) The results of Pitts and bis

associates are in essential agreement w^th tho«e

of Stella They found that 'immals decerebrated

through the upper part of the pons maintained a

normal type of respiration n bich respondedm the

u«ua) nay to chemical and penpheral sen e*timu

Jation so long as the vagi were intact but imme-

diately developed apneustic respiration and a

complete cessation of rhydbimcal movements

when both vagi vme servered Stimulation of the

central end of one of the cut vagi temporarily

restores the respiratory rhythm The apneustic

•center ft- tberefece under s drubie cnlubitor;}

influence either one of which is capable of con

verting the apneustic type of respiration to the

rhyihm of normal or nearly normal respiration

The vagal impulses influencing the apneustic

center are initiated by the stretch of the lung

towards the latter part of the inspiratory pha'e

of normal breathing Studies by Cohen (19^)

indicate that the pneumotanc center shows

rhythmic actmty synchronous with breathing

when its connections with the respiratory center

are mtact but fails to show rhythmicahty when
these pathways are cut

The apneuses like normal respirations are

affected powerfully by the COi tension of the

bkXKl bemg increased in depth by having the

animal breathe an air mixture containmg a high

concentration of COi and reduced m depth, or

prevented from occumng, by carbon dioxide

lack. According to Stella the pneumotaxic

center is bilateral but its connections with the
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apneustic center are mainij homolateral, i c un-

cro'sed

Pitts, Magoun and Ranson describe the respira-

tory center in the cat, which they locate m the

reticular formation of the medulla, as Gon«Lstiiig

of an inspiratoiy and an expiratory division, both

centers are bilaterally represented The tnspxro-

tory center occupies the rostral half or two thirds

of the reticukr formation oxerljnng the oh\aiy

nuclei on both sides, i e
,
beneath the caudal third

of the floor of the fourth xentriclc (fig 322)
TVTien stimulated a maximal co-ordinated inspira-

tion results, involving both diaphragm and

thorax If stimulated dunng apneu«i3, the magni-

tude of the inspuatory movement is increased,

if stimulated during an mterval between apneu

ses, an apncustie moiement is produced The
expiratory center lies in the reticular formation

dorsal to the inspiratory center Electncal stimu-

lation within this area causes expiration if stimu-

lated during inspiration or dunng apneusis, these

movements are inhibited Regular respirations—

inspiration altcrnatmg with expiration—are in-

duced by rhythmical stimulation of the inspira-

tory center, expiration then occurs passively

Rhythmical stimulation of the expiratory center

also produces regular respiration, spontaneous

inspirations then alternating with the expiratory

movements Intimate synaptic connections exist

between the diffusclj distnbuted neurons within

each center and between the two oppositely act-

FiQ 32 2 Dorsal view of lower brain stem of
cat showing location of pneurnotaxic (Pn ), in

apiratorj (Insp ) and expiratory (Exp ) centers
Extent of expiratory center shown in light slip

phng inspiratory center in heavy stippling

Though the centers are bilateral each is outlined
on one side only, for the sake of simplicity IC, in
fenor colliculus, AT acoustic tubercle, B, brach
lum conjunctivum B P ,

brachium pontis, R,
restiform bod>

, CN, cuneate nucleus (Redrawn
from Pitts Magoun and Ranson )

Fio 32 3 Diagram illustrating the chief nerv
oua connections responsible for the control of the
respiratory rhythm Inspiratory and expiratory
centersm t be medulla on the ngot side surrounded
by dotted circles (After Pitts, slightly modified )

ing centcre on the same side, as well as between

similarly acting centers on opposite sides of the

medulla Thus, unilateral stimulation of a small

area of the inspiratory center causes maximal

contraction of all the inspiratory muscles Excita-

tion of one center causes simultaneous activation

of its feOow of the contralateral side, accompanied

by reciprocal inhibition of both oppositely acting

centers Thus, the altematmg rhythm of inspira-

tion IS established and curtained, and the respira-

tory movements synchronized on the two sides

of the body The functional importance of the

bilateral connections is de[non<:tratcd in a sinking

manner by makmg a deep longitudinal cut

through the nudhne of the caudal part of the

medulla, then the re«puutoiy rhythms on the

two Sidra of the body become asymehronous (see

fig 323)

The similanty m the effects of stimulation of

the expiratory center and of the central end of

Uie vagus, namely, inhibition of m®piration and

of apneu«i3, has led Pitts and hts colleagues to the

conclusion that the vagal respiratory effects are

mediated through the expiratory center The

mfiuence of the pneumotaxic center probably is

exerted in the «ame way
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The respiratory center is connected with the

motor neurons of the phrenic and intercostal

nerves m the cervical {C 3, 4 and 5) and upper

thoracic segments of the cord (T 2-6) by descend-

ing tracts which run in the anterior columns and

in the ventral parts of the lateral columns of the

spinal cord

The Spontaneous Acw ity of rnE MEOUu-AnT
IlESPinATORY CENTFRS

This has been o subject of interest to phi^iol-

ogists for many j ears Some ini estigators, such

as Coombs and Pike, and Schafer, hate denied

tliat the center IS capable of spontaneousactmt},

maintaming that afferent impulses, especially

those set up m the lung bj the stimulus of stretch

and convejed bj the vagus, and tho«e initiated

from propnoceptors in the respiratorj muscles

and travelling bj the posterior nerve roots, were

essential However, the results secured withm
recent jears bj means of improvcvl methods of

investigation leave little reason to doubt that, m
certain species at least, the brain stem contioucs

to discharge impulses to the respiratory muscles

after all or nearly all afferent paths have been

severed For example, rhidhrmcal bursts of im
pulses can be recorded from the central stump
of the phrenic nerv e of a decerebrate animal after

section of the vagi, glossopharyngeal and other

cranial nerves entering the pons and medulla,

and division of the spinal cord below the level of

the 7th cerv ical segment Such an cxtcn«ivc opera-

tion would certamlj mterrupt all important affer-

ent paths including tho^e from the carotid sinus

and the aortic arch It is not to be supposed, of

course, that the respirations would be normal

after such a radical procedure, for even if not

essential for maintaining the activity of the

center, afferent nerve influences are of the utmo«t
importance in the regulation of that activity and
the production of thenormal respiratorj rhythm
Evidence for autoinaticity of the respiratory

center of a cold blooded species has been secured

by Adrian and Buytcmjk Thej succeeded in re-

cording rlij^hmical action potentials from the

excised brain stem of the gold fish, the potential

changes had the same range of frequenc) as the

respiratory movements (fig 32 4)

The spontaneous respiratory actn ity is appar-

ently dependent pnmanij upon the inspirator

center, the expiratory center playing an inhibi-

tory role to interrupt intermittently the inspira

tory discharge As shown by Ckdien (1953) ira

pubes arc not discharged spontaneously from the

pncumotaxic center Pitts and liss colleagues sug

ge«t that the pncumotaxic center is excited from

the inspiratory center, tliat a proportion of the

impubcs discharged from the latter region ascend

to the pontine center nhenec impulses de«cend

to the expiratory center, a discharge of inhibilory

unpubes 13 transmitted from the latter to the

inspiratory center As the discharge of impulses

from the expiratory center ceases, the inspiratory

center resumes its activity, and the cycle is re-

peated A nse in the rate of discharge of the

inhibitory impuU-cs will increase the rate of

breathing, while a reduction m the frequency of

the discharge will be followed by “lowmg of the

respirations

It appears, then, that in the intact animal the

automatic aUematiog rhythm of the medullary

centers is maintained largely by inhibitory im-

pulses from the pncumotaxic center and vagal

afferents impmging upon the expiratory centers,

which in turn inhibit, intermittently the act'ntj

of the inspiratory centers The vagal influence is

evoked by inflation of the lurigs C e , by m'ipira

tion), expiration, a passive act follows (ch 30)

Under ordinary phy'«iological conditions the vagal

regulatmg mSuence appears to play the dominant

role

Of the two mam methods which have been used

for localirmg inspiratory and expiratory centers,

namely stimulation versus ‘ sounding” for action

potentials, the latter would seem to be somew hat

more suitable Stimulation serves to expo‘«e only

a dominant or major influence Neurons having

opposite effects could be pre-ent and could be

Fig 32 4 Comparison of electrical potential wave rhythm and rby thm of respiratory movemenU!

(After Adrian and Buy tendijk)
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stimulated simultaneously, but the effects of the

dominant one of the two groups would be ex-

pected to appear Hence, inspiration elicited from

a guen site would not rule out the possibility

that expiratory' neurons are present m this region,

nor could an expiratory response elicited from a
specific site proxe that no inspiratory neurons

were being stimulated simultaneously According

to Brookhart (1940) lower strengths of stimuli

applied to the regions in which the inspiratory

center and expiratory center are supposed to be

located will elicit various types of effects, and

somewhat stronger stimuli are required to pro-

duce the effects reported by Pitts and coworkers

On the other hand the recordmg of a burst of

impul‘«cs only during one phase of the respiratory

Fio 32 5 Schematic repre»eiitatiDn of orgsnwation of central respiratory mechanisms in the brain

stem of the cat Kev to transection levels is imlieafed above In vagotomircd cats tran«cction rostral to

level 1 allows eupnea to be present, traaseclion between level I and 2 causes apneustic breathing to

appear, transection between 2 and 3 results in eupneie breathing or gasping or occasionally Biot s breath

ing, and transection caudal to level 3 is followed by al«ence of respiration (reproduced by permission

from Wang, Ngai, and Frumin)
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cycle would constitute evidence that only the

inspiratory or expiratory neurons, depending on
the time relations, were activated at that site

under the conditions of the experiment tVhen the

“sounding” method is U'^ed, according to Gcsell,

Bncker and Magee (1935), for the most part,

impulses are recorded from a given site during

both inspiration and expiration This would indi-

cate that expiratory and inspiratory ccurona are

intcmuRgled and would tend to make one doubt

that there are anatomicallj discrete expiratory

and inspiratory centera

A difficulty with the “sounding” method for

determining the location of inspiratory and ex-

piratory neurons of the respiratory center is

that impulses may be picked up directly from

motor neurons Achard and Bucher (1954) in-

vestigated the region of the respiratory center

vnth needle electrodes and determined by subse-

quent histological eicaroination the prec)«c cells

from which recordings were obtained Any purely

inspiratory activity obtained by them was from

motor neuroni m\ ol\ ed in inspiration, while action

currents recorded from numerous other electrodes

located in the area of the respiratory center did

not permit a distmction between respiratory

rhythms and the continuous asynchronous “back-

ground” activity in the reticular substance It

must be concluded, therefore, that tlie question

of the precise location of inspiratory and evp/ra-

tory neurons intliin the medulla has not yet been

answered

The relative importance of the pneumotaxic

center in maintaining rhythmic breathing after

vagotomy seems to differ according to the species

of ammal studied and the conditions of the experi-

ments According to Hoff and Breckeondge

(1954) in dogs, and under certain conditions in

cats, midpontine section combmed with bilateral

vagotomy does not cause cessation of breathing

Tills has been confirmed by Wang and coworfcers

In fact vagotomy has been reported to have no
effect on breathing m some instances m atumals

having the brain stem sectioned in theinidpontme

region HoS and Breckenridgc have returned to

the V lew that the cause of the rhythmic discharge

of respiration lies within the medulla itself “Just

how the rhythm of respiration develops withm
the medulla la still problematical, and it may well

be possible that within the confines of the medulla

itself anatomical pathways are to be found

wherein reciprocating self limiting circuits,

to those postulated between medulla and pons in

earlier hypotheses, determine the rhythm of

breathing ”

and Bonson)

The «ituation at prteent can be summarized

by stating that the presence of a respiration-

regulating group of neurons in the upper pontine

region, the co-called pneumotaxic center, has been

clearly demonstrated and has an important role

in regulation of rhythmic breathing m the intact

animal However, it seems to be clearly demon
atmtod, also, that rhy'thmic breathing still can

occur when both this mechanism and the vagal

reflexes are eliminated Finally, the precise man
Dcrm whKh the pontine elements influence respi-

rstton has not been determined In figures 32 S

and 326 arc showm two recent attempts to ex-

plam toe organization of the respiratory center

Hering-Breuer Reflexes

The Henng-Breuer reflexes are effects on the

respiratory cycle which are eUcited by inflation

and deflation of the lungs The receptors con-

cerned arem the lungs, and the afferent pathways

arc in the vagus nerves The function of these

reflexes apparently is to regulate the respiratory
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Flo 327 Diagram to illustrate the reflex and cherooreflex control of respiration

c>cle rather than to alter 6ignjficantJ> the pul-

monary ventilation for anj prolonged period

The obsertations made by Hering and Dreuer

in 186S nere that inflation of the lungs causes

arrest of inspiration, expiration then ensuing, and

deflation of the lungs has an mspiration-cxciting

effect Thej found that these effects were abol

ished when the vagus nerves were sectioned An-

other way to demonstrate the effects of lung

Fig 32S Record of contractions of isolated

slip of a diaphragm of a rabbit to illustrate Henng
Dreuer reflexes Upstroke is produced by contrac

tion of the slip, i e inspiration Ahme at + the

trachea was occluded at the end of expiration and
at 0 the obstruction w as removed B<Io\b at + the

trachea was occluded at the end of inspiration,

and at 0 the obstruction was removed (after

Head)

distention )s to blorlt the airway at the beginning

of either inspiration or expiration ^Tiea inflow

of air is prevented, a stronger inspiratorj effort

results than in the preceding cycle, and when
egress of au- is block^ at the cad of inspiration

a longer interv al than the preceding one occurs

before the on«et of the next inspiratory effort In

eupnea apparentlj the inflation effect during

inspiration alone is a factor As m«piration pro-

ceeds, distention of the lungs occur*, and impulses

are carried by vagal afferents to the respiratory

center where they cause inhibition of the inspira

tory neurons thus terminating inspiration Once
the lungs begin to deflate impulses are no longer

set up in the vagal afferents and, consequently,

the iD'<pinitory neurons again are free to di-charge

m response to their local chemical environment

The mechanical problem in studying the Her

mg-Breuer reflexes ean be circumvented m the

case of the rabbit since this animal has a ’lip of

muscle on the po«tenor surface of the diaphragm

which can be dissected free and recorded from

separately from the remainder of the diaphragm

(fig 32 7) This dLiphragmatic sbp can be u«ed

as an mdicator of the degree of activation of

inspiratory muscles If the lungs are distended,

the rate and ampLtude of contraction of the slip

decrea!%, and if the lungs are deflated
,
an increase

m rate and ampbtude of conlraction of the slip

IS obscrv ed (fig 325)

TTw stunulatiog effect of lung deflation on
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inspiration is related under ordinarj conditions

to failure in tlie production of the normal amount

of inspiration-inhibiting influence at the end of

inspiration Ilonevcr, 6C\ere deflation, as from

pneumothorax, results in activation of other re-

ceptors, and reflex stunulation of m«piration fol

lows FuiaU>
,

if lung inflation la sev ere, not onlj

IS inspiration inhibited but active expiration is

elicited rcfiaxl> This maj not require a third Ij pe

of receptor, but maj be simply the result of

greater degree of activation of the same kind of

receptors which are concerned in the reflex inhi-

bition of inspiration TTic role of vagal reflexes

in regulatuig inspiration and expiration has been

described in detail bj (1954)

A physiological role of the IIcnng-Brcuer re-

flexes IS to regulate the extent of lung inflation

*0 that the tidal volume tends to fall within a
certain range Also, these reflexes serve to in«ure

filling and emptying of the lungs despite a con-

siderable increase in resistance in the airna) As
would be expected, the tj-pical rc<uU following

bilateral vagotomj is an increase in the depth of

breathing Tlic m«piratoo act under these condi-

tions IS seen to be unnecessarily long since the

chest tends to remain in the in«piratorj position

for a short period after ingress of air lias slopped

This IS an inefficient process since muscular work
18 being done while no air is being moved Al«o,

a decrea«e m rc«pinitOTy rate develops in most

animals after vagotomy Tlus probably is a com-

pensatory change, secondary to the increased

depth, which results in an amount of pulmonary

ventilation emiilar to that which was present

before vagotomy An increased depth of breath-

ing without a decrease in rate would soon wash
out COj «o that the stimulus to the respiratory

center would be removed, hence the rate soon

would decrease to cause restoration of normal

COj lev els It should be mentiorfed, however, that

the effects of vagotomy on rate and depth of

breathing v ary greatly depending upon the

anesthetic agent which is used, and furthermore,

changes are progressive for a prolonged period

following vagotomy

The effects on respiration of direct stimulation

of the central end of the vagus nerve sectioned

at the cemcal level are somewhat unpredictable

since the nerve contains several types of afferent

fibers which carry impulses to the respiratory

center These molude (1) aortic arch afferents,

(2) aortic body afferents, (3) inspiration inhibit-

ing fibers activated normally during lung infla-

tion, (4) fhspiration-excitmg fibers ectivated

phy'«ioJogieally by excessive lung deflation, (5)

fibers concerned with visceral pain, and po'sifaly

stiff other types of fibers How ev er, strong stimu-

latioQ of the central end of the vagus nerve

usually causes apnea, and this may persist for a,

few oeconds after cessation of stimulation This

result could be clicitcvl if the effects of stunula

tion of (1) and (3) abov e w ere sufficient to ov er-

nde the effects of stimuLition of (2) and (4)

“nie Henng Breuer reflexes are basically pro-

pnoceptiv'e in nature In this case contraction of

skeletal muscle not only increases the tension in

muscles and shortens them but clastic objects,

the lungs, also ore put under greater tenejon The
lungs also arc supplied with receptors from which

information is earned back to the same neurons

that activated the muscles The muscles of respi

ration, like skeletal muscle in general, are supplied

with propnoceplivc innervation through which

their contraction is regulated in the same way

as desenbed for the hrab musculature After

vagotomy, breathing is still possible, although

it is altered considerably, and some degree of

propnoccptiv e control still is retained

Ilcflex EfTect* from Pressoreceptors

A sudden nse in pressure in the cino>4ortic

tones ebcits reSexly a decrease m rate and depth

of breathing If the pressure nse is considerable

apnea may be produced Typically, adaptation

IS rather rapid so that brcatlusg is restored ev en

though the new pressure level is maintained Part

of the recovery of respiration is related to ad

sptation m the receptors themselves, but also

it occurs as a consequence of the n_e m pCOt
during apnea The opposite change, a sudden fall

u) pressure m the smo-aortic zones, ehcits hy^perp-

nea Thus, any sudden change m blood pressure

per EC tends to ehcit respiratory responses Dunng
rapid bleeding or foUowmg injection of vasodila-

tor drugs, such as nitroglycerin or bethanechol

(a choline derivatne), re-piration is stimulated

(fig 32 9), and the effect is prev ented m consider-

able part by smo-aortic denervation (Schopp,

Gilfoil and Youmans, 1957) The respiration

stimulating effect of rutroglycenn which still

remains after denervation can be partly or com-

pletely prevented if a device is used to prevent

the fall in artenal blood pressure

S<4umdt in 1941, and recently Aviado and

Sdumdt (1955) have su^ested that the effects

on respiration elicited from the pressoreceptors

serve no physiological purpose, however, this

mechanism probably is of importance m influenc-
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j n

Fig 32 9 ElTecte on blood pressure (.below) and
respiration (a&ote) following injection of 01 mg
per Lg of nitroglycerin into dog anesthetized ailn
alpha chloralo«e The respiratory stimulation can
be prevented if the fall in arterial blood pressure
IS counteracted by means of rapid infusion of blood
from a pressure regulating device (from studies by
Schopp Gilfoil and Youmans)

mg the venous return (Youmans, 105S) Va'odila

tion promotes poolmg of blood, especially in the

abdominal Mscera, and mcrea«ed respiratory

activity promotes the mo\ement of blood from

the abdominal portion of the inferior vena cava

on into the thoracic portion The concept of the

respiratory pump, as a factor m aiding venous

return, introduced by Donders in 1859, seems

accurate aceordmg to the studies reviened by
Brecher (1956) Conversely, the respiratory in-

hibition during a nse m blood pressure, especially

m a person m the orthostatic position, would

favor poolmg of blood m the splanchnic region so

that venous return would be decreased, thus

cardiac output would be lowered, and the rise

mblood prcssurcwould be counteracted In short,

one may interpret the respiratory responses from

pressoreceptors, along with effects on heart rate

and arteriolar tonus elicited at the same time, as

being concerned with the stabilization of arterial

blood presoure The characteristics of the«e re-

flexes are such that they are useful in counter

acting sudden changes of brief duration tliey are

not concerned with counteractmg prolonged

changes

Regulation of Pulmonary Ventilation

Respiratory Adjustments to COr

The COj content of inspired air is negbgible.

as far as human physiology is concerned, and can

be mcrea«ed somewhat without causmg an in-

crease in RMV Its concentration at sea level can

be mcreased by about 1% (7 6 ram Hg) before

a measurable increase in pulmonary ventilation

occurs If 4% CO} is breathed, the RMV is ap-

proximately doubled on the average, but the

effect may be scarcely noticed by the subject

Any further increase in COj from 4% up to 10%
produces a correspondingly greater RSIV, and

at the latter level it may be 8 to 10 times the

resting lev el Also the subject may have symp-

toms of dizziness, faintness and headache In-

creasing the CO} percentage beyond 10 does not

result in significantly greater increases m RMV,
and at levels above 20% the RMV may begin to

show a decrease Also, these levels cause convuK

sue seizures From the practical standpoint it

would appear that if COj is to be administered to

stimulate breathing, there would be little use for

any mixture containing less than 5% or more than

10% COi
It is generally agreed that the primary site of

_

action of CO* m producing effects on breathing

m the inspiratory division of the respiratoiy

center Cells in & respiratory center that has been

isolated from extnnsic neural influences show
alterations m rates of discharge m response to

corresponding changes in pCOt of the blood reach-

ing them, and injection of bicarbonate directly

mto the respiratoiy center causes an increased

activity of these neurons Considerable attention

has been given to the question of the precise

mechanism by means of whicli COi exerts its

sftmafanC action on the respiratoiy center It has

been debated whether COi per se has such an

effect or whether the effect is exerted indirectly

as a consequence of the concomitant increase in

cH There is evidence that both a nse m pCOi
and m cH in the respiratory center contribute to

and supplement each other in causing an increase

in pulmonary ventilation

Another mechanism, reflex in nature, is avail

able for the stimulation of breathing as a conse-

quence of a rise in the pCO* of arterial blood

TTie chemoreceptors, already desenbed as con-

cerned with producing circulatory adjustments

in response to changes in pOj and pCOj when

subjected to a sufficient nse in pCOi will elicit

an increase m RMV The exten'ivc literature

dealing with chcmoreccptors has been sum-

marize by Ileymans and Neil (1958) The fact
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of reflex stimulation of breathing in response to

rises in pCOi of the blood flowing to the aortic

and carotid bodies has been demonstratcil bj a

number of methods and is gcncraUj accepted A
question which has been Mgorousli disputed,

howei er, is whether the respiratory center in the

intact subject is more sen«itiie than the chemo-

receptors In other words does the chemoreceptii e

reflex mechanism constitute the fir^t line of de-

fense against a nsing pCOi in arterial blood or

docs the respiratory center lia\ e the greater ‘«nsi-

tmty HcjTTians lias supported the view that the

chemorcccptors are concerned with reflex drue of

breathing even under resting conditions at sea

level, while Schmidt and Comroc favor the inter-

pretation that the^e receptors arc actuated in

Significant degree onlj after considerable increases

in arterial pCOj The details of the argument arc

reviewed bj Heymans and Neil, who conclude

that the question remains open ns to how much
the chemoreceptors participate m the respon'c to

moderate hv’percapnia in the intact anunal IIow-

ev cr, the majority viewpoint fcems to be that the

nomiallj sensitive respirator) center responds to

nsing CO< and through increased v cntilatioo pre*

vents a rise in pCOi of arterial blood «u(ncicnt to

ehcit a response from chcmorcceptors If, on the

other hand, the rc«piratory center is rendered

relatively insensitive to COj, for example, by
anesthetic agents and narcotic drugs, respiration

is depressed, and pCOi rises to a level sufHcient

to set up chemoreceptiv e dnv e of breattung Ac-

cording to the latter interpretation the COria-
duced chemoreflex constitutes a seconder) line

of defense to help insure pulmonary ventilation

when the sensitivity of the respiratory center is

reduced

The lowering of pCOj m arterial blood can be
achieved by voluntary hyperventilation or by
excessiv e artificial ventilation of anesthetued sub-

jects Following hyperventilation, apnea is ob-

served, and breathing is resumed when either

pCOj nses to approximately the level found in the

subject under resting conditions or when the pO*
of arterial blood drops to a level sufficient to set

up reflex dm e of breathing on an Oj lack basia,

whichever occurs first After one has hiTJerventi

lated moderately with atmospheric air, oxjgen
lack develops quickly as the store of 0x5 gen in the

lungs IS absorbed and utilued, breathing 13 re

sumed in sequence to the oxjgcn lack stimulus

before the pCOi has been restored to the normal

restmg level Then the 0x5 gen lack is relieved by
a few breaths, and apnea appears again Gradu
all), the pCOj level becomes restored and takes

over as the sole drive This is the basis for thu

appearance of a few c) cles of periodic breathmg

after IijTvcrventilation As would be expected if

one hyperventilates with 100% Oi, rather than

air, just as much COj is blown off as before, with

a given degree of respiratory attmt), but the

pOj m alveolar air is quite high at the end of the

pmod of h) perventilation Consequently a

longer time will be required for the Oj-lack stimu

Ills to appear than for t!ic pCO. lev el to be re

stored Therefore, follow mg h) perventilation

with 100% Oj the elevation of pCOi may be the

initial factor m the restoration of breathmg

Respiratory Adjustments to O 2

The pOf in inspired air can be reduced by
loR enng the atmosphenc pressurem a decompress

8100 chamber m which the subject has been

placed, or be may breathe prepared gas mLXturea

hav mg various ratios of 0» to Ni Since Oj tens

Bion is low ered in proportion to the decrease in

barometric pres'nire with altitude, one may indis

cate the altitude at winch the experimentally

induced pO- w ould be encountered Thus a certain

altitude, as far as pO; is concerned, is simulated

by the expenmental conditioos For evample, if

one breathes a mixture of 10 5 per cent Ot and

89 5 per cent Nj at 760 mm Hg pressure, the

pOj IS about H that m atmosphenc air at the

same pressure This approximates the pOi found

in atmosphenc sir at an altitude of 18,000 feet

where the baroinetnc pre«sure la about 3S0 mm
Hg The details concerning respiratory re«ponses

to pOf lower than that of room air at 'ea lev el

have been described by Dripps and Comroe

(1947) and by Rahn and Otis (1949) The major

observations may be summarued as follows Some
'aibjects show a slight stimulation of breathing

when the 0* is lowered to 16 per cent to 18 per

cent, while others do not respond until a level

in the range from. 16 per cent down to 12 per cent,

or even lower m occasional subjects, is reached

At levels of 10 per cent or below, breathmg is

stimulated but iiregulanties may develop As the

Of tension in inspired air is lowered and respira-

tor} mmute volume mcrcases the COi tension in

alveolar air and arterial blood falls Thus at the

eame time that the oxygen lack stimulus is oper-

ating to cause an increased RMV, the CO: and

cH drives of breathing are being withdrawn It

IS apparent, therefore, that the stimulating eS'ects

of oxygen lack per se on breathmg could be re-

corded if the fall ui CO: ten«ion were prevented,

as by adding the appropriate amount of CO: to

the inspired air In the discussion of hypen entila-
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tion it was noted that a relatively slight reduction

m COi tension (3 to 4 mm Ilg) results in apnea

when there is no accompanjmg Oj lack At alti-

tude, therefore, where the COj tension is lowered

more than this (secondary to increased RM\0f
it must be assumed that re piratorj dnve is en-

tirely on an oxj gen-lack basis or that a readjust-

ment m sensitivity to COs tension has occurred

Acutely, the former seems to be true, while after

prolonged exposure to low oxygen tension the

latter change apparently occurs

Papers on respiration written before the dis-

coi ery of the chemoreceptors of the carotid bodies

refer to a stimulant action of oxygen-lack on the

respiratory center It is now believed that a

lowered Oj tension in tlie medulla does not result

in stimulation of breathing, and decreases m 0*
tension of arterial blood, wnthm ranges that the

animal can tolerate for significant periods, do not

cause stimulation of breathing if the carotid and

aortic bodies have been denervated Thus, the

only seneitive mechanism w hich responds to oxy-

gCD-lack and elicits an increase in RMV is the

chemoreceptop reflex Here, too, as m the case of

the COj effect, the precise lei el at which a lowered

arterial Oj tension elicits stimulation of breathing

IS disputed Comroe and Schmidt (I03S) first re-

ported that the 0* tension in blood perfusing the

carotid bodies was lowered to about 50 mm Hg
before the receptors were activated, but others

have reported the threshold to be above 100 mm
Hg pOj Experiments showing the effects on

RMV of blocking the chemoreceptors do not «erve

to establish the level of activity under normal

resting conditions if anesthetic agents are used,

smee, as already explamed, the«e substances usu-

ally cause depression of the respiratory center so

that some part of the dnve of breathing is trans-

ferred to the chemoreceptors If oxjgen lack

stimulates breathing only through activation of

chemoreceptors, then depression of breathing

should be produced as a re«ult of breathing mix

tures contammg more Oj than that found in at-

mospheric air To be relevant to the question the

experiment must bo performed on normal, renting

subjects at a barometne pressure of approxi

mately one atmosphere, and the gas to be tested

should differ from the control only in that an

inert gas, such as nitrogen, is substituted for oxy-

gen Loeshke (1953) reported an S per cent reduc-

tion ofRMV for about a minute when 32 per cent

Oj in Nj was substituted for room air in unsnes-

thetized man, and thiswas followed bj a n«e until

equilibrium was reached after about 4 minutes

On returning to room air, RMV mcreased a little

for a few minutes and then returned to the control

level Dnpps and Comroe (1947), however, re-

ported only3 1 per cent reduction inRMV caused

by mhalation of 100 per cent Oj
,
whereas Baker

and Hitchcock (1957) found an increase in venti-

lation in response to 100 per cent Oj Tlie results

cited indicate that if there is any dnv e of breath

mg related to Ortension effects m normal sub

jects at sea level it is so small that it can be de

tected only by very careful measurements Fur
Ihermore, it is possible that even the slight

increases m ventilation which have been reported

are not related to the removal of chemoreceptor

drive, but rather to a nse m pCOj tension m the

respiratory center secondary to the vasoconstric

tion produced by high 0» tension in the arterioles

of the bram (See Kety, S S and Schmidt, C F
,

1W8)

Effects of Hydrogen Ion Concentration and
the Interactions between

Respiratory Drives

Since changes in pCOj are accompanied by
changes ID pH, a question may be raised whether

changes in hydrogen ion concentration as such

have an influence upon breathmg Gray (1950)

baa emphasized the pout that m metabolic

acidosis pulmonary ventilation is greatly in-

creased while arterial pCO* is below normal Ob-

viously then if it IS true to begin with that only

three drives (pOi
,
pCO?

,
cH) operate to control

breathing, increased acidity per se is capable of

stirnulatmg breathing smec neither of the other

two factors has changed in a direction whicli

would cause such stimulation Gray further states

that an increase in RMV is not regularly asso-

ciated with an increase (and in fact may occur in

the presence of a decrease) in dnve related to any
one of the three factors considered to be concerned

with the control of pulmonary ventilation, how-
ever, at least one of three changes must be pres-

ent (1) nse m arterial pCOj , (2) decrease in

arterial pOi , or (3) increase m artcnal cH It is

envisaged that any one of these may assume the

major role in driving respiration under certain

circumstances In the case of administenng COi
the artenal cH increases almost linearly with the

increase in arterial pCOj so that, according to

Gray’s multiple factor theory, the stimulation of

breathing is greater than would be produced by

ether the nse in pCOi alone or the nse in artenal

clf alone

The evidence seems to be sufficient to establish
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that the le\el of pulmonary ventilation in Bub-

jeets at rest la determined by either the arterial

pCOj tension, the arterial pOj tension, the artcnal

cH or bj interaction of these three drnca The
relationship betw een each of these dri\ es and the

other two has been discussed at length in physio-

logical literature Gray advanced the hjpothesia

that effects of the three factors are simplj addi-

hte, and, in hne with this view he presents an

equation for calculation of the v cnlilation ratio

(ratio of alveolar ventilation under new condi-

tions to ah eolar v entilation under control condi-

tions) from the changes m pCOj , pOi and cll of

arterial blood

According to Graj ’a theorj if pCOj is lowered

further below the level which leads to apnea be-

cau“-e of lack of a COj stimulus to the respiratory

center, the pCOj effect is further ‘•ubtracted

Stated in another w aj
,

if breathing is put on an

oxj'gen-lack drive, the lower the pCOi
,
the lower

will be the amount of respiratory stimubtion be-

cause of the lesser pCO* effect to be added to the

ovjgec lackdnve In experiments by Nielsen and

Smith (1D52) the ah eolar pOj tension was mam-
tamed at constant low levels, eliciting Orlack

dm e, while the effects of adding CO* were tested

It was found that COi had no effect, or only a

slight effect, on the v entdation under these condi-

tions until a threshold value of arterial pCOj of

about the same magnitude os that which causes

initiation of breathing under normal conditions

w as reached Hence, it appears that the CO- level

does not at all influence the level of ventilation

when breathing is being maintained by the hy-

poxic stimulus Chnstensen (1954) comments tliat

it is difficult to see how Gray’s multiple factor

theorj can explain an unchanged ventilation

when the alveolar and arterial pCO* are changed

between 21 and 33mm Hg at a constant alveolar

pOs It seems possible that just as pO* is not a
factor m respiratory regulation when it is above
a certain level, pCOj may not be a factor at all

when it is below a certain level

Immediate respiratory responses to exposure

to a given reduction m pOj in in«pired air are of

les«er degree than those which are <een after

chronic exposure Acclunatization occurs so that

dunng prolonged exposure pulmonary v entilation

IS increased, as indicated by a further lowenng of

the alveolar pCOj bej ond that observed initially

Rahn and Otis (1949) suggest that a nse in

alkabnitj of the blood due to decreased oxyhemo-

globm saturation inhibits the respiratory stim

ulation that would be expected to result from

the decrease in pO* per te Regardless of the

mechanism of acclimatization which occurs dur-

ing chronic exposure to lowered pOj in inspucd

air, when it has occurred, there is increased pul-

monarj ventilation, lowered alveolar pCOi, m
creased alveolar pOj bejiind that observed ini-

tially, and a lowered alkali reserve Dunng the

proccbs of acclimatization, alkab is remov ed by
unnaiy excretion The pH of the blood is within

the normal range It appears that other more

complex changes m respiratory control are in-

volved m the gradual adjustments to hjiioxia

For example, the alveolar pCOj which is lowered

imtiaUj may return to or even exceed the lev el

in normal subjects at sea level, hence sen'ntnity

of the regulatory mechanism to CO* must Iiave

become readjusted In short, m acute hypoxia

the COt dnv e maj be largely or completely elimi-

nated, but it must be assumed that the COt dnve
IS m some degree restored during acclunatization

Mechanisms of Xlj'perpnea

during Exercise

Dimng exercise pulmonary ventilation in-

creases, and the nse is quite proportionate to the

amount of increase in muscular activity Sisco an

iocrea«cd rate of production of COj and of acid

metabolites and an increased rate of utilization

of ox>gen occur as a consequence of increased

muscular activity, o pnm it is logical to think

that the respiratory stimulation is induced by
the same three factors which are considered to

operatem the resting 'ubject However, a number

of studied show that muscular exercise is not

rcgulatlj associated with either a decrease in

arterial pOt ,
or a nse in arterial pCOi or cH,

Inmdividual experiments none of these factors

shows a change durmg exercise in the direction

needed to ebcit increa'^ed respiratory activity

(Grodms I9d0)

The pCO» of mured lenims blood is increased

and the pO* decreased during exercise, but no

respiration influencing receptor located on the

tenoua side of the Bysfemic circuit has been dem
oastrated (The presence of bodies similar to the

aortic bodies around the pulmonary artery and

receiving a blood supply from it have been de-

senbed, and i/ such receptors exist they might be

expected to elicit stimulation of breathing dunng
exerci‘*e) There is evidence that respiration is

stimulated reflexly by impulses arising in the

working muscles or the joints which are acted

upon by these muscles Still another po'^sibibty

IS that during voluntary actmty impulses are
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directed m descending nerve tracts into the re-

spiratorj center to exert a stmulant effect In any
ca'se it appears that accessorj respiratorj drives

are brought into plaj during exerci«e so that in

created ventilation may occur even before a
change in pCOt

, pOi or cH have had tune to

occur at the sites upon which these «timuh act

The factors which are concerned m the atimula*

tion of breathing, which most respiratory physio!

ogists believe must be present in exercise over

and above that related to the three chemical

stimuli which operate under resting conditions

are referred to b> Grodms (1950) as the exerctae

$iimulus It IS probable that afferent influences

from various sources are concerned and also that

chemical excitants not jet identifled play a role

Periodic Dreathang

Under certain conditions uregular or “penodic ’

breathing may develop There are two major

tjTies Biol’a breathing and Chevne*Stokes

breathing In Biot’s breathing there are periods

of variable length during which breatlung is

present, and these alternate with apneic periods

of different lengths The transitions from the

periods of activity to apnea and back are abrupt

In contrast to this in Cheyne-Stokes breathing,

although periods of respiratory activitj alternate

with apneic penods, the amplitude of breathing

increases gradually to a maximum and then de«

creases graduallj until the next period of inactiv-

itj Biot’s breathing has been observed in menm-

gitis and other pathological conditions affecting

the medulla ChejTi&Btokes rrapiration has been

obsened in a number of different circumstances,

some of which are pathological and some phjsio-

logical (fig 32 10)

ChejTie-Stokes fireaffiing occurs in some nor-

mal subjects at moderately high altitudes, (for

example, 12,000 to 15,000 feet) and it maj be

seen in normal sleeping infants Expenmentallj,

it may be produced in normal subjects following

a prolonged period of voluntary hyperventila

tion, and it can be produced byTSving Uie sub

ject breathe deeplj through a tube of a certain

length In the latter case, the dead space is in-

creased by a specific amount, and if there is too

little or too much increase in dead space, Chej-ne-

Stokes breathing wall not dev elop Sev eral drugs,

notably morphine, will cau'e the appearance of

Cheyne-Stokes breathing if given in adequate

doses The condition is commonly seen in persons

suffering from chronic congestive heart failure,

and in such cases the penodicitj tends to be

^gravated by sedation or dunng sleep

The basis for Cheyne-Stokes breathing after

hyperventilation, as explained on page 497, ap-

pears to be that oxygen lack dnv e makes its

appearance and is relieved several times before

the pCOifinallj is built back up to lev els sufficient

to drive normal respiration The oxjgen lack

drive presumably is v la the chemoreceptors How
ever, there w evidence that two or more tjpes of

initial defect maj cause Chejme-Stokes breathing

For example dunng penodic breathing there also

arecjclic changesm the blood pressure level, and

m some instances, the nse in mean arterial blood

pressure occurs dunng the phase of respiratory

activ ity while in other cases the n«e in blood pres

sure IS dunng the apneic phase These two tjpes

most bkely are related to quite different ba«ic

mechanisms The former has been demonstrated

to occur ID dogs hsv ing the sino-aortic pres«ore-

ceptors and the carotid and aortic bodies dener-

voted or isolated (Youmans and Schopp, 1957)

hence cbemoreceptive dm e could not have been

a factor It is still probable however, that the

other tjqie of penodicity is dependent upon a

seesawing between reflex and central drives Guj
ton (1958) has desenbed expenments in which he

found that Cheyne-Stokes breathing was pro

duced if the time required for blood to flow from

tfte heart to the hrain w as proi’ongerf by increa®ing

the length of the channels Since circulation time

IS increased m chronic heart failure, this may be

the change that initiates penodic breathing m
patients sufTeriog from this condition

Ej-ster (1906) produced periodic breathing in

dogs by elevating the intracranial pressure His

records show that breathing occurred when blood

Fio 3210 Two examples of Cheyne Stokes breathing (After Lewis)
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pre^rc rose abo\c the level of the intracranial

pressure, and apnea was present when the pres*

sure was below this level In chnical cases with

increased intracranial pressure, Eyster observed

the same pattern of c} die changes in rcspiralwHi

and blood pressure as that produced expen*

mentally in dogs

Ileilexcs Initiated In Other Ports

of the Bodj

The experiments of Churchill and Cope show

that a reflex increase m the rcspiratorj rate re-

sults from distention of the pulmonarj vascular

bed ^\'hen the vessels of the lung, which was

Isolated from the body except for its nerves, were

injected wath fluid to cau'e overfilling of the

vascular bed, rapid shallow breathing imme-

diatelj endued Section of the vagal fibers abol*

i«hed the response

Stimulation of almost anj afferent nerve maj
bnng about a reflex changem respiration Stimu-

lation of pam fibers is especiallj potent m this

regard, and the respiratory effects of the exeitop-

tion of the cutaneous nerves b> extremes of heat

or cold are w ell known The thermal effect upon

respiration is apparent in the panting of the dog

The increased pulmonary ventilation in fever is

also partly due to the stimulation of receptors

{themoreceptor$) responsive to a n«e m tempera-

ture The thermorecoptora are situated penph-

erall}, e8peciall> m the skin, and centrally in the

hypothalamus, the latter, being stimulated

throu^ the nse in temperature of the blood, set

up impulses which are transmitted to the respira-

tory centers, the pneuroolaxic center in particu

lar The great increase in pubnonaiy ventilation

occurring in muscular exerci'e is dependent m
part upon reflexra onginatmg in the active mus-

cles and moving joints Proprioceptive impulses

from the diaphragm and other respiratory mus-

cles during one respiratory mov cment exert an
important influence upon the succeeding move-
ment Stimulation of sensory nerves m the re-

spiratory tract, as by ether anesthesia, or of the

abdominal viscera, either during surgical opera-

tions or os the result of disease may cause pro-

found cliangea m breathing Al«o, as pointed out

by Hamson and his associates, stimulation of

afferent nerv c endings in the great v ems and right

auncle by the nse in venous pressure is a possible

factor in the byperpnea of exercise or in the

dyspnea of cardiac failure The glossopharyngeal

nerve contains afferent fibers which inhibit respi-

ration during the second stage of the act of swal-

lowing Abrupt inlubition of respiration is al«o

caused by the inhalation of on imtant gas through

stimulation of nasal branches of the 5th nerve

In other instances imtalion of these endings may
cause sneezing—a modified respiratory act («ee

fig 327) Coughing though it can be brought

about by a voluntary effort la most commonly
reflex in character, and mitiated by the stimula-

tion of afferent nerve endings m the trachea and

larynx <p 477)

Dyspnea

Dyspnea literally means difficult breathing

When the respirations from whatever cau<c can

not be earned out with ease and practically un-

consciously, the individual is said to be dyspoeic

The term therefore implies a subjective element

Dy’sgnea thus differs from hyperpnea The latter

term means simply increased pulmonary ventila-

tion, and this may occur quite unconsciously or

if the subject is aware of the augmentation of the

breathmg, there is not necessarily any sensation

of difficulty or distress When the hyperpnea be-

comes extreme and y et leaves the need for which

it has been instituted unsatisfied, discomfort or

distress is experienced, and the term dy'spnea is

apphcable Meakins offers the follownng concise

definition “Dyspnea is the consciousness of the

necessity for increased respiratory effort
”

Causes of Dyspnea

Since the respuatory and circulatory functions

are directed toward the acquisition of oxygen

and the elimination of carbon dioxide, dyspnea

may rwult if either of these functions be disturbed

to such an extent that the normal gaseous ex-

changes cannot be accomplished On the other

hand, the oxygen requirement and the carbon

dioxide production may be so great that the nor-

mal respuatory and cuculatory mechanisms find

difficulty m meeting the demands of the moment
Or again the supply of oxy gen itself may be made-

quate as a result of a low oxvgen tension m the

atmosphere (e g ,
high altitudes) In considenng

the causes of dyspnea w e must, therefore,m many
instances look beyond the lungs themselves The
lungs are the bellows, but it is the tissues which

consume oxygen and produce carbon dioxide, and

it IS the heart and the blood which are concerned

with the carnage of these gases between lungs and

tissues The height of the hyperpnea at which

dyspnea appears is called the dyepneu: point

Ttere IS a relationship between the latter .and

the vital capacUtj A person with a large vital
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capacitj obMousl^ can breathe a lai^r \oliinie

of air without discomfort than can one with a
smaller Mtal capaciti There is a close relation

ship hovreicr between the onset of djspnea and
the ratio of the functional residua/ capaetiy to the

total luny capacity The more ncarh equal are the

functional residual capacitj and the total lung

capacitj , the greater will be the tendenej toward

dj-spnea

The fundamental or immediate causes of d>sp-

nea can m most instances be reduced to the fol

lowing categories (1) Stimulation of the respira-

tory center either (a) reflexlj from the carotid and

aortic bodies (anoxia or increase m H ion concen-

tration due to fixed acids), (b) directly, by COt
excess, (c) a combination of (a) and (b) as in

asphyxia! states, or (d) by impulses from cerebral

centers or by afferent impulses, especially of a
painful character, from abdominal or penphera!

regions (2) Hypersensitivity of the Henng
Dreuer reflex, thus bringing about earlier inhibi-

tion of the inspiratory phase and causing, as a

consequence, a more rapid shallow type of breath-

ing

The abnormal conditions chiefly aasociated

with dyspnea are

(1) Prevention of adequate oxygenation of the

blood m the lungs (arterial h> poxia, ch 33)

(2) Interference with the transport of the

respiratory ga«C3 Anoxia of the hypokinetic or

anemic type (a) slowing of the circulation as in

canliac failure, (b) severe anemia, breathlessness

chiefly on exertion

(3) Restnetion ol the action of the diaphragm

or intcrcostals

(4) Acidosis, reduced alkali rcsen e or reten-

tion of COi

(6) Increased metabolism

(0) ^mous conditions, eg, emotional dis-

turbance, neurasthenia, hystena, encephahtis, or

the direct stimulation of the respiratory center by

cerebral tumor, hemorrhage or edema

Dyspnea due to Pulhonabt Diseases

Dyspnea is a feature of various respiratory

di«ca«e8

(a) In «ome instances, e g ,
laryngeal or bron-

cliial oljstruction and asthma, the dyspnea is due

to a combination of anoxia and CO* retention

(b) In other instances owing to the reduced

di-ten«ibility of the lungs resulting from edema,

congestion, inflammation, fibrosis, etc, the Iler-

ing-Breucr reflex is thought to be abnormally

sensitive

(c) Limitation of the movements of the dia-

phragm and chest wall In emphysema, for

example, owing to the loss of lung elasticity the

resting position of the chest is one of nearly full

inspiration The diaphragm is fixed and the thorax

elevated Any further enlargement of the chest

entails unusual effort on the part of the in

tercostai muscles (see also ch 30) and the cn

hstment of the accessory mu'cles of respiration

Expiratton inv olv es active contraction of the ex-

piratory muscles

Cardiac Dyspnea

Dyspnea upon exertion is a feature of certain

chrome pulmonary and heart lesions e g , mitral

stonosia Stimulation of the carotid and aortic

bodies by oxygen want or of the respiratory center

b} carbon dioride excess ts not, tn the absence of

cardiac failure, responsible for the dyspnea, since

the oxygen saturation of the artenal blood may
not be reduced to any important degree, and the

carbon dioxide tension is w ithio or ev cn below the

normal range Pulmonary engorgemeDt leading

to diminished di5ten«ibility of the lung is con

siderod by Meakins, Chnstie and associates to be

the pnmc C8u«e of cardiac dyspnea Though the

feduction in the vital capacity may be roughly

proportional to the dyspnea the two do not bear

the relationship of cau«e and effect, since the

subject’s vital capacity is always greater than

the volume of air required for the exertion which

eauy the dvspDca Due however, to the dimm
i®he3’(lisreh“ibiii(v—the stiffness of the lung—

a

greater inspiratory effort is expended m breathing

the extra volume of air which the muscular exer-

tion demands The lung might be compared to

stiffened bellows leather more force is required

to distend it The elasticity of the lung is also

moderately reduced so that^piration instead of

being a passive act brought about laigely by the

recoil of the lung now requires the aid of the con-

traction of expiratory muscles m order to

“squeeze” the nir from the chest The intrapleural

pnssurc, therefore, instead of remaining “nega-

tive" throughout the respiratory cycle becomes

positive toward the end of expiration (Chri«tie

and Meakins) The decreased di®tensibility of the

lung for the same reason that it increases the

difficulty of enlarging the volume of tidal air,

redures the vital capacity In other words the

dyspnea and reduced vital capacity arc due to a

cottunon cause The reduced distensibility will

ala> have the effect, as already mentioned, of

jnctwLsing the sensitivity of the Henng Breuer

reflex with the production of shallow breathing
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In fonjtcsht'e HeaH failure with marked elowuiR

of uie circulation there is commonly hyperpnea

and dj-spnea even during rest, and then there

may be added to the ptilmonarj factor itself the

stimulating effect of carbon dioxide excess upon

the respiratorj' center But, according to Christie

and Meakms, this is of minor importance When
pulmonarj edema supervenes, interference with

the absorption of oxygen anti the production of

arterial hjTXixia (stimulation of carotid body)

may possibly be a factor Hindrance to tbc ab

sorption of oxjgen, caused b> the presence of

exudate m the alveoli and the edematous swelling

of the alveolar walla, 13 accompanied b) little or

no interference with the elimination of carbon

dioxide, this is probably due in part to the much
greater <oIubilitj of carbon dioxide than of oxj-

gen and, m con«equcnce, to the freer diffusion of

the former gas tlirough the edema fluid In conges-

tive heart failure artcnal hjTxixia wnth a normal

or ev en a subnormal carbon dioxide content of

the arterial blood maj exist ev en in the absence

of pulmonary ederaa

Expenmental support can be cited for the view

that reduced distensibilitv nf th<» lunM as a result

of congestion is an important factor m cardiac

dyspnea It has been mentioned el«cwhere (p

502) that distension of the pulraonaiy bed causes

rapid shallow breathing The prcduction of multi-

ple emboli in the pulmonary capillanes by the

intravenous injection of starch granules causes

cODgestioii of the lungs and rapid shallow breath-

ing, and Partndge found that after rapid breath

mg has been mduced in this waj , the impulses

recorded from the vagus nerve are of higher

frequency than those resulting from inflation of

normal lung to an equal degree It has also been

shown that in man pulmonary congestion does

actually reduce the distensibihty of the lung tis-

sue

Hamson and his colleagues found in subjects

of cardiac failure the COj content of the jugular

blood to be within normal limits and observed no

significant reduction m the cerebral blood flow

(i e
,
through the respiratory center)

Though there is much to be said for the reflex

origin of cardiac djspnea, not all are agreed as to

its paramount importance McMichael, for ex-

ample, in a clinical study found a reduction in

cardiac output in those subjects showing hyperp-

nea (which is always associated with the dyspnea)

during rest The hjqjerpnea showed a closer corre-

lation with the cardiac output than with the vital

capacity which, he points out, is contrary to what

might be expected were congestion of the lungs

the dominant cau=atjve factor He is inclined to

believe that the hyperpnea and~tlj'si^ea of theT

cardiacpatientdKnnjrcsfisduetoreduced blood .

flow through the center, resulting in a high

tension, and possibly to the accumulation of acid

products of its own metabolism
'

Orthopnea In congestive heart failure witli

dj'^pnea at rest the breathlessness is usually more

pronounced m the recumbent than m the sitting

position ^\'hen propped up with pillows, the

patient ma> be quite comfortable but becomes

dyspneic when he lies down Many theones hav e

been advanced in attempta to explain the less

difficult breathing in the upright position Among
these are

(a) Removal of the weight of the abdominal

viscera which interferes with the decent of the

diaphragm m the recumbent position

(b) Reduction in the intracranial venous pres-

sure and the improved draining of blood from the

medulla and m consequence, augmentation of the

flow through the respiratory center Mere bending

of the head forward (when recumbent) which

reduces the cerebral v enous pressure, but not the

pulmonar> engorgement, reduces the volume uf

respired air 10 the orthopncic patient (Battro and

Labourt)

(c) Draining of blood from the chest and the

relief of pulmonary congestion This is probablj’

the mo«t important factor The vital capacitj is

less m the recumbent than m the sitting posture

This IS true even for the normal person but in

cardiac ca^es the effect is accentuated by the

vascular engorgement and decreased disten'nbihtj

of the lung induced by recumbencj »

Cardiac asthma (parozysmal nocturnal dyspnea)

In some patients with severe chronic congestive

heart failure acute dyspnea which may terminate

in pulroonaiy edema comes on during the night

Tbc patient has a feehng of suffocation He as-

sumes the upnght position and may go to the

window for air These attacks are related to exces-

sive eogoi^ment of the lungs with blood k) that

pulmonary capillary pressure irses to the point

of producing transudation into the alveoli As

indicated abov e the volume of blood m the lungs

increases when one changes from the upnght to

the recumbent position Patients with chronic

heart failure already have an elevated venous

pressure which increases further when they re-

clme The ke> question is with regard to the fact

that paroxj’smal nocturnal dyspnea comes on
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after a delay usually of several hours since the

effects of changing from the upnght to the recum-
bent position insofar as they are related to gravity

might be expected to occur mthm seconds or

minutes The clue to this problem probably is

prov ided m the observation that edema fluid m
patients with congestive heart failure is trans-

ferred from the mteretitial spaces into the blood,

and a ri'e in blood volume occurs slowly during

the mght This could lead to a further elevation

of venous and pulmonary capillary pressure The
parcxj-sm could be set off m two Waj-s The pres-

sure m the pulmonary capillaries could nse to

the point of producing transudation and hence

impairment of exchange of 0* and C0» On the

other hand, the venous pressure might reach the

critical level at which overdistention of the heart

would result m a decrease in the output of the

heart Once this occurs a vicious cjcle is pro

duced decreased output leads to further eleva-

tion of venous pressure, and elevation of venous

pressure leads to further overdistention of the

heart and decreased output In either case the

change to the orthostatic position would be bene-

flcial m that the blood would tend to remain in

the dependent part of the body and thus decrease

the volume and pressure of blood m the heart and
lungs Also, it should be noted that acute cardiac

decompensation, produced by exceeding the criti-

cal pressure on the curve which relates cardiac

output to venous pressure, leads to a nse m pul

monary capillary pressure and hence to acute

pulmonarj edema

DrsrvEA in Anemia

WTien at rest, the anemic subject as a rule is

not d5'®pneic The hemoglobin, though reduced

m amount, becomes fully saturated with oxygen

m the lungs The oxjgen tension and conse*

quentl> the quantity of the gas in simple solution

in the artenal blood are normal The artcnal

blood of a patient who«e hemoglobin is 30 per

cent of the normal value will, however, contain

onlj alittleoverevolumes per centof oxjgen In

the healthj resting body the blood m its passage

through the capillanes gives up about 5 volumes

per cent If the v clocity of blood flow through the

ti-^sues in anemia were the same as dunng health,

a unit V olume of blood would giv e up an eqmva

lent amount ofoxjgen This would Jeav e a reserve

of only 1 volume per cent, i e ,
the venous blood

would be almost completely reduced The tissues,

including the carotid and aortic bodies, would

suffer at all times from anoxia The circulation

rate (cardiac output) is, however, increased in

anemia so that each unit of blood giies up a

smaller proportion than this of its oxygen load

The chemoreceptors apparently are not stimu-

lated, and the patient is not dj-spneic while rest-

ing even though bis hemoglobin is greatlj re-

duced Fahr and Ronzone reported a ca^e in

which the hemoglobin was 12 per cent of the

normal and the artenal blood contained only 22
volumes per cent of oxjgen There was no dysp-

nea dunng rest Not only is the output of the

heart increased, but a redistnbution of the blood

occurs The vessels of the skin are constneted,

and a greater proportion of the total blood v olume
13 dnven through other regions The extent to

which the circulatory readjustments can com
pensate for the blood defect is limited, therefore

dunng exertion the extra demand for oxvgen can-

not be met Oxj gen want follows, the respirator}

mechanism is stimulated
,
hyperpnea and dyspnea

result

It IS to be remembered that in anemia the

carnage of carbon dioxide may also be interfered

with since hemoglobin constitutes an unportact

part of the roeehanism provided for the transport

of this gas (see ch 29)

Dyspnea due to Increased Metabolism

Muscular exercise is an outstanding cauie of a

great increase of metabolism Reflexes initiated in

tbe active muscles, and from the walb of the great

veins as a result of the high pressure of blood

entenng the nght side of the heart, and possiblj

as well the irradiation of impulses from the motor

cortex, are thought to play an important part in

the hj-perpnea of exercise (p 499) As the severitj

of the exercise is increased, hyperpnea merges

into dyspnea The athlete and the untrained per-

son differ widely in respect to the degree of mu'cu

lar exertion which will produce this physiological

type of dj’spnea The difference depends upon the

following factors

(a) Vital capacity In the average normal man
the pulmonary ventilation increases from 4- to

5-fold before the dy^pneic point is reached The

athlete on the other hand, since his v ital capacity

IS greater, shows a correspondinglj greater in

crease in his pulmonary ventilation before dj'^p-

nea supervenes The existence of any pulmonary

condition which reduces the vital capacity wilt

depress the level of the dyspneic point

(b) Circvlalim rate The trained man’s circula

tion rate increases to a greater degree than the

untrained, and so more oxj gen is delivered to hi«

tissues

(c) KeuTomusculaT tnlegralim Co-ordination
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of the se\cral muscles m a gi\en muscular act Jg

more preci«e in the trained thin in the untraioct]

man There is thus less na«le of effort In the

performance of a guen amount of work, there,

fore, the untrained man consumes a greater

^oIume of oxjgen, i e
,
he is a less efficient ma.

chine Yet his respiratorj center appears to bn

more scn'itiie to nerious influences—impulses

from the contracting muscles and from the cere,

bral cortex

A pathological increase m metabolism, c g ^

hj^JcrthyrOKbsm, fei er, etc
,
cannot apparent)^

in the absence of some respiratory or eirculatoiyr

abnormalitj cause dyspnea dunng rest The in-,

create m metabolism would need to be arouiK)

300 per cent before dyspnea might be expected t<i

occur and such a metallic lc\ el is nc\ er reached

m the«e or any other pathological condition

Ke\crlhele8S, m hyperlhyroidi'un dyspnea wi!\

follow upon a degree of exertion which would

cau'e no di«trcs3 in a healthy person, for this

grM-ter metabolic rate, due to the disease, added

to that of the exerci«o will increase the metaho.

Ii«m sufficiently to raise the pulmonary lentiJa.

tion aboie the dyspncic point The dyspnea of

hyperthyroidism, when pulmonary and cardtOs

^a«cuIa^ complications are absent, therefore, ig

like that of anenua in that it is evident only upon
exertion

Dtspnea due to Acidosis

The importance of the part played by pulmo.

nary lentilation in resisting a risem the hydrogen

ion concentration of the body fluids has been

dealt with elsewhere (oh 13) Little more need

be said here Nonvolatile acids, e g ,
lactic in

muscular exercise, ff-Hydroxybutync and aceto.

acetic acids in diabetes, and retained acids in

nepbntis, react with bicarbonate The alkab re-,

serv e becomes reduced, but the ratio,

H:CO, 1

NaHCOs 20

IS maintained through the stimulating effect of

COi upon the respiratory center It is thus that

the CO* of the alveolar air (and so of the artenaf

blood) IS kept at a level proportional to the rcduc.

tion m the denominator of the equation When
this can no longer be effected, i e ,

when the

drogen ion concentration of the blood n«es, th%

acidosis bemg then uncompensated, the center la

stimulated both directly and through reflexes

mitiated from chemoreceptors of the carotid and

aortic hodiee

J B S Haldane produced a severe acidosis and

dyspnea in himself by' the ingestion of acid form-

ing salts (CaClj and NH^Cl) But as a matter of

fact, the production of fix«l acids in diseased

conditions rarely causes such a high degree of

hyperpnea tliat dyspnea results unless the cucu-

latory and respiratory mechanisms are very ineffi-

cient or the metaliolic rate is increased According

to Means the “alkali reserve” rau^t drop to

around !2 v olumcs per cent before dyspnea super-

venes as a result of the acido'is it«elf In milder

grades of acido'is, how ev er, dyspnea occurs upon

exertion The hyperpnea due to the increased

metabolism of the everei'e is then added to that

due to the acido«t3, with the result that the dy«p-

neic point is soon reached

In severe diabetic ncido«i3 atr hunger, or Kuss-

maul breathing, may be seen m the comato«e

patient

Carbon dioxide retention may, as in emphy-

sema, be accompanied by a compensatorv ri«e m
bicarbonate and a normal blood reaction (com-

pensated COi exce^) dj'pnea is not a notable

feature in this condition In other instances of

CO* retention, compensation is ineoaiplete (un

compen«ated CO* excels or gaseous acidosis) and

dyspnea results In others, again, the COj reten-

tion IS due to the depression of the respiratory

center itself, os m morphine narcosis in such

instances, although compensation is mcomplete,

dyspnea of course does not occur

REFERENCES

Adhiax, E D J Physiol 1933, 79, 332
Aobias, E D, Asn Bbosk D W J Physiol,

I92S, 66, 81

Adbivn, E D , AND Buttevduk F j j j Phy
Slot , 1931,71, 121

Abcher.O .andBccheb, V Helv Phyiol Acta,

1951. 12, 265
Bakes, S , and Hitchcock, F J AppI Physiol

,

1957, 10. 363
Babcbovt, j , AXD ^LARCAR^A, R J Pby«iol

,

1931, 72. 175 Ibid
, 1932, 74, 156

Battbo, a ,
AND Labocrt, F E Rev argent

cardiol , 1943, 10, 83

Baxter, D W
,
and Olszewski, Jbhzt J Neuro-

phyaioi , 1955 16, 276

Bkan, John W Am J Physiol , 1952, 171, 522

BBtxmENBrooE, C G , and Hoff, H E Am J
Phy«iol , 1953, 173 , 449 Ibid . 19o4, 178, 521

Bbodie, D a ,
and Bohison, H L Am J Phy-

siol
, 1957, 188 , 347

CHATFIELD, P O , AND PtJRPCRA, D P Am J
Physiol , 1953, 172, 632

CiiBfSTZs, R V .avdMeaxins, 2 J Clin Invest,

1934, 15. 323

Choscbili., E D ,
AND CopE, O J E-Xpcr Med ,

19^. -49, 531



50G RESPIRATION Section III

COLLIP, J B J Physiol , 1920-21, 51, 58

CoMROE, J H Physiol Rev
, 1944, 21. 319

CoiiKOE, J H , AND Schmidt, C F Am J Phy-
siol , 1938, 121, 75 Ibid , 1943, 138. 536

Coombs, H D
,
and Pike, F II Am J Phyaiol

,

1918, 13, 569

Crosier, S P
,
and Ivt, A C Proc Soc Exper

Biol A Med
, 1931, 28, 665

Dale, H H , and Evans, C L J Physiol
, 1920,

61, 167

Davis, H L
,
Fowler,W S ,

and Lambert, E H
Am J Physiol

, 1956, 187, 558

Dololas, C G , AND Haldane, J S J Physiol

,

1909, 38, 401 Ibid
,
420

Drinker, C K Am Rev Tuberc
, 1948, S8, 1

Dripps, R D , and Comboe, J H Am J Physiol

,

1947, 149, 277

Eyster, j a j Exper Med
, 1906, 8 , 565

Paiir, G and Ronzone, E Arch Int Med , 1922,

29, 331

Field, H
, Jd , and Bock. A V J Clin Invest

,

1925, 2. 67

Finley, K H Arch Neurol & Psychiat
, 1931,

26, 754

Flourens, j P hL Compt rend Acad sc , Pans,

1858, 47, 803

Fret, J S , and Gesell, R Proc Soc Exper
Biol

, 1917, 6, 106

Gessell, R Physiol Rev , 1925, 5, 551

Gbsbell, R,Brics£R, j, and Maoee, C Am J

Physiol
, 1936, 117, 423

Gesell, R ,
BiussriELD, C R ,

and Lillie, R H
J Comp Neurol 1954, iOl.331

Gray, J S Pulmonary Ventilation, Am Lecture

Series Charles C Thoroas, Springfield, 111 , 1950,

Science, 1946, 103, 739

Guyton, A C ,
Crowell, J W

,
and Moore,

J W Am J Physiol
,
1956, 187, 395

Haber, Edoar, Kohn, Kurt W
,
Noai, S H ,

Holaday, D a
,
and Wano, S C Am J Phy

siol
, 1957, 190, 350

Haldane,! B S J Physiol , 1921, 55. 265

Haldane, J S J Physiol , 1895, 18. 201, 430

Haldane, J S ,
and Poulton, E P J Physiol ,

1908, 37, 390

Haldane, J S ,
and Priestley, J G J Physiol

,

1905, 32, 225

Harrison, T R and associates Arch Int Med ,

1932, 50, 690 J Clin Invest
,
1932, 11, 133

Harrop, G a j a M a , 1923
,
80. 1641

Head, H J Phjsiol
,
1889, 10, 1 279

Henderson, V E
,
and Graigie, E H Am J

Physiol
, 1936. 113, 520

Henderson, V E
,
and Sweet, T A Am J

Phjsiol , 1929, 91, 94

Herinq, E
,
AND Breueb, J Sitz Akad Wise ,

4Vien, 1868, 57, 672 Ibid
, 58, 900

Hetmans, C , and Docckaebt, J J J Physiol

,

1930, 69, 254 Ibid
,
1933, 79. 49

Heymans, C ,
Bolckaert, J J

,
and Daltre-

BANDF, L Compt rend Soc biol ,
1931, 107, 51

Hltmans.J F. and Hetmans, C Arch internat

pharmacodyn , 1927, 37, 273

IIOEF, H E
,
AND BrLCKENRIDCE, C G am a

Arch Neurol d: Psjchiat , 1951, 72, 11

Jacobs,

M

H Am J Physiol ,1920,31,321 Ibid,

S3. 457

Kao, F. F Am j Physiol
, 1956, 183, 145

Kao, F F
, and Rat, L H Am J Phi-siol

, 1954
179, 249

Kbtt, S S , AND Schmidt, C F J Clin Invest
1948, 27, 4S4

Liljestrand, G Acta physiol scandinav 1931-
64, 23-21, 225

Liuestrand, a Acta physiol scandinav 1953
29, 321, Suppl 106

Loeshke, G C Pfluger’s Arch ges Pbisiol
1953, 257, 349

Lumsden, T j Physiol
, 1932, 58, 81, 111

Markwald, M, Ztschr Biol , 1887, 23, 149 Ibid
1890, 26, 259

McMichael j Clin Sc
, 1939, 4, 19

Meakins, j C j a M a , 1934, 103, 1442
Metz, B Am J Physiol

, 1958, 192, 101
Monnier, M Rev neurol

, 1938, 69, 517
Morgan, D P

, Kao, P
,
Lim, T P K , and

Grodins, F S Am J Physiol
, 1955, 183, 454

Noai, S H and Wang, S C Am J Physiol
1057, 190. 343

Nielsen,M , AND Smith, H Acta physiol scand
inav , 1951-52, 23-21, 293

Nielson M Skand Archinsv Physiol (Suppl
10). 1936. 74. 87

Partridge, G J Cell 4 Comp Physiol
, 1933,

2. 367 Canad M A J , 1935, 33, 11

Pembrey, M S , AND Allen, R W J Physiol

,

1930, 21. xvm
Pitts, R F Physiol Rev

, 1946, 26, 609
Pitts, R F , Maooun, H W , and Ranson, 8 W
Am J Physiol

. 1939, 126, 673, 6S9 Ibid , 126,

654

Porter, AV T J Physiol
, 1895, 17, 455

Raiin, H , AND Otis, A B Am J Physiol
,
1949,

157, 145
Rosenthal, J Hermann's Handb der Physiol

1882, 4, (2) 157

Schmidt, C F
,
Dumee, P L . and Dripps, R D

,

Jr Am J Physiol
, 1939, 128, 1

SCIIOPP, R T , OlLFOIL, T M
, AND VoUilANS,

W B Am J Physiol
, 1957, 189, 117, 123

Scott,

R

W Am J Physiol ,1918-19,47,43 Ibid
,

1917, 44. 196

SEEOEav, W II J Biol Chem , 1940, 136, 103
Sharpet Schafer, E J Physiol

, 1932, 73, 130

Smith, D L,Maabee,C A , and Julian, F Am
J Physiol , 1955, 181, 341

Stella, G J Physiol 1938, 93, 10 263

Stewart, G N , Pike, F H , and Guthrie, C C
J Exper Med

, 1908, 10, 490

Tanq, P C Am J Physiol
,
1953, 172 , 645

TON Euler, U S
,
Liuestrand, G

,
and Zotter

MAN, Y Skandinav Arch Physiol
, 1939, 83, 132

Wang.S C.Ngii.S H
,
and Frumin, M J Am

J Physiol
, 1957, 190, 333

Watt, J G
,
Dumkb, P R

,
and Comroe, J H ,

Jr Am J Physiol
,
1943, 138, 610

Weiss, S ,
and Robb, G P J A M A

, 1933, 100,

1841

Whalen, W J Am J Phy “lol , 1955, 183, 415

Wintebstein, H Pfliiger’s Arch ges Physiol ,

1911, 138, 167

WrrzLEB, E ,
Bartels, H ,

Bcdde, U ,
and

Mochizlcki, M Pfluger's Arch ges Physiol
,

K»5,261,2U



Chapter S2 CO><TnOL or breathing 507

Yamamoto, W S Am J Physiol
,
1957, 19I, 423

Yocmans, W B Anesthesiology, 1958, 19, 552
YouiiANs, W B , A^D Scuorr, R T Proc Soc
Exper Biol d. Med 1957, 93, 100

Monographs and Revtev:a

Auado, D M
,
Jr , aad Scumjdt, C T Physiol

Rev
, 1955, 33, 217

Brecheb, G Venous Return Grune A Stratton,
Inc

,
1956

Bjubstedt, n Ann Rev Physiol
, 1957, 19, 151

CKB1STE^SE'I, H The chemical and nervous con
trol of respiration in Handbook, of Respiratory
Physiology p 103, United States Air Force
School of Aviation Medicine Randolph Field

Texas, 1951

CouDiEB,D , AND IlEtMANs, C Lc ccnlre respira

toire Hermann, Pans, 1935

I?/(ircs, S, XAiS- o' iV, o'jo Pksisv^sf

Rev, 1951,34, 167

Dkipp3,R D
,
and Se'erinoiiacs, j \V Physiol

Rev
, 1955, 35, 741

Geseu., R Physiol Rev , 1925, 5 , 651 Aon Rev
Physiol

, 1939, 1. J85
Gbat, J S Pulmonary Ventilation and Its Regu
lation Charles C Thomas, Springfield, III , 1950

Gnoniss, F S Physiol Rev , 1950, 30, 220
Haidanb.J S .andPbjestlt, J G Respiration
Oxford University Press, 1933

Habrison, T R Tailure of the Circulation Ril
liams itRilkioa Corapaay , DaUimore, 1939

Hbemstra, H Ann Rev Physiol 1956, 10, 121

Hetmans, C New England J Med ,1938,219,157
Hetmans, C ,

and Bouckaekt, J J Le sinus

carotidicn et la zone homologuc cardioaortique

Dom, Pans, 1933

Hetmans, C
,
and Neil, E Reflexogemc Areas of

the Cardiovascular System J A Churchill, Ltd

,

London, 1958

KnOGH,A The Comparative Phy siology of Reapir

atory Mechanisms University of Pennsylvania
rrc«s, Philadelphia, 1941

Means, J H Dyspnea Medicine, 1924, 3 , 309

Millib:an,G A In Handbook of Respiration Data
in Aviation National Res Council, Wa«hington
D C W B Saunders Company Philadelphia,

1958

OLeabt, J L,andCo8en, L A 19j7 Physiol

Rev , 1958, 30, 213

<?rrs, A B Ann Rtr Fhysiof WSS, 2G, IS5

Pi Su^er, a Physiol Rev
,
1947, 27,

1

Rossi, G F , and ZANCHETri, A The Brain Stem
Reticular Formation Anatomy and Physiology

Arch Itnl de Bio! 1957, JIS, 199 (see pages

263-265)

SaiMiDT C F , AND CoMROE, J H , Jr Physiol

Rev , 1940, 20, 115 Ann Rev Physiol , 1941, 3,

151

WlNTERSTEiN H Ergcbo Physiol 1055,328

Wt88, 0 a M Respiratory center and reflex con

trol of brcatbng Helvet physio! etphannacoi
flctfl 1954, Supplement 10



33
HYPOXIA, ASPHYXIA, DYSBARISM, OXYGEN

THERAPY, AND RESUSCITATION

T3'pea of Hypoxia

Tlie terms hypcxia and anoxta are ^ nonymous,
although the former etymologically is more suit-

able Both terms are in common u'e and will be

u^^ed interchangeably in the following di'^cussion

The most useful definition of hypoxia is that it

refcre to any condition in which there is an in-

adequate supply of oxygen to the tissues Ac-

cording to this definition it is synonymous with

oxyg<n lack or oxygen tmnl Upon the basis of

three quite different categories of causes Bar-

croft classified anoxia into anoxic, anemic and
stagnant tyTies The categories described by him
still need to be differentiated, but changes in the

names of two of them seem to be preferabte A
fourth type, caused by cyanide and known as

histotoxic anoxia, was added by Peters and Van
Slyke, however, there is no oxygen lack m this

cn«e, but rather inability of the cells to utilise

the oxygen brought to them, with the result lliat

oxygen ten«ion of the tissues is actually elevated

Hence it woukl seem to be preferable not to

classify cyanide poi«oning as a form of hypoxia

For reasons which vrill become apparent in the

sul)scquent discussion artenaf hypoxia is prefer

aWe to anovjc ancaia in Barcjo/t's rlssaifiratinu,

and hypokinetic hypoxia is a better term for

stagnant anoxia The three major types of oxygen

lack, together with the principal causes of each,

arc listed below Also, it should be realized that

two or more of these types or causes can be

present f-imultineously, and each type may be

acute or chronic

OxiGEN Lack Major Types and Causes

Arterial iitpoxia ts characlemed by a lover

than normal pO» in arknaf blood (Oxygfn ca-

pacity of blotd and rate of blood flow are normal

or elcxated)

A Low pOi in inspired air

1 Altitude

2 Breathing in clo«ed space*

* Artcnal pCOj 13 increased

3

Breathing artificial gas mixture containing

lower pO* than that found in atmosphenc

air

B Decreased pulmonary xentilation

1 Airway obstruction*

2 Weakness or paralysis of respiratory mus-

cles*

3 Depression of respiratory center by drugs’

4 Pneumothorax

C Inadequate oxygenation in (abnormal) lungs

1 Poor mLxing*

2 Impaired diffusion (alveolar-capillary

block)

3 Dronchiolar constriction (asthma)*

4 Filling of alveoli with fluid Pulmonary

edema, pneumonia, pulmonary hemor

rhage, drowning *

D Venous-arterial shunts Various tyqies of car

diac or vascular abnormahtiea in which un>

oxygenated blood is mixed with oxygenated

blood

Anemic htpoxu w charactenzed by a fotrered

oxygen capacity of the blood (The pO* of arterial

blood and rate of blood flow are normal or ele-

vated)

A Loss than normal hemoglobin content Ane-

mias of all types

B Hemoglobin combined with something other

thanoxygen, e g carbon monoxide

C Hemoglobin altered so that it can not com

bine with Oj Velhemoglobin found after poi-

soning with chlorates, nitrites, ferncjanides,

acetanihd, etc

Hypokinetic hypoxia is charactenud by a de-

creased rate of bloodflow

A Generalized Congestiv e heart failure, hemor

rh^e, shock, etc

B Localized Vasospasm, thrombosis, embolus

Some confusion has an'en in the u«e of the

term anoxemia In some of the medical diction-

anca and textbooks it is defined as synonymous

with arterial hypoxia while some authors (Corn-

roe and Dnpps, 1950) u«e it as referring to a

dinunubon of oxygen in the blood whether it be
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related to dccrea®ed pOj or decreased hemOBlobm

In any case it would seem to be preferable to use

the more specific term®, arterial bjpoxia and

anemic hypoxia, since these are not ambiguous

Asphtxu Asphtjxta refers to conditions in

w Inch fij'poxia IS combined with Ai/percapnta—an

increased CO* tension in the artenal blood and

hence in the tissues also It ml) be noted that a

number of the causes of artenal hypoxia al®o lead

to hj-percapnn, while in some ca'cs, notably at

altitude, hj^iercapnia is not a factor Tlie oppo-

site change, a low ered CO» in the bodj
,
is referred

to as hijpocapnxa or aeapma The reactions in

asphjTcia are related to clTccts of decreased ar-

terial and tissue bOi and increased artenal and

ti«sue pCO* A’pnj’xia of some degree is present

in a number of tho«e conditions listed in the

classification of causes of oxygen lack, since

elimination of COj , as well as uptake of oxjgcn,

is unpaired Rc'piratorj stimulation and dj'Sp-

nea are promment, and although the stimula

tion 13 derned from both the lowered pO* and

increa«cd pCOj, the latter is more important

Cjano«i8, being related to the presence of an

increased amount of reduced hemoglobin in the

blood m the cutaneous oapillanes (p 534), a)«o ts

characteristic of a^pb}^^) states as well as those

in which artenal anoxia is present without h>-

percapnia Blood pressure tends to be cle\atcd

due to the stimulant action of CO* on the \aso-

constnetor center, except m the terminal stages

Chrome adjustments to aspbj'xia include the

increase m erythrocyte count, hematoent, hemo

globm and oxj'gcn capacity of the blood, which

bj tbe iVnemf pOt sivd

renal excretion of acid to compensate for the

rise m cH produced b> retention of CO*

rcnsicms and Volumes Per Cent of Oxygen »n (he

Blood m llypoxta

In the arUnal type of hypoxia both the pO*

and the volumes per cent of 0« are lowered The
blood has a normal or elei ated O* capacity (20

volumes per cent or more), but it is not exposed

to pOj which 13 high enough to produce the usual

degree of saturation (95 + per cent) However,

even though the blood is carrying less than a fuB

load of 0* ,
when it reaches the capillaries m tis-

sues w hich are functioning at a lower than normal

oxygen tension it can unload as much oxygen

per 300 ml of blood as occurs ronnaUy That is,

normally about 20 volumes per cent would be

present m the artenal blood and 15 volumes per

cent in mixed venous blood, while m artenal hy-

poxia arterialblood capableofholding 20 v'olumcs

per cent would actually contain 15 and give off 5

so that the mixed \ enous blood would contain

only 10 volumes per cent In the latter case 50

per cent desaturation of hemoglobin would be

produced at the tissue level as compared with 25

percent in the norma!

In hypohnette hypoxia both the pOt and vol-

umes per cent of 0* in the artenal blood are nor-

mal, however, ns the blood flow through the tis-

sues IS slower than in the normal state and the

cells continue to use oxygen at an essentially

normal rate, the pO* in the tissues becomes low-

ered, and this causes the unloadmg of more O*

per unit volume of blood flowung through the

tissues In v cry activ e tissues w hich are subjected

to a severely deficient blood flow, virtually all of

the oxygen in the blood delivered to the tissue

may be extracted This indicates that the pO* in

such tissues approaches zero Such a situation can

not exist for more than a v ery short time before

damage to the tbsue results

In anemic hy poxia the arterial pO* is normal so

that saturation of hemoglobin approaches 100 per

cent, but the volumes per cent of 0* earned is

reduced in proportion to the reduction in the

amount of hemoglobin Hence if blood carrying,

for example, 30 volumes per cent of 0* at full

saturation of the bcmoglobm gives up 5 volumes

per cent per 100 ml of blood flowing through the

tissues, it 13 apparent that the 0* m the tissues is

so low as to cause 50 per cent dcoaturation Again

this 13 to be contrasted with the normal state in

which, on the average, only about 25 per cent

desaturation occurs as blood flows through the

/l555tflHr

Artenal Hypoxia at Altitude

Artenal hypoxia, uncompheated by hypercap-

nia, IS observed in individuals breathing air at

high altitudes or in decompression chambers

Knowledge of both the acute and chronic adjust-

ments to attitude is of great interest smee man
ascends rapidly in airplanes or resides for years

at levels of 35,000 to 38 000 feet

The per cent composition of atmosphenc air is

the same at altitude as at sea lev el But the baro

metric pressure decreases with altitude It is

noteworthy that at an altitude of 18 000 feet the

barometric pressure is about 38 mm Hg or one

half of that at sea level The oxygen tension,

therefore, is dinunisbcd to one balf of that at

8ca level, since the pO* at any altitude is calcu

lated by multiply mg the barometric pressure bv
2094 Thus, a second vertical scale'‘showing

o^gen tension could be denved
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tiplymg each of the figures m the barometric

pressure scale bj 1^94

At altitude as one breathes air containing a
lower pOj than that of air at sea lev el the alveolar

pOj becomes lowered The decrease in alveolar

pO* at altitude if severe enough is counteracted in

part by an increase m pulmonary ventilation,

although this response is not as prominent im-

mediately as it IS after some delaj

Conditions at altitude can be simulated in an

air tight chamber from which the air has been

partially evacuated At a given barometric pres-

sure a certain altitude is simulated as far as gas

tensions are concerned Chambers have been

constructed in such a way that tliej maj be very

rapidly, i e , explosivelj ,
decompressed and the

reactions of the subject followed from moment to

moment During acute CTposure to simulated

altitude, produced by rapid decompression of a

chamber containing the subject, alveolar ventila-

tion 18 increased so that alveolar pCO* is lowered,

and the amount of decrease is proportional to the

reduction m ambient pressure (increase in alti-

tude) For example, shortly after decompression

to a simulated altitude of 18,000 feet the alveolar

pCOr 13 m the range of 27 ± 2 mm Hg, and the

alveolar pOi is in the range of 42 ± 3 mm Hg
The alveolar pOi is less than half that found at

sea level At this point it should be noted that

the water vapor tension in alveolar air, being de-

termined by bod> temperature which is constant

remains at 47 mm Hg at all altitudes, and when

expressed in terras of per cent it increases in

direct proportion to the decrease in total pres-

sure in the aheoh For example, at sea level the

per cent of water vapor is 47/760 X 100 whereas

at 18,000 feet it is 47/3S0 X 100 At an altitude

where the barometric pressure is only 74 mm
Hg, water boils at bod5 temperature and the

aheoh are filled with water vapor

Immediatclj after sudden exposure to altitude,

respiratory adjustments occur, however, condi-

tions continue to change from one 5-mmute penod

to the next for a penod of 30 to GO minutes

{Riley, Otis and Houoton, 1954) Some of the

bases for these changes ahead} have been dis-

cussed

The immediate circulator} adjustments to

acute arterial hypoxia are an increase m heart

rate and blood pressure, and the onset of cya-

nosis as a result of an increase in the amount of

reduced hemoglobinm arterial blood The amount

of desaturation can be estimated from the alv eo

lar pOj and the ox>'gen-hemoglobm dissociation

In the normal subject breathing air (about

21 per cent Oj), about 95 per cent saturation of

the hemoglobin of artenal blood with ox>gen is

attained In a person breathing air at any giv en

attitude somewhat lc«s than 95 per cent satura-

tion would occur but could be achieved if the

O* per cent in ui'ipired air were increased suffi-

cient!} It IS found that at 18,000 feet it w ould be

necessary to breathe about 45 per cent 0} in

order to attain 95 per cent saturation, and at

about 34,000 feet, 100 per cent Oj is needed It

follows that at altitudes higher than 34,000 feet

some degree of arterial h}poxia will occur even
when the subject breathes pure Ot

,

and at verj

high altitudes intolerable degrees of ox}gen lack

would be experienced even when breathing 100%
Oi The limit at which aviators can fl} in non-

pressunied cabins breathing 100 per cent 0* is

in the range of 40 000 to 45 000 feet Above this

level cabins containing gases under pressures

higher than that of the ambient air are required

Several mountain climbing expeditions have
been made in the past b} different groups of

ph>8ioIogists for the purpose of stud}iDg the

effects of low ox}geQ tensions upon the respirator}

functions and of determining the factors under
lying the phenomen of acclimatization An expe
dition was made to Monte Rosa (15 000 feet) in

IS94 by Mosso and by others subsequently, to

the peak of Teneriffe (12 000 feet) in 1910 by
Zuntz, Barcroft and associates, and in 1911 to

Pike e Peak (14 100 feet) b} the Anglo American
expeditions of which Haldane, Douglas, Header
son and Schneider were members In 1921 to 1922

Barcroft headed a party to Cerro de Pasco (14 200

feet) in the Peruvian Andes A Himalayan ex

pedition was led by Hartman m 1931 and in

1935 Dill led a party to the Chilean Andes Re
cent]}, Pugh (1957) has reported observations

made on Mt Everest during the successful Bnt
tsb expedition of 1952

Gevzhal Signs a>t) Stmptoms

Airplane ascents, if made rapidly without the

use of oxygen, may result in sudden loss of con-

sciousness due to the reduction m oxygen supply

to the brain When the ascent la made more

slowly, or the altitude is not so great as to cause

immediate loss of consciousness, the aviator may
at first experience sensations of excitement, ex-

hilaration and well being As higher altitudes are

reached effects of a more serious nature develop,

often insidiously Mental and sensorv dullness,

muscular weakness, headache, vomiting, cyano-

as, dyspnea and perliaps a tendency toward

pmodLic breathing may be mduced A common
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and dangerous effect is the development of fixed

ideas which may result m the performance of

foolhardy and ill judged actions

\Vhcn a person climbs to a mountain height^ the

time taken m the journey allovis a certain degree

of phjsiological readjustment to take place, and

the symptoms are usually less intense But, as jn

the case of the aviator, mental features, e^, a

feeling of elation, exhilaration, talkativeness and

sometimes emotional outbursts, laughing or cry-

ing, quarrcl«omcness or the development of fixed

ideas are prominent Mental tasks, e g , calcula-

tions, roemorj tests, and telling the time from

the muTor image of a clock face are performed less

efficientlj Similar effects upon the mind arc pro-

duced upon persons exposed to low oxygen pres-

sures a ithin a steel cabinet The mental effects as

pointed out by Barcroft are not iinhke those

cau'ed bj drunkenness To quote his words,

“Alcohol affects different persons m different

waj’s, fo on my journeyings in high altitudes 1

have seen most of the sjTnptoms of alcoholism

reproduced I have seen men vomit, I have seen

them quarrel, I have seen them become reckless,

I have seen them become morose I have seen

one of the most disciplined of men fling his arms
about on the ledge of a crevasse to the great

embarrassment of the guide I have seen the most

loyal companion become ill tempered and abu-

sive to the point at which I feared international

compbcations would ari'«e
"—Lessons from High

Altitudes

Complete prostration may follow the earlier

symptoms If the individual remains at the high

affUuife fhe symptoms pass off after a tune os fie

becomes acclimatized to the low oxygen tension

At a simulated altitude of about 20,000 feet

(i e
, in a decompression chamber) most subjects

expenence failing vision, incoordinations, and

inabilitity to write or to execute simple mental

tasks withm 15 minutes or so after the extra

oxygen supply has been cut off, at 26,000 feet

none are able to retain "effective consciousness”

for this length of tune wnthout oxygen

Changes Associated with AccLiiiATizATiov

At an altitude of 14 200 feet as at Cerro de

Pasco where Barcroft and his party earned out

their investigations, the barometric pressure is

around 440 mm Hg The partial pressure of oxy-

gen IS therefore about 92 xnm Hg The oxygen

tension of the ah eolar air is not as far below Uiat

of the atmosphere as at sea level, and varied

among the greater number of the party from 55

to 60 mm Hg The closer approximation of the

atmospheric and alveolar oxjgen tensions at high

altitudes is due to the increased breathing which

results in a more effective ventilation of the air

sacs The increased respiration is brought about

through the action of the lowered oxygen tension

m the blood The oxygen tension is slightly low er

in the arterial blood than in the alveolar air

which indicates that the passage of the gas is due

purely to diffusion and not to an active secretion

b} the pulmonary epithelium If this occurred, a«

has been suggested (Haldane), one would expect

the arlena! oxjgen tension to be higher than that

of the alveolar air Alveolar carbon dioxide ten

Sion also, as a result of the increa'^ed pulmonarj

ventilation, is lower than that at sea level, it

varied in different individuals of Barcroft’s party

from 23 to 29 mm Hg At 14,200 feet the artenal

blood IS from 85 to 8S per cent saturated with

ox)^n (sec fig 29 4, p 456)

A marked increase in the number of red cells

(«eech 6) and a corresponding increase in hemo-

globin content of the blood occur atbgh altitudes

The blood volume IS also augmented Tbenatives

of mountainous regions have a red cell count of

from 6 to 8 million per cubic millimeter The
greater quantity of hemoglobin of course raises

the ox>gen capacity of the blood and so tends

to compensate for its lowered oxygen saturation

That IS, the U>tal oxygen content of the artenal

blood tends in spite of the low saturation to nse

Nevertheless, it may not be evident at first sight

how a nse in the oxygen capacity is of advantage,

for blood of normal hemoglobin content even

when only 80 per cent ‘saturated po'sesses a quan-

tity of oxjgen which is quite adequate for the

needs of the tissues It has already been pointed

out however, that the important factor in sup-

plying the tissues is the oxjgen pressure gradient

between the plasma m the capiUanes and the

tissue cells So then, if there arc a greater number

of red cells, each will be required to giv e up less

of its oxjgen store in passing through the capil-

lanes to furnish a given quantity of oxygen («ee

anoxia due to anemia p 509) Consequently the

saturation and the oxygen tension of the venous

blood will be maintained at a higher level than

otherwise would be possible This means that the

mean intracapiUarj oxjgen pressure will alro be

higher, and as a result the tissues are more effec-

tively supplied with oxygen

The reduction m the alveolar carbon dioxide

resulb in a corresponding decrease m the carbon

dioxide tension of the artenal blood The ratio

HfCOj/NaHCO* ,
which tends to be altered by

the Joss of carbon dioxide, is adjusted by a de-
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crease in the excretion of acid and ammonia m
the unne, a consequent lowering of the "alkali

reserve” and depression of the COj dissociation

curve (p 461) The actual pH of the plasma

changes little if at all Up to about 12,000 feet

if any change occurs it is toward the alkaline

Bide, above this level the blood reaction shows

little further change or tends to return to normal

Lactic acid, which was thought at one time to be

produced in excess as a result of the anoxia is

actually formed in smaller amounts at high al-

titudes than at sea level Even during severe

cxerci=e at 15,000 feet and higher altitudes the

lactic acid concentration m the blood is lower

than dunng exercise of comparable seventy at

sea level

Barcroft and his partj observed a shift to the

left in the oxygen dissociation curve of hemo-

globin, i e the affinity of hemoglobin for oxjgen

was increased The «hift in the dissociation curve

js asenbed bj Barcroft to an increased alkalinity

of the tnlerwr of the red cell This increased alkalin

ity is in turn a direct result of the n«e m the

number of red cells The buffenng power of the

blood la increased through the greater facility

offered for the action of the “chloride shift'

mechanism (ch 13and29) In other words, when a

given amount of carbon dioude is liberated by the

tissues, it 18 distributed among a greater number

of red cells than under normal circumstances,

therefore, the alkalinitj of each cell is reduced to

a proportionately less extent There have been

conflicting reports concerning this question of the

shift in the oxygen dissociation curve Some ob-

servers have been unable to confirm Barcroft’e

finding, while others claim that a shift to the

nght occurs The truth appears to be that up to

about 14 000 feet the affinitj of hemoglobin for

oxjT^n increases, but at higher lev els the dissocia-

tion curve tends to assume the form found at sea

level, and at altitudes of 19,000 feet there is a

definite shift to the nght

One nught suppose that an increa«cd eircula

tion rate would be an important adjustment to

the rarefied atmo«phere wherebj an adequate

oxjgen suppiv to the tissues would be maintained,

but except for a temporary increase dunog the

first few daislno change in cardiac output occurs

at altitudes if less than 14tXX) or 15 000 feet

Above 15 000 feet the greater degree of anoxia

results in an increase in the minute output of

the heart Before acclimatization, the pul*e rate

dunng rest increases by from 15 to 20 beats per

minute at altitudes between 15 000 and 18 000

feet At greater altitude", especially in persons

in poor physical condition, the increase in rate
may be greater than m the normal The accelera
tionof the pulse, according to Barcroft, is a signal

of distress flown by the heart labonng under the
effects of the anoxia, rather than an indication
of an increased minute volume The blood pres
sure shows little or no change up to 15 000 feet,

a small nse may occur at higher altitudes For
an account of the effect of anoxia on the coronary
circulation

Those who have lived ell their lives at verj
high altitudes (around 14 000 feet) have a larger

mlal capacity than dwellers at sea level Bar
croft reports that a native of Cerro de Pasco
of 6 feet, 3 inches in height had a chest of a man
of 6 feet Moderate altitudes up to about 7500
feet, appear to have little or no effect upon the
chest development

Although anoxia is the most serious effect of

high altitudes with which the mountain climber
or aviator has to contend, rapid ascents, as by
airplane, cause other important physiological dis

turbances which should be mentioned, namely
(1) expansion of ga«e8 in the gastrointestinal

tract, (2) aeroembolism (see below) and (3) pres

sure disturbances in the ears (ch 78}

Expansion of poses in the gaetrointestinal tract

Like the ga"es of the atmosphere those in the

stomach and intestine increase in volume in pro
portion to the reduction in pressure Qas having
a volume of 1 liter at sea level expands to 2 liters

at the pressure (376 mm Hg) existing at 18 000

feet to 4 liters at 34,000 feet to 6 liters at 42 000

feet (pressure 12$ mm Bg) Distention of stomach
and intestine will result unless the abdomen is

supported by a belt or other means, or the ga«es

are free!} evacuated In rapid ascents distress

or even severe pain results if there is any hin

drance, as by an obstruction in the colon, to

the ready passage of fiatus

Dysbariam

The term ds/sbanam, or decompression sickness,

refers to the signs and symptoms winch result

when the total pressure of ambient ga«es sud-

denly 13 reiluccd It refers to the effects of reduc-

tion IQ pressure as such rather than to tho"e

caused by a lack of oxjgen D^^sbarism is seen m
deep Boa divers or caisson workers when they pa^s

too quickly from the high pressure m which they

have been working to the ordinary pressure of

the atmosphere, hence the name caisson disease

has been used Tlie ‘ bends” is a popular name

for the condition In dysbansm the percentage

reduction id pressure is a more important factor

th-»n the absolute amount of decrease A sudden

reduction in pressure to approximately 45 per cent

of the pressure w ith which the subject w as equih-



Chapter 55 MALFUNCTIONS AND RESUSCITATION 513

bratcd orduianly is necessarj m onler to cause

dj'sbansm Therefore, an aviator n ho flies rapidly

from sea lc\cl to an altitude where the pressure

IS one-thutl of an atmosphere would ha\c about

the eatne chance of dc\ eloping decompression

illness as a dner who js decompressed quicljy

from three atmospheres to one A diver who has

been exposed to a pressure of, for example, 8
atmospheres u«ualJj can be subjected to a quick

reduction in pressure to 4 atmospheres without

developing symptoms, then after he has been

at this pressure long enough to approach equihb-

num with tlic surrounding pressure he can be

quicklj lowered to 2 atmospheres where he re-

mains for a tune and next the pre^urc can be

lowered to 1 atmosphere

The cause of sjoriptoms during rapid decom-

pression 13 the formation of bubbles of gas in

fattj ti«sucs and blood The gas is main!} nitro-

gen The total amount of nitrogen dissolved in

the bodi when one is expo«od to a gas mtxturc

hav mg the same percentage CQmpo«itioQ as at-

ino«phenc air is «cieral times that of 0* and
double that of COj Also nitrogen diffuses less

readily and, unlike Oi ,
it is not u«cd in metabolic

processes When body fluids ore saturated with

N] at a given pressure and the ambient pressure

suddenly is low ered, Nj is evolv ed m ga«eous form

just as COj IS evolved from carbonated water

when the cap is removed from the bottle eon-

tainmg it Bubbles in the blood tend to lodge in

the Bmallcr vessels and obstruct the flow of

blood S5Tnptoins varj depending upon the sites

wivanf Abe bui^irles hdge Fstt} A'<sw rrwAiAV’ fs

the site of bubble formation since N* is 5 times

more soluble in oil than m water The involved

tissues include subcutaneous tissue, bone marrow,
adrenal cortex, myelin sheaths, etc Bubbles in

the myelm sbeats of sensory nerv es cause pain

(bends), paresthesias, itching, etc
,
and those in

myelm sheaths of motor nerves may cause tem
porary paralysis It has been recognized for many
yeara that obese persons are more susceptible to
‘ the bends” than lean persons

In rapid ascents m airplanes dysbansm is not

a problem up to 20,000 feet smee the reduction in

pressure is less that 55 per cent, and in fact,

symptoms ordinarily do not appear below 30,000

feet Above this level, however, d>sbsn«m is

common The tendency to develop decompressmn

illness is greater the more rapid the ascent The
most effective way to prevent or dimmish the

effects of rapid decompression is to have the

aviator breathe 100 per cent oxygen or an oxj gen-

liclmm mixture for a time before the flight and
thus wash much of the nitrogen out of the bod^

WTien this is done the av lator should be able to

ascend quite rapidlj to 40 000 feet (continuing to

bn^the lOO per cent Oj) without discomfort

The effects of aeroembolism in fleers during

rapid accent take the form most commonly of

severe pam in one or more of the large joints and

itching of the skm or cutaneous «en«a(ioa3 of

heat or cold Other more senous s^TUptoms "uch

as paralj'sis, intense burning pain in the chest or

pulmonaiy edema maj, though rarelj, occur

The symptoms are rarel> as severe as in com-
pressed air illness, since the amount of gas which

can be released is not as great in the decompres-

sion which occurs m ascent to altitude

The explosxie decompression technique which is

used to study adjustments to lowered pO- in

the inspired air also is useful in the studj of

di-sbansm A rate of ascent can be simulated in

this waj which is much faster than any which

has been attained even m rockets Man> thou

sands of flying personnel have been <ubjected to

explosive decompression as a routine procedure

during the past fifteen years The subject is

instructed to breathe with mouth open As the

gas in tlie Jungs expands dunng decompre'^aon it

ru«hcs out through the open airwaj Gas in the

sinuses also expands suddenly and exhausts

through the natural channels but if these open

mgs arc not patent severe pam is produced

Experimental animals hav e been found to hav e

an astonishingly high tolerance to evpJosiv e dc-

cwwpTOss-iXOT st btgb (feoca

sea level to 50 000 feet—750 to 87 mm Hg)

The rate of decompression in the expenments of

Whitchom and his associates ranged from about

1100 mm Hg per second to as high as 33 000

nun Hg or more per second That is to say, de-

compression from 750mm Hg to 87 mm Hg was

brought about m the latter instance in 0 02 'cc-

ond Then the animal was quickly recompres=ed

and the effects of anoxia thus prevented The

chief effects observed m these experiments were

disten'^ion of the hollow v i^cera and lungs, fixa-

tion of the expanded thorax in the inspiratory

position and of the diaphragm m the expiratory

position, due to upward pressure of the distended

stomach and intestines, sharp but temporary fall

m blood pressure with cardiac slowing, hemor-

rhages into lungs and hollow organs, or rupture

of tte latter The fall m blood pre^re, which

does not occur for a heart beat or two, seems to

be due to decreased cardiac filhng caused by the
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increased intrathoracic pressure, due m turn to

the rise of the diaphragm The cardiac slowing

docs not occur after bilateral section of the i agus

nerves In no instance out of some 700 dccom
pressions on se\ eral different species of laboratory

animal did a fatality occur from a single decom
pressioD The injuries which are most likely to

occur from explosive decompression are damage

to ears and lungs, though rupture of the stomach

or intestme may result

Respiration in a Sealed Cabin

In flight beyond the earth’s atmosphere the

passengers must be m a scaled compartment

The total pressure of gases in the compartment

could be reduced quickly to one half that at sea

level without causing any difficulty m normal

subjects providing the pO* were kept up to a

level sufficient to prevent arterial hj^wxia This

could be done if the per cent of Oi were about 35

to 40 at a cabin pressure of 3S0 tom of Hg It

would be necessary to release the oxygen from a

container, and there would be no point in permit*

ting a lower oxjgen tension than that which pro-

duces full saturation of hemoglobin in artcnal

blood, since oxygen can not be saved simplj by

reducing the supply AI«q, there would be no

advantage in providing s higher oxygen tension

than that breathed at sea level

The sealed cabin must contain apparatus for

absorbing the COj A n«e m COi content up to

2 per cent at 3S0 mm Hg pressure would appear

to be permissible even for indefinitely long peri-

ods Circulation of the gas in the cabin through

cannisters, «uch as are u«efl in the closed COj-

ab«orption methods of administering anesthetic

gases, could accompIi«h COj remoxal quite read-

ily (Chemicals could be used which could be

regenerated bj exposing them to the extenor of

the cabin by «ome sort of double-wmdow arrange-

ment or in a hollow sphere in the wall of the

cabin which would be equipped with a window,

providing exposure for part of the time to the

inside of the cabin and part time to the axtenor)

The cabin would need to be equipped with in-

struments for continuous monitoring of pO* and

pCO* For long term space flight the idea of

using the photosynthetic process to take up COj
and produce O2 has been advanced

Average values for the daily metabolic turn-

over of a “standard” man are presented below

(compiled by H G Clamann, United States Air

Force School of Aviation Jfedicine, Randolph

Field, Texas) Calculations of what supplies must

be taken ra a sealed cabin for trips of any dura-

tion can be made on the basis of such data (table

331)

Perhaps it is worth mentioning that if a pas-

senger in a sealed cabin were provided with a

pressure suit which could withstand an internal

pressure about one-fourth of an atmosphere

greater than that on the outside and which was

equipped with an oxygen source he could put

this on, ralablish a pressure in the suit with

oxygen at ICO mm Hg, and then open the cabin

to allow evacuation of all gases from it Such a

suit would be of the same type as that needed if

one were to leave a space ship when beyond the

earth's atmosphere

TABLE 33

1

J[)aily turnover

(Xian 70 kg nQ*» 0 82 Food Protein 80 grams, Carbohydrate 270 grams, I at 160 grams)

Input

; SC2I 21 oJ (Oxygen)

!
friwj

9S2 27 39 (Carbon Dioxide)

Liquid
1

603 I

2200 61
37j

(Water! 2512 TO 91

4961

(W atcr)

Solids ^ 50o| 13 93 (Food) 27 0 75 (Urea)

23 0 &1 (Salts)

_j
1

3585j

100 Oo|

11

33S3

plus 2830

Real

0 31

100 00

(Unaccounted for)
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Pneumonia

In lobar prieumoma the o\> gen satuntion of the

artcrul blood \ an<»m different cases from normal

to less than 70 per cent The signs and sjTnptoms

of anoxia usuallj appear when the saturation

IS around 85 per cent Cerebral ejTnptoms, c g

,

sleeplessness and delirium, cj ano«is and dj*spnea

increase with the oxjgen desaturation, and a

saturation of less than SO per cent is associated

with a \erj high raortahti In 33 cases reported

bj Stadie with a saturation as low or lower than

this on)} Irecoiered In iobarpneuznonia thccar*

bon dioxide content of the arterial blood is re»

duced on the average bj about 15 per cent (Mes'

kins and Da\ies) The "alkali re«or\e”, howexer,

IS normal or only shghtli reduced Tlic blood pH
may m some cases be shifted slightly toward

alkahnity From these ffndings it appears tliat

there exists a partiallj compensated alkalosis,

induced bj the hyperventilation (blowing off of

carbon dioxide)

Tlie increased ventilation of the ah cob also

increases the percentage of oxygen in the aUeolar

air, but this fact cannot, as w c shall sec presently

,

increase appreciablj the oxygen in the arterial

blood

In bronchopneummta a higher degree of oxjgen

desaturation of the arterial blood is usually pre&>

ent than in the lobar tjpe The cjanosis maj be
extreme There is often rrtcnlton of carbon dioxide

wheaaii>e in plasma bicarbonate results, to com-

pensate, m part at least, the gaseous acidosis

The carbon dioxide content of the arterial blood

may heSO j perceai er atere the

bon dioxide di‘!«ociation curve well above the

normal level

The causes of hypoxia in pneunionto The main
factors concerned in the production of the hj

poxia are (a) the passage of blood through un-

aerated (consolidated) portions of the lung and
(b) shallow breathing The exj-gen unsaturation is

not due to any change in the hemoglobin itself

(e g ,
the formation of metheraoglobin) since the

blood of pneumonia patients has a norma] oxygen

capacitj The oxj gen dissociation curve at a given

carbon dioxide tension is not appreciably different

from that of normal persons

In Zo6ar pneumonio during the stages of en

gorgement and red hepatization the alveoli of the

affected portion of the lung are poorly aerated

Mucus blocks the bronchioles and the air spaces

are filled or their walls coated with exudate But a

large proportion of the vessels of these unaerated

regions are still pervious Consequent!} blood

ol5

traversing such areas must remain poorly oxy-

geoated or entirely venous Tins blood with a low

o'^gen saturation and a high carbon dioxide

CQiitcmt mixes with blood which has passed

through aerated regions Tlie general arterial

blood therefore has its oxj^en saturation reduced

in proportion to the amount of unsaturated blood

with which it is mnxed (sec also Shunt, p 521)

WTicn the pneumonic area pases into the stage

of graj hepatuation the vesscK of the affected

lobe become obUterated to a large extent and the

pulmonary blood then passes through aerated

regions (fig 33 1) That is, the arterial blood is no

longer \ itiatcd by blood from non aerated areas

Tlicrefore in a tjTucal ca«c of lobar pneumonia

when the di«case is confined to a single large area

and the breathing is not shallow, there is little

anoxemia at tlus stage If however, bronchopneu

momc areas co-e.xist, the respirator} functions

mil be affected as described below (See Oxjgen

Therapj p 526)

In frrowAopneumonia, patches of lung tissue

are cut off from their air «uppJ} The fine bron-

Fio 33 1 \ raj photograph of lung (injected

with banum) from a case of lobar pneumonia (after

Gross) Upper right hand area Consolidated area-
red hepatization The mam vessels are constncted

and the finer vascular structure is less dense than

in the normal lung Lower right hand area Con
solidatcd area—gray hepatization The mam ves

sels are patent but the finer vessels have been oc

eluded Lower left hand area Healthy portion of

lung except for compensator} congestion, the ves

eels are dilated



516 RESPIRATION Section III

cbioles become plugged with mucus, groups of

ah coll become filled with exudate and the alveo-

lar walls are edematous and thickened Yet, ob-

literation of the V easels to anv great extent does

not occur Blood continues to flow through un-

aeratcd areas This blood which has a low pO* on
niLxing with that from aerated ahcoli lowers the

saturation of the general arterial blood

Shallow breatuino In pneumonia breathing

IS frequently very rapid and shallow Instead of

the tidal air being around 500 ml aa in health

it may be reduced to 250 ml or less It will be

recalled that 150 ml are required to fill the ana-

tomical dead space, therefore only 100 ml will

enter the air sacs of the healthy parts of the lung

have seen that the expansion of the lungs is

not equal in all its parts (p 471} The alveoli

towards the huh of the radiating rays expand less

than tho'C near the periphery Tho«e parts, such

as the apex, which are indirectly expanded haic

even in health a tendency to be v entilated less

than those which are directly expanded In shal-

low breathing, these differences are greatly exag-

gerated Although the tidal volume is only half

the normal, the total quantity of air breathed

per minute (minute volume) is, as a result of the

increased respiratory rate, much greater than

normal Since a proportion of the alveoli are very

poorly ventilated or not at all, omng to the un
equal expansion of the lung, those in other areas

tend to be overventilated The 0* tension m the

latter is therefore rai«ed But =o far as the oxy-

genation of the blood is concerned the oi erv entila-

tion of some aheoli cannot make up for the

undmentilation of others We know that the

hemoglobin is nearly saturated already at the

ordinary alveolar oxygen tension of 100 mm Hg
As already mentioned the dissociation curve of

hemoglobin in pneumonia does not differ appre-

ciably from that in health, and the most, there-

fore, that could be expected from a n«e in the

alveolar Ot tension would be an increase of 2 per

cent or less in oxy gen saturation of the blood tra-

versing overventilated regions and a slight in

crease in the amount of Oi held in simple solution

In other words, the blood flowing through the

poorly ventilated parti of the lung w ill hav e a low

saturation since the Oi tension is low, while that

flowing through the ov erventilated parts will be

little above the normal The net result will be a

low oxygen saturation of the mixed arterial blood

Matters are different in the case of COs ehmi

nation The shape of the COi dissociation curve

which shows a progressive slope throughout the

entire range of COt tensions la quite unlike that

for oxyhemoglobin (Dg 33 2} The greater total

ventilation results in a lowering of COi tension in

the overventilated parts of the lung and conee-

qucntly, in a ‘ blowing off * of COj from the blood

circulating through these regions COi is retained

m the blood circulating through poorly v entilated

regions In the patient with lobar pneumonia the

amount of CO* blown off may exceed that re-

tained, the net result will be a lowenng of the CO*
content of the arterial blood In bronchopneu

monia a larger proportion of the pulmonary blood

circulates through non aerated areas As a conse-

quence, COf retention is greater, and a normal or

a h%her than normal CO* content of the blood is

more usual

The cause of shallow breathing m pneumonia

Pleuntre pain, by restncting the respiratory ex

curaions, may result in this type of breathing

In other instances it appears to be of a reflex

nature resulting from the inflammatory process

which, through a reduction in the dislcnsibility

of the pulmonary tissue, exalts the sensitivity of

tfie afferent vagal endmgs m the alveolar walls

Thus the inspiratory movement is terminated

before a full excursion has been completed (sec

Ilenng Breuer reflex, p 493) In support of n re

flex origin may be mentioned the experiments of
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Dunn and of Binger, Brow and Branch who pro-

duced this of breathing in animals hj the

lnt^l^cnous injection of potato starch granules

These, acting as small cmlioli, plugged the pul-

monary capdlancs The rapid shallon breathing

was immediatelj abolished bj section of the \agi

or prevented if the ncr\ cs had been cut before the

injection Breathing a mi’ctiire ncli in caibon

dioxide with intact nerxes alyj restored the re-

spiratorj rate and dcjith to normal—the action of

carbon dioxide upon the rcspiratorj center itself

oxercommg the afferent nmous influence Al'?o,

m pneumonia it has liecn found that oxjgen in-

halations, even though Ihcj may restore the oxj-

gen saturation of tlie arterial blood to normal,

do not nece^sanlj aboli«h the sliallow breathing

—

further exidencc for the existence of a nenous
dement m the production of this tipe of breath-

ing Shallow breathing maj al-o result from other

dusca^es inxohing the ahcoli, c g ,
inflammation

by imtant gases (plio«gene and chlorine), pulmo-

naij edema, miliary tuberculosis and pulmonary

emboli, which would be expected to stimulate

afferent nen c endings ft al«o occurs m certain

nervous states, hystena, certain forms of neuras-

thenia and sometimes m encephalitis Ictbargica,

but is not seen m lesions inx oUmg the bronchi or

broachroles alone, e g ,
bronchitis and asthma

Severe arterial hypoxia, howexer produced,

tends itself through its damaging effect upon the

respiratory center to mducc rapid shallow breath-

ing, and in any event will exaggerate this tj’pe of

breathing, sine© it also tends to mcreare the

ivjjvt/nij' o! ike SensQ fcSex Thus s
VICIOUS circle—shallow breathing inducing anox-

emia and the latter reacting to enhance the former

—IS set up Owing to the narrowed «tate of the

cutaneous vessels the cyanosis is of the pale lead-

en gray tj^ie (p 526), and if the anoxia is not

reljexed, failing circulation adds to the oxygen
want {anoxia of the hypokinetic type)

Bronclual Asthma

This IS a paroxy'sma! disease m which acute

oxygen want is caused bj a “pasm of the smooth
muscles of the finer bronchioles Edema of the

bronchiolar mucosa is probably also pre^nt The
alxeoh are poorly ventilated, and some may be
completely cut off from their air «upplj The high

percentage of carbon dioxide and low percentage

of oxj genm the alveolar air result in a low oxygen

saturation of the arterial blood and the retention

of carbon dioxide The acidoeis related to CO*
retention is met by the excretion of a hi^y acid

unne and a n'cm the ''alkali re^rx e" An mtense
plum-colored cyanosis may develop The con-

tinued stimulating effect of oxygen want and
carbon dioxide excess upon the respiratory mech-
anisms causes sex ere dyspnea

Difficulty is experienced both in inspiration and
expiration, but since there is a natural tendency

for the bronchioles to narrow during expiration

and dilate during inspiration, the greatest rc-pira

tory effort is exerted during expiration The re-

spiratory muscles contract w ith great force, and
the accessory muscles of respiration are brought

into play The expiratory muscles compre^ the

chest, the abilominal muscles contract in the at-

tempt to squeere the air from the lungs The
intrapulmonary pressure is greatly elevated, and

the air escapes through the constricted tubes with

a distinct nheermg sound Due to the difficulty

and prolongation of the expiratory phase normal

deflation of the lungs cannot occur before the next

inspiration entires The lungs therefore renuiui

somew hat expanded ex cn at the end of expiration

That IS, during the asthmatic paroxysm a very

large volume of re«iiluai air is present in th©

lungs (fig 33 3) The tidal volume and the vita]

capacity arc greatly reduced The clianges in x ol

umc of the ox crdistcndcd lung are small and not

commensurate with the excursions of the thoraci©

walls As a consequence, the high value of th©

intrathoracic negative pressure mduced during

inspiration causes the structures at the root of

the neck to be drawn toward the thoracic caxitx

to take up the space which the lungs are unable

to fiV *rpvv»Avm? the i (vj?s o/ the z^eeA

and face become engorged The restneted mox e-.

meets of the lung also greatly reduce the effect

of mechanical nuxing upon the lung air, the

process of diffusion being depended upon to a

la^er extent for the freshening of the alveolar

air

Causation

Asthma often shows a strong hereditary tend-

ency The bronchiolar spasm may be (a) of a

reflex nature and due to the stimulation of hy^per-

sensitive afferent vagal endmgs in the larynx

orof tngeminal fibers by somena^al abnormality

the broochoconstnetor impulses trax el x la effer-

ent vagal fibers, (b) an alierffic phenomenon, i e ,

the result of eensitization to some foreign protein

This 13 the most common cau«e of the condition

It 13 then frequently associated with other allergic

conditions, e g , bay fev er, urticaria or ecrema

either m the patient himself or in members of his
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family The foreign protein may be inVifftprt Pol-

lens of % anous grasses and flon ers, the dandruff of

animals, e g ,
horse, cat or dog, or feathers are

among the most common excitants, the exciting

cause may be some kind of food or the protein of

bacteria mthin the respiratory tract itself may be
re«ponsible The sensiti\itj of certain individuals

to foreign proteins presents many features re-

sembling those of anaphylactic shock in animals

Sudden death may result from the in]ection of

horec scrum (e g ,
diphthena antitoxin or anti-

tetame scrum) into an asthmatic subject A
guinea pig when injected with a protein to which

it has prev louslj been sen«itised dies rapidly from
anaphylactic shock The bronchiolar muscle is

strongly contracted The air is trapped so that the

lungs are maximally distended and do not collapse

when the thorax is opened Even when the pul

monary tissue is deeply incised the air does not

escape from the distended lung TIus manifesta-

tion of anaphylaxis is associated with perhaps due

to, the liberation of histamine It is well known
that anaphylaxis and histamine administration

produce almost identical effects in the guinea

pig (fig 33 4) Histamine producing bactena

t II III

Fig 33 3 Diagram showing BubdmsioiB of the
lung air in asthma (//) and emphysema (///) com
pared with the normal (/) A Inspiratory reserve

volume, li, tidal volume, C, expiratory reserve

volume and D, residual volume (After Coke )

Fio 33 4 Guinea pig Reaction of bronchial
muscle to 0 01 mg histamine (After Thornton)

have been reported in the bronchial secretions of

asthmatics

The irealment of asthma resolves itself into the

relief of the paroxysm and the removal of tho

underlying cause Adrenaline or ephednne acts

by inhibiting the bronchiolar muscle during the

attack Atropine paralyzes the bronchoconstnetor

(vagal) fibers Of the three drugs, adrenaline is

the most effective In tho allergic form of the

disease every effort is made to identify the offend-

ing protein Antihistamine drugs have been em
ployed with varying degrees of success

Chronic Emphysema

The lungs in emphysema (Greek em + phy
setna, a blowing) are in a state of extreme disten

tion as a result of the enlargement of the air sacs

The latter, however, show fewer alvoli m their

walls owing to the atrophy of the interalveolar

septa Contiguous air sacs w ithin a lobule coalesce

or even adjacent lobules may {u«e to form large

air spaces For this reason the total respiratory

surface is reduced The alveolar and capillary

walls become thickened and the interstitial pul-

monary tissue increased Slany capillaries become

occluded The pulmonary ela«tic tissue is reduced

lO amount «o that the lungs, when removed from

the thorax, do not collapse normally but remain

in an overexpanded state The pcnpheral lobules,

which in health expand to the greatest extent,

are those mainly affected m emphysema, the
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enlarged lobules appeainng as blebs upoQ the

surface of the lung

The chest 19 xvhnt is knovm as barrel shaped

The nl>3 arc more horizontal than normally, the

thoracic spine is bowed backwards (kyphosis) so

that the anteroposterior diameter of the chest is

as great as or exceeds the trans\ cr'C The position

of the chest is one of nearl} full inspiration The
mrcfpo^ftwn of the draphragm is at a much lovrer

lei el than unial and its excursions aboieand be-

low this Jcicl are restricted The respiration is

therefore mainly costal In some instances the dia-

phragm 15 practically fixed or indeed may be
drawn up during inspiration (paradoxical mo\e-
ment) As m the paroxy sm of a«lhma the residual

air IS 2 or 3 times the normal, and the complc-

mental air is reduced The tidal \ olume is normal

or only moderately reduced and the i ilal capacity

(fig 33 3) js lowered by from 20 to 00 per cent

Owing to the loss of the elasticity of the lung,

expuation is no longer simply a passu c movement
hut 13 aided by a forcible contraction of the ex-

piratory mu«clcs IVhcn the patient is asked to

make a deep mspiratioo, he does not expel all the

air during the next expiration Scieral respira-

tions occur before the chest returns to its ongioat

sue Expiratory re«ene volume is greatly de-

crea«ed, and residual i olume is markedly in-

creased (fig 33 3) These phenomena arc due to

the fact that the inelastic lungs haic been o\er-

stretched and are brought back to their original

volume with difficulty

In emphysema there are anoxemia and reten-

tion of carbon dioxide The oxygen saturation of
the artenal blood runs from a little below normal

to around 75 per cent or even less The carbon

dioxide tension m the alveolar air m well marked
cases IS from 50 to ox er 60 mm Hg (7 to 8 per

cent) and the carbon dioxide content of the ar-

tenal blood correspondingly high

Owing to the obliteration of many capillaries in

the lungs, the resistance in the pulmonary circuit

IS increased, a greater burden bemg thus put upon
the right i entncle

The cau'se of the unpaired gaseous exchange is

not altogether clear Thickening of the alveolar

and capillary walls and the ohhteration of capil

lari« have been considered to be factors Yet if

this were so one would not expect the retention

of carbon dioxide which, oiving to its greater solu-

bility (30 times that of oxygen) has a much higher

rate of diffusion through the pulmonary mem
brane to be so much more pronounced than the

anoxia The sharp rebound at the end of inspira-

tion which occurs in the healthy lung causes

mechanical mixing of the lung air and is an im-

portant factor m the efficient x cntilation of the

aheoli The absence of this effect m the empby-

eematous lung and its greater dependence, in con-

sequence, upon the slower process of diffusion is

probably an important factor leading to the

defectuc aeration of the blood According to

Chostfe, the impaired ga^eoui exchange is doe

mainly to the fact that, as a result of the loss of

elasticity, the intnithoracic pre«sure is not dis-

tributed evenly throughout the lung As a con«e-

quence, the outlying aheoU which are largely

functionlessw ith obliterated \ essels are v entilated

to a greater extent than the relatively healthy

ones more centrally placed Owing to the shapes

of (he respective dissociation curves such under-

ventilation of the functioning alveoli will tend to

hav e a greater effect la preventing the elimination

of COi than m interfering with the absorption of

oxygen Other factors which are probably of im-

portance are the slower rate of diffusion of COi
owing to its larger molecule, in the alveolar air,

and the mcrea«ed residual v olurae

'Hie red cell count, hemoglobin percentage and

consequently the oxygen capacity of the blood,

are increa'^ above the normal in emphy lema

The cy ano'is (p 524) is often pronounced, y et the

patient’s dyspnea is less than might be expected

from his color and from the carbon dioxide reten-

tion which exists This is explained by the well

established fact that in emphysema the respira-

tory center is relatively insen«itive to carbon

dioxide A normal person when breathing a car-

bon dioxide nch mixture (8 per cent) increases

his pulmonary ventilation by 300 per cent or

more, the breathing of the emphy’^ematous pa-

tient, on the other hand, shows relativ ely little

change as a result of breathmg a much stronger

mixture (see fig 33 5)

Causalvm

Two factors arc concerned in the production

of emphysema (a) reduction m the elastic tissue

of the lung and (b) increased distention of the

alveolar spaces

It la very questionable whether, m the absence

of eome abnormality of the lung tissue itself,

emphysema can result from increased intrapul

monary pressure, such as occurs in those foJIomng

certain occupations, eg, glass blowers and the

players of wind instruments The study of groups

of men following such occupations docs not in

dieate that emphysema is produced w this way
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Fio 33 5 Chart thowing the percentile increeae
ici tidal air per minute as the percentage of inspired

caihon dioxide la raised Note that when the nor
mal subject inspires air containing S per cent car
bon dioxide, the tidal volume is increased about
3(X) per cent, nhereas in the emphjsematous sub
lect it IS increased onli about 25 per cent (After

K W Scott

)

Emphysema has, however, been induced in am
mail by stenosis ol the trachea or bronchi or by

the insertion of a valved apparatus into the tra

cbea which allowed the free ingress of air but

offered an obstruction to expiration It is proba

ble that in these instances the persistently high

mtraalvcolar pressure by stretching the lung

structures during inspiration first caused atrophy

of the etaslic tissue Durrog luspiraUon the aw
spaces are dilated by the negative pressure upon

their outer surfaces The trapped inspired air

causes an ever incrcaung distending pressure to

be exerted upon the alveolar walls Inasmuch as

the intratUoracic pressure is ‘ less negative" dur

ing expiration, a reduction rather than an cn

IftTgemenl of alveolar capacity would result at

(his time Asthma and chronic bronchitis which

frequently are forerunners of emphysema idso,

probably, exert their damaging effect upon the

alveolar structure during the inspiratory phase

In the former condition the spasm of the bron

chiolar muscle exerts a valvelike action In

thxouic brouchiUa mucous plu^ would act sum

larlj Coughing, it has been supposed, places

a strain upon the alveolar walls But during

the phase of coughing when the glottis is closed

the alveolar walls are supported When the

Gottis opens, the air escapes from the alveoli if the

obstructing material has been dislodged, and no
etraio upon the alveolar wall would result If,

however, the air remains entrapped its sudden
re expansion (rebound), as the pressure in the

surrounding pulmonary tissue falls at the end of

& eough, may injure the alveolar membrane and
start the emphysematous process

What may be termed a phjoiological or com
pensalory emphysema occurs when part of the

pulmonary surface is reduced as by the collapse

of a part or the whole of one lung This is more
lo the nature of an hypertrophy A similar en

latgcment of both lungs occurs at high altitudes

A type of emphysema also occurs m the eld

erly—senile or postural emphysema—and is sec

ondary to the change m the shape of the thorax

which becomes more barrel shaped and increased

in capacity The lungs enlarge to fill the increased

space This condition is associated with few symp
toms There is little reduction in the vital ca

pacily, and the oxygen saturation of the arterial

blood 14 practically normal

Ateleclnsis

Any condition which lowers the pressure

within the alveoli or increases the pressure upon

the lung surface, ip, reduces the “negative”

intrapleural pressure, may load to collapse of the

lung Thus pleural effusions, pneumothorax, tu

mors, etc
,
pregsuig from without or the isola

tioQ of the alveoli from their air supply by the

ot)55tmction of a bronchus will therefore result m
collapse of tho lung or of the portion of the lung

affected Atelcctaaix (Greek ulefei, incomplete,

elfastt, distention) is also the term applied to

the condition in the newborn m which, os a result

of the blockage of a bronchus or of a group of

bronchioles by mucous secretion, or owing to

weah inspiratory movements, a portion of the

lung fails to become distended with air

A6«orplion of air from isolated aheoh and other

closed spaces flTien a bronchus or bronchiole in a

previously distended lung is obstructed the im-

prisoned air soon becomes absorbed from the af-

fected alveoli ColIap‘« of the air sacs cannot

take place until this has occurred Absorption is

brought about la the following way, as pointed

out by Henderson The air in the isolated aheoh

has a total pressure of 760 mm Ilg The par

t«i pressures are in round numbers, Oj, JOO

mro , N* ,
570 mm COi ,

40 mm and aqueous

vapor, 47 rom fu the vewou?. blood tlie total

pre^ure is 703 mm
,
the nitrogen and aqueous

vapor being the same as that of the ah colar air,

but the partial pressure of oxygen is only' 40 mm
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and of carbon dioxide 46 mm An mterchange of

the latter gases therefore occurs betneen the al-

leolar air and the xenons blood It might be

thought that the imprisoned air would then be in

cquihbnum with the blood and no further ab-

sorption occur But the aheolar air Joses more

oxjgcn than it gams carbon dioxide whereupon

its volume is reduced The atmosphere acting

upon the bod> surface and through the yielding

soft ti'sues eomprcsecs tlic air so as to maintain

its total pressure practicallj constant at 760 mm
As a rtmilt of the absorption of oxygen the per-

centage and conscquentlj the partial pressure of

carbon dioxide and of nitrogen arc incrca‘»ed

The«e now dilTu'c into the blood The vol-

ume of the aheolar air is further reduced thereby

but its total pressure still remains unaltered TIic

percentage and therefore tlie partial pressure of

oxjgen n«es and more of tins gas pa*sca into the

blood The process continues m this manner until

CO air remains, and the wxiHs of the ongmal spate

are ultimately approximated by the pressure of

the atmosphere Air is absorbed from the pleural

cavitj or from any other closed ca\ ity of the body
in the same waj (Henderson and Henderson)

The absorption of the air confined within the

pleural cavity permits the lung, if the air pressure

had caused its collapse, to rc-c.xpand (sec also

p 477)

The collapse and shrinkage of the lung which

results from blockage of a bronchus increases the

intrathoracic negatn e pressure, since the cIo«ed

thoracic box is less coinp)ctel> filled The dia-

phragm is therefore drawn upwards and uncol

lapsed portions of the lungs are expanded to a
greater extent (compensatory emphysema) m
order to fill the unoccupied space

Shunt

In the fetus the vessels of the airless Jun^ are

bypassed bj the greater part of the blood brought
to the heart That is to say, most of the blood is

shunted to the arterial side through channels

which nonnallj close at, or shortly after, birth

It IS clear that if one or more of these channels

should persist after birth, or if the interventricular

septum is defective so that a large part of the

venous blood does not traverse the lungs, but is

short circuited from the nght to the left heart or

directlj mto the aorta, the oxygen «aturation of

tlie artenal blood will be senou'ly reduced Ar-

terial hypoxia evidenced by cyanosis (p 524) and

dj-spnea (p 501) will result (fig 33 6) These will

be espcciall} pronounced upon exertion since the

unsaturation of the polluting venous blood w ill be

thereby increased

The fetal eireulalion Before the congenital ab
normalities are described the fetal circulation

and the circulatory readjustments winch occur

at birth, or shortly thereafter, will be bneflj

reviewed

la the fetus the ox>gcnatcd blood from the

placenta IS earned bj the umbteal vein to the liver,

where it separates into two streams one of which

IS distributed to the left | or so of the liver, the

Lurt^ capillaries

lunjCfipiilsrles

Tissue
CSpUlsnes

rraelionxl toixl beino^lobiiv

in rekueed form

1
'

j
Fr&cllonal totst hemo^b iv

in exj^enMed fonn

Fig 33 6 Diagram (upper) showing the proper
tion of oxyhemoglobin to reduced hemoglobin in

differeot parts of the circulation in an instance
vliere a portion of the blood passes through un
aerated channels (shunt) from the venous to the
artenal system Lower diagram represents a ca'^e

lo which the oxygea unsaturation of the blood is

abnormally lugh in a part of the penphcral capil

fanes but normal in the artenal blood (stagnant
type of anoxia) (After Lundsgaard and Van
SliU)
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remaiodcr passes directl} via the ductus venosus

icto the inferior vena cava, thus nuxing with

Wood returning from the lower part of the body
The portal vein supplies the rest of the liver

That portion of the blood from the umbtltcnl

vein vihich has traversed the vessels ol the liver

IS al«o delivered by the hepatic veins into the

inferior vena cava The hepatic veins are a niim

ber of small vessels and two much larger onea,

the latter form a junction with the ductus venosus

just before the latter joins the inferior vena cava

The blood m the vena cava bejond this point

IS, therefore, partly oxygenated (from placenta

via umbilical vein and ductus venosus) and partly

reduced, having traversed the tissues ol the lower
limbs, intestines and liver The caval blood, upon
reaching the right auncle, separates into two
unequal parts The much larger stream passes

directly through the foramen ovale (na sinistra)

into the left auricle, the smaller stream enters

the right ventncle The blood which has reached

the left auricle, after being joined by a email

but by no means inconsiderable volume of blood

returned from the pulmonary tissue, Bows into

the left ventricle, and is discharged into the aorta

and distributed to the brain by the brachioce

phalie artery, and to the myocardium by the

coronary arteries The remainder flows down (he

aorta

The blood returned from the bead and entering

the right auricle by the eupenor vena cava, to

gather with the small fraction of blood of the

inferior vena cava which was not directed through

the foramen ovale, enters the nght ventricle and

IS ejected into the pulmonary artery A smaller

part, yet, as shown by Franklin and his as'ociates,

more than has been generally supposed is con

vejed to the lungs by two branches of the latter

vessels The mam stream, discharged from the

ngbt ventncle, passes by a wide vessel, the duefus

artertosut, into the aorta, and mixing with the

blood coming from the left ventncle, is distnbuted

tbiougbout the body That portion which is gup
plied to the lower limbs is returned by two ves

scls—the umbilical arteries—to the placenta

Dunng birth, or very shortly after, the three

umbilical vessels close (even though the cord has

not been tied or broken) by the contraction of

smooth muscle m the vascular walls The flow

through the ductus venosus ceases as a result

of contraction of a smooth muscle sphincter at

the point where it leaves the umbilical vein This

occurs in the sheep fetus, according to Franklin

and his associates, in from 6 to 25 minutes after

the umbilical vessels have closed Withm 5 mm
utes or so after the commencement of breathing

the foramen ovale closes, and a little later (ap

parently never before the obliteration of the fora

men ovale) the ductus arteriosus becomes oc

eluded All the blood from the nght side of the

heart is normally from now on directed through

the lungs Franklin and his associates found, how
ever, in the case of the new born Iamb, that should

the general condition of the latter senously de

tenorate, the ductus artenosus may open again

The mechanism of closure of the ductus appears

to be initiated in some way by the action of the

oxygenated blood upon the vascular mu'cle and

not through a nervous mechanism In the lamb

this channel has never been observed to close

before occlusion of the umbilical vessels

COSOENIVAU Camiiac Devscts

Patent ductus artenosus, or foramen ovale in

terveutncular septal defects, stenosis of the pul

monary artery and coarctation of the aorta (nar

rowing of aorta in the neighborhood of the ductus

artenosus) are among the congenital defects most

commonly met with

The development of the direct Tick method
(catbeteruation of the nght side of the heart)

for detertniQiDg the cardiac output has provided

means of the greatest value in diagnosing congeo

ital defects of the circulation It is now possible

to obtain samples of blood for gas analysis from

the nght ventricle or from the pulmonary artery

(See Eg 337)
Patent foramen oiale or other defect in the inter

auricular septum In patency of the foramen ovale,

the opening is guarded by a valvelike membrane

which prevents blood from parsing from the left

to the nght auricle, and none passes in the oppo

eite direction unless the pressure in the nghi au

ncleishigh With other defects of the interauncu

iilar septum, a shunt from right to left with cj ano

SIS may occur, but if there is mitral stenosis and

a large defect [Lulemhacher's syndrome) the high
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pressure in the left auricle causes a shunt from left

to right

Paltnt ductus arteriosus Blood enters the pul

monarj sistem from the arterial side, the osjgen
content m the pulmonary artery is increased, but
IS normal m the nghl auricle and \cntticle

If a defect of the intenenlncuhr septum exists

alone, the ox>gcn rontent ol the blood m the nght
ventricle and pulmonary arten is increased but

not of that in the right auricle

Neither of tho’^e last two defects, if st exists

alone, will cau^e cyanosis, since the shunt is from
left to right (arteriovenous shunt) Rarely, how
ever, in the ca^e of a patent ductus arteriosus, the

direction of Bow is reversed temporanlj at ccr

tain times (during crying or coughing), blood

passing from the pulmonary artery into the aorta

Often the abnormalities are multiple For ex

ample, a patent foramen ovale, together with
stenosis of the pulmonary artery, results in the

passage of venous hlood to the arterial side, i c ,

through the auricular defect, slight or moderate

Oanosis IS seen The combinaiion of congenital

defects, originally described by John Hunter and
later by Fallot, and now generally known as the

teiralogp of Fallot, con«ists of, (a) an intervenlric

ularseptal defect, (b) narrowing of the pulmonary
arter}

, or stenosis of its onSce, and (e> dextropo
sition of the aorta, the onSce of this ve««el being

shifted to the nght to straddle the septal defect

(d) The fourth element making up the tetrad is

nght ventricular hypertrophy The blood flow

through the lungs and the pulmonary pressure are

reduced Owing to the high pressure developed m
the nght ventricle blood is driven through the de
feet into the overndmg aorta If the pulmonary
stenosis IS very severe, the ductus arteriosus must
be jisieot xo Ardw Js> juiBu-awI iiWid Ayw
through the lungs to support life Cyanosis and
dyspnea are usually pronounced Blalock and
Tau««ig have devised an operation for the correc

tion of the chief eSect" of the'c conditions It

consists of anastomosing a large branch of the aor
tic arch (usually carotid or subclavian) to the
nght or left nulmonary artery

Another combination of defects has three fea

tures of the tetralogy of Fallot, namely, defect of

the intraventncular septum, dextroposition of the

aorta and nght ventricular hypertrophy, but pul

monary stenosis is absent It is known as Fisen

menger's complex The shunt is from left to nght
in early life, but later, when as a result of Ihe

large volume of blood entenng the nght ventncle

from the left side as well as through the normal
channels this chamber enlarges and hypertrophies,

the high pressure developed may force venous

blood into the overndmg aorta, cyano«is then

appears

In those congenital cardiac anomalies showing

cyanosis, the arlenal oxygen saturation is found

to be, during rest, from 45 per cent in severer de
grecs of cyanosis to 00 per cent in the milder casei

The red cell count, however, is likely to be in

created, and the hemoglobin concentration may
be high as 26 grams per cent The arlemi oxygen
content, i e ,

the volumes of oxygen per 100 cc of

blood, in tho’ic with the higher hemoglobin con

centraiion is, consequently, much higher than

normal and may reach a value of 29 volumes per

cent, as against the normal maximum of 22 vol

times per cent (see C^ano«Js p 524) Everci'e,

which in normal subjects cau‘=os little or no change

in arterial oxygen saturation produces a pro

found fall in the congenital heart cases amounting

in some to a reduction of over 30 per cent

Carbon Monoxide Poisoning

References to carbon monoxide poisoning are

contained in the earliest medical writings This

gas was ii«e<l by the Greeks and Romans for the

execution of criminals and as a means of commit-

ting suicide Carbon monoxide is today the most

important gaseous poi«on against which phy^i

Clans ha\e to contend During times of peace it

accounts for more deaths than all the other gases

combined Carbon monoxide combines with the

hemoglobin of the blood and thus renders it

unavailable for oxygen carnage The affinity of

hemoglobin for carbon monoxide is approximately

300 times its alTuiity for oxygen Therefore, when

the atmosphere contains only o very small per-

centage of CO, the hemoglobin takes up the

poisonous gas and in so doing prev ents its com

bining with an equu alent \ olume of oxj gen

Recovery from carbon monoxide poisoning is

usually ixun/iJetp when the exposure has not been

too long or the concentration too high It is im-

portant that the carbon monoxide hemoglobin

should be broken up as ®oon as possible since

injury to the tissues is produced by the anoxia It

13 possible to displace the carbon monoxide by

oxygen if the tension of oxygen is «ufBcientIy high

and that of carbon monoxide low Mixtures with a

high percentage of oxy’gen and from 6 to 7 per cent

carbon dioxide combined with artificial respira

tioR are used in the treatment of CO poisoning

The carbon dioxide, as w ell as actmg as a re«ptra

torj stimulant, reduces the affimty of hemoglobin

for carbon monoxide Intravenous mjections of

methyleDe blue hav e been adv ocated but are val-

ueless Carbon monoxide, as well as its action in

displacing oxygen from hemoglobin, has histotoxic

properties, inhibiting the tissue respiratory en-

zymes This fact has no practical beanng how-

ever, upon carbon monoxide poi«oning in roan, for

the concCTitrations at which such action occurs is



524 RESPIRATION' Section JII

many times greater than could e\er occur m the

bodj

Cyanide Poisoning

No interference with oxvgen carriage is caused

bj c> anide but there is inhibition of tissue respi

ration C> anide inhibits the action of cytochrome
oxida=e carbonic anhydrase and probably of other
enzyme systems It followa from this that any
antidote for cyanide poisoning mu»t have one of

two action* Either the cyanide mu«t be removed
or detoxihed or the inactivated cataly st must be
replaced Methylene blue does act as a catalyst

for certain biological oxidations and this led to

Its u*e as an antidote for c\ anide poisoning When
methylene blue is given to the intact animal there

1 * a marked rise in bodv temperature which is due
to increased melabolism Methylene blue permits

inhibiting effects of cyanide on cellular oxidations

This fact has been established from investigation

on a great number of tissues Sahlin in 1926 pro
vided the first experimental demonstration that

methylene blue antagonizes the action of cyanide

in the intact animal lie u*ed rats and the ob<erva

tiOQ ae been confirmed on other animals—dog*,
rabbits mice The evidence suggests that methyl

ene blue acts by removing the cyanide from

ti<sue Methylene blue and cyanide do not com
bine directly but methylene blue forms methe
rnflglobin which combines with the ey anide to form

ctanmethemoglolnn The cyanmethemoglobin is

relatively nontoxic and is broken down slowly

the detoxification probably being brought about

by conversion of the cyanide to thiocyanate

(Smith and Malcolm) Other substances which

form methemoglobin (Hug ttendel) such as so

dium nitrite amyl nitrite pyrogallol etc are

also effective in the treatment of cyanide poison

ing Such methods of course are limited by tbc

quantity of hemoglobin that can safely be con

verted to methemoglobin

A number of sulphur compounds have been

found effective in cyanide pai<oning Chen Rose

and Clowes showed that sodium thiosulphate and

sodium tetrathionate may protect dogs against

a* much as three lethal do<eB of cyanide

Cyanosis

Cyanosis (Greek, cyanos blue) may be defined

a« the diflu'c, dusky or bluish color of the ®kjn

anti mucous membranes caused by the presence in

the blood of the superficial capillanta (^bpapil-

lary venous plexus) of reduced hemoglotan

above a certain defimte amount* Cyanosis

* The presence of abnormal compounds of bemo
globin eg methemoglobin and sulfobcmo
gtobin resulting from the action of various toxic

substances causes a type of cyanosis (entero

genous cyanosis), but these will not be considered

IS seen m the artcnal and hypokinetic types

of anoxia but not in the anemic or histotoxic

forma It seems «careely ncce^ry to state that

the retention of carbon dioxide in the blood has

no dvrect effect upon the production of cjano«is

The blue color of the «liin depends fundamentally

upon the absoJute amount of reduced hemoglobin

m the capillary blood and not upon the relatm

proporlums of reduced hemoglobin and oxyhemo-
globin For example in anemia the hemoglobin

content of the blood may be only 20 per cent of

the normal In the capillary blood all of this could

be m the reduced form, yet cyanosis would not

result, since the absolute amount of reduced

hemoglobin 0 e
,

‘ blue pigment) would be in

sufficient to produce anv blue di«coloratiQn On
the other hand m polycythemia the hemoglobin

may be 100 per cent above normal Cyanosis will

occur when the hemoglobin of the capillary blood

IS only 20 per cent reduced for the absolute con

centration of reduced hemoglobin will then be

raised to threshold v aluc The greater quantitv of

the bnght-colored oxyhemoglobin present exerti

little or no influence that is it does not as might

be expected tend to neutralize the color effect of

the reduced hemoglobm
l^ormal blood contains about 13 grams of

hemoglobm per 100 cc Lund gaard found that

the capdbry blood must contain approximately

5 grams of reduced hemoglobin per 100 ce before

cyanosis xnll appear When fully saturated (20

volumes per cent), gram of hemoglobin will

take up J ec of oxygen Five grams of hemo-

globin therefore bold about 67 ec of oxygen

and 5 grams of reduced hemoglobin are formeil

when the blood contains 13 3 volumes per cent

of oxygen Cyanosis may therefore be expected

to appear when the blood in the capillanes is on

the average around 7 volumes per cent unsatu

rated As a result of certain modifying factors

(p 526) the precise lev el of capillary unsaturation

at which cyanosis makes its appearance varies in

different cases between Sand? volume* of oxygen

per cent

Tbc oxygen un«aturation of the capillary blood

docs not of course occur abruptly at the arterial

end but is progressive from point to point along

the course of the v e*sel The loss of oxygen may

here (seep 57) Cyanosis mav result from anoxia

of either the artenal or hypokinetic tvpe It ob
Tiously cannot occur in the snemic ty pc which is

due essentiallv to a low hemoglobin concentration

in the histotoxic type in winch the hemoglobin

gives up less of its oxygen store than id health

nor iQ the artenal and hypokinetic tvpes it a se

vere grade of anenua exists
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Arteries
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Fig 33 8 Diagram showinc hypothetical vana
tions in the shape of the re<luction ctma? of oi:v

hemoglobin during the pax^age of the blood
through tissue capilKnes (After I uncNgaard and
\aa bljke

)

be uniform from the artcnal to the t enous end of

the capillary as shown m Cur\ e I, fijpirc 33 8, or

the desaturation may occur miinlj toward the

venous end (Curve II) when tlie capillary blood

would approximate artenal blood rn ilsiontentof

reduced hemoglobin Under other circumstances

the greatest oxygen lo«3 may occur toward the

artenal end (Curt e III) when the uneaturation of

the capillary blood throughout would approach

that of venous blood It is difHcult to obtain data

from which the true curve may be drawn The
simplest of thtso cun Ps (Cun e I) is assumed and
the average un«aturation of the capdlary blood is

taken as midway between that of artcnal and
V enous bloods rcspcctn ely Thus

HCA + V) - C

where A and V represent the unsaturation in

volumes per cent of artcnal and venous bloods

respectively and C the average uu«aturation of

the capillary blood

For example, in a normal person the artcnal

unsaturation is 0 S volume per cent (19 5 volumes

per cent saturation), another 5 vofunie^ per cent

are giv eu up in tbe capillary, the v enous unsatura-

tion IS therefore 5 5 volumes per cent So

M(0 5 -1- 5 5) « 30 volumes per cent average

UD'^turation of capillary blood

(30 x 0 75) 2 2 gram reduced Hb

We have seen that the av erage unsaturation ofthe

capillary blood mu«t be beta eea 6 and 7 volumes
per cent (approximately 5 grams of reduced Hb)
before cyano‘<is appears This degree of unsatura

tion of the capillary blood may be brought about
either by an increase m the artenal unsaturation

(artenal type of anoxia) or as a result of a greater

amount of oxygen being lost from the blood in its

passage through the capiUanes (hypokinetic type

of anoxia) That is by an increase in the v enous

unsaturation (V) alone In order to produce an
average unsaturation of from 6 to 7 volumes per

cent in the capillary blood the artenal unsatura-

tion would need to be from 4 to 4 5 volumes per

rent, or the unsaturation of the venous bfood

—

that in the artencs lieing normal—11 to 13 vol-

umes per cent Meakms and Davies found that

when the veins of the arm were obstructed in

normal individuals cyano«is was just detectable

when the venous blood reached an unsaturation

of If 4 volumes per cent

The«e facts may be elanfied by examples If

the blood ns it leav es the lungs contains o^> 15 5
volumes per cent of oxygen, i e , if it has an un-

^turation of 4 5 volumes per cent and the tissues

abstract the u«ual quantity of oxygen, namely 5

volumes per cent, the unsaturation of the \ enous

blood wiU be 9 5 V olumcs per cent and that of the

capillary blood

}^(4 5 -f 95) =7 volumes per cent

(7 X 0 75 *» 5 2 grams Hb)

If on the other hand the artcnal unsaturation is

around the normal v alue of 0 5 v olume per cent

but as a result of slowing of the circulation each

unit volume of the blood gives up a greater quan

tity of oxygen, and the venous unsaturation is

increased to eaj 13 v olumes per cent, tbe av erage

unsaturation of the capillary blood will be

5 + 13) 6 7 volumes per cent

In either of these instances sbght cyanosis

would be expected to appear

Let as DOW con<idcr what occurs when the

hemoglobin percentage is above or below tbe

normal value

Ja *WRWA7 f.be smouai o! iS bek-ir

normal, and the oxygen capacity of the blood is

correspondingly lowered If the hemoglobm con

teat be only 30 per cent of the normal, the vol

umes per cent of ^ the artenal blood,

though the latter be fully saturated, will be only

about 6 volumes per cent, i e
,
the quantity of

hemoglobm in 100 cc of blood is less than 5

grams It is obvious that such a person could not

become cyanotic even if, as a result of defective

oxygenation of the blood or of slomng of the

circulation, all his hemoglobm werem the reduced

state A patient whose hemoglobm was, say
,
60

per cent (oxygen capacity 12 volumes per cent)

would, like one with a normal hemoglobin con-

tent, become cyanotic when his artenal blood

reached an unsaturation of about 4 5 v olume» per

cent, that 13 when his capillary blood had an av er

age unsaturation of around 7 v olumes per cent

But the oxygen want of the anemic subject would

be greater than that of the subject with a normal
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hemoglobin content sincem the case of the former

4 5 ^ olumcs per cent constitute nearlj 40 per cent

of the oxj-gen capacitj of his blood In a less en-

)ightene<l age ahen bleeding was resorted to for

the relief of cjanosis, the brilliant success of that

procedure is not to be wondered at—nor that the

patient died In the hypohinetic tj pe of anoxia

the unsaturation of the lenous blood of a subject

with 60 per cent hemoglobin content could not

reach the lalue necessarj to produce cyanosis

until all thehemoglobm was in the reduced state

Thus 14(1 +12) =65 volumes per cent un
saturation of the capillarj blood

In polycythemia, m which the hemoglobin con-

tent IS eaj, double the normal (oxjgen cajiacity

40iolumesper cent), cyanosis occurs m\ery mild

degrees of anoxemia At an arterial unsaturation

of 4 5 \ olumcs per cent the polj cj-themic subject

would ha\e the same degree of cyanosis as an
ordinary person with this quantity (5 grams) of

reduced hemoglobin in his blood But in the poly-

cjthcmic subject with a hemoglobin content of

200 per cent, 4 5 \ olumcs per cent is only 1 1 per

cent of the oxygen capacitj of his blood, in the

person with a normal hemoglobin content it con-

stitutes 22 5 per cent The oxygen want m the

former would be relatively slight as compared

with that of the latter Or put in another way and

including the anemic subject—if the aooxemia

were of the game degree in each the anemic per

son would show little or no c>anosis, the polj-

cythcmic, a cjano^is of high degree and the nor-

mal subject a color intermediate in inten«itj In

a person with an abnormally Ingh blood count a
degree of slowing of the peripheral blood flow

which would be without effect upon one possess-

ing a normal hemoglobin content will result in

cjano'‘is Thus in regions such as the face, ear

lobes and hands, where the cutaneous lessels are

well filled with blood, cyanosis is readily induced

in the polycydbemic subject by exposure to cold

In certain conditions associated with arterial

anoxemia, e g ,
emphysema (p 618) and con-

genital heart di'ca«e the red cell count is in-

creased and the cyanosis, in consequence, en-

hanced It will be evident from these examples

that the presence of cyanosis indicates anoxia

but the absence of cy anosis docs not rule out the

possibility of anoxia

The Factohs Which lartiTEhCE the Depth or

Cyanosis Caused by a Givev QrAvrm
OF Reduced Heiioolobiv

(a) The state of euianeous capiUanes When
these are dilated more of the dark colored blood

will be present in the skm than when they are

comtricted In the former instance cyanosis will

of course be mote pronounced Increased carbon

dioxide tension in the peripheral blood causes

capillary dilation, therefore, when retention of

this gas accompanies oxygen want, as m lenous

congestion ol Bupeificial regions, etc the cyanosis

IS mtense If the peripheral lessels are strongly

oon«tncted, as m shock, cyanosis may be incon

spicuous

(b) Piymentalum and thickness of the shn
The^ factors obviously will modify the depth of

the i^notic color Cyanosis is more clearly evi-

dent m regions where the skin is thin and unpig

mented The yellow discoloration of the skin

caused by an excess of bihrubm in the blood

Oaundice) tends to modify the cyanotic tint but

since the former stams the skm itself, while the

discoloration due to reduced hemoglobin is con

fined to the capillary vessels, jaundice is hkcly

to be just as intense m regions where the skin is

thick as in those where it is thin The cyanotic

discoloration can be temporarily abolished by

pressure upon the skm whereas the icteric stain-

ing cannot Cyanosis does not appear in the con

junettvae but these are deeply colored in jaundice

Oxygen Thervpy

Oxygen administration is of great v aiue in com-

bating acute arterial anoxia as may occur in

pneumonia, pulmonary edema, or obstruction to

breathing as well as in states such as conge<tiic

heart failure, or coronary thrombosis when

though the artenal blood contains the usual

amount of oxygen, the tissues, owing to impair-

ment of the peripheral circulation, suffer from a

deficiency of oxygen

The chronic anoxia due to anemia, in which

the hemoglobin is saturated with oxygen to the

normal degree, is treated preferably by measures

directed to the disease itself rather than by oxy

gen Uierapy In failure of the peripheral circula

tion, the inhalation of 100 per cent oxygen will

increase the oxygen content of the blood to revue

a flagging respiratory center But the anoxia due

to a shunt of blood from the nght to the left side

of the heart (p 522) or through a similarly com-

pletely unacrated portion of the lung will not be

much benefited by oxygen inhalations, it is not

possible to make the blood supplying healthy and

well aerated alveob absorb any important amount

of extra oxygen and so compensate for the shunted

blood

When, howei er, the diffusion coefficient of oxy -

gen (ch 29) through the alveolar membrane is
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reduced as a result of edema, thickening or a coat-

ing of fluid, oxygen administration by raising the

pre'«urc of the gas in the alv colar air w ill increase

its rate of diffusion across the pulmonarj cpithc-

Itum The oxjgen saturation of the blood flowing

through the damaged pulmonary tissue js in-

creased

Con'icquently, m broncho- or lobar pneumonia

when such changes arc responsible for the anoxe-

mia, in emphysema or in pulmonary edema

whether from cardiac or pulmonary di«ease or

from gas poisoning, the success of oxygen ad-

ministration is often spectacular Anoxemia in-

creases the permeability of the pulmonarj epithe-

lium to fluids and, con'^ucntl} encourages

edema formation In other words, a % icious circle

IS established—edema inducing anoxemia and the

latter increasing the edema—which is broken by
exj-gen administration

Anoxemia, due to rapid thalhw breathing 19 r<s

liex ed by oxygen treatment since the oxjgcn ten-

sion of poorly \ entilated ah eoli is raised thereby

The shallow breathing it'elf is !ike!> to persist

since it IS pnmanh due to the local process in the

lung actmg upon the nerve endings rather than to

the anoxemia Therefore this tjTie of breathing

could, no more than the pulmonary lesion itself,

be expected to be abolished by oxygen treatment

It has been said that when the arterial blood

eontama the normal quantiti of oxygen, namely

about 19 5 volumes per cent (saturation 97 5 per

cent) as m the hypokinetic tj*pe of anoxia of con-

gestive heart failure, oxygen inhalation cannot be

of any great xalue, since the oxygen saturation

can be raised only to 100 per cent, and the total

oxj gen content increased by 2 2 volumes per cent

(an increase of 1 7 volumes in simple solution

together with 0 5 volumes combined with hemo-
globin) That is, the total oxygen content of a
person breathing 100 per cent oxjgen will be 21 7
volumes per cent But this increase of 2 2 volumes
per cent (representing an increase in Oj content

of 11 per cent) is as pointed out by Comroe and
Dnpps of the highest importance m anoxia, for

it raises very considerably the pressure at which
oxygen is delivered to the tissues For example,

when a patient is breathing ordinary air, eveiy

100 cc of blood m parsing through the capillaries

loses 7 volumes of Oa (normal about 5 vols ), and,

therefore, leaves the venous end of the capillary

with a content of 12 5 \ ols per cent, is 63 per cent

saturated, and has a pOj of around 32 mm Hg
Now when 100 per cent oxygen is breathed the

extra 22 volumes per cent in the arterial blood

IS given up on entering the capillaries, which re-

duces the oxygen saturation only to that existing

under ordinary conditions m the arterial blood,

namely, 97 5 per cent But the tissues owing to

the slowing of the circulation abstract a further

4JS volumes per cent to satisfy their need of 7

volume per cent The venous blood, therefore,

contains 14 7 volumes per cent of oxygen, and is

over 73 per cent saturated, instead of about 63

per cent without oxygen administration, the pOi

IS nearly 40 mm Hg Thus the tis,?ues are sup-

plied with oxygen at a virtually normal head of

pre^re In congestive heart failure, therefore,

especially if there is generalized edema, the ad-

ministration of oxygen is often of great benefit

Methods or Aduixistration

Oxygen is giv en usually by means of a na«al or

oral nasal catheter by a specially designed face

mask, or the patient is placed m a hood tent or

airtight cabinet in which the 0* percentage is

maintained at the required concentration Carbfin

dioxide (5 to 10 per cent) is sometimes added

especially in CO poisoning, persistent hiccough

and postoperative atcl<?cta«i<, in order to en-

courage lung expansion In an oxygen tent the

patient’s own breath may raise the COi to the

range of 1 to 2 per cent

In normal persons the breathing of 100 per

cent oxygen often causes a sbght initial to

duction of breathing of about 3 per cent If the

adnuDjstration is continued the respirations are

stimulated possibly as a result of afferent impulses

set up iQ the respiratory tract by the inhalation

and conveyed to the medullary center In anoxia,

a much more pronounced depression or even com
plete cessation of breathing may occur This

so-called oxygen apnea may be very alarming, es-

pecially dunng anesthesia But it is a sure mdi

cation of the existence of anoxia and the need for

oxygen therapy
,
for it shows that the respiratory

center has been profoundly depressed to the direct

stimulating action of CO* Before oxygen ad

ministration the center had been dm en by im-

pulses from the penpheral chemoreceptors, the

rebef of the anoxia has abohshed this source of

atuQulation In chronic anoxia, such as may be

seen m congestive heart failure and pulmonary

emphysema, especially when there is also carbon

dioxide retention, the patient may pass mto coma

when oxygen is administered The unfavorable

effects following administration of 0* under these

(xmditiobs are attnbutable to the further rise m
pCO* which occurs as a result of the depression of

breathing

Another effect of oxygen inhalation is the clirai-
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nation of nitrogen A man of a\ erage weight (70

Vg ) breathing oxjgcn eliminates about 18 ml of

nitrogen per minute The rate of removal of the

gas from all tissues is not hoiv ever the same, it is

removed most rapidly from the blood and the

most vascular parts of the brain Pure oxygen is,

therefore, adminrstered to divers to prevent de-

compression sickness, and to pilots before high

altitude flights

Helium (atomic weight 4, density that of

nitrogen) is lighter than any other gas except

hydrogen Barach has applied this physical fact

to reduce the respiratory effort in asthmatic at-

tacks, in those suffering from larymgeal or tracheal

ob«truction and in certain other types of dyspnea

A gas mLxture is u'ed m which helium is substi

tuted for nitrogen (oxygen, 21 per cent, helium

79 per cent) For the relief ol anoxemia Iheoxy gen

percentage may be increased to 60 or 70 per cent

Effects of prolonged breathing 0 6 lot atmosphere

of Os 111 effects other than the "oxygen apnea ’

described abo\ e may result from prolonged ad

ministration of oxygen Commonly subjects com
plain of eubsternal dtstccss in 4 to 10 hours after

beginning to breathe 100 per cent Ot at sea level

The symptom usually persists for «ome hours

after the patient resumes breathing of atmos-

pheric air The pam ev idently is rebted U» tra

cheobronchitis, and it is not a problem unless

oxygen tension in inspired air is in excess of 0 5

of an atmosphere Other manifestations of toxic-

ity produced by breathing 70 to lOO per cent Oj

at a pressure of 1 atmosphere include fatigue,

paresthesias in the hands and feet, joint pain,

anorexia, nausea and vomiting The causes of

these symptoms are unknown (Coraroe and

Dnpps 1950)

In the ordinary cLnical management of pa-

tients w hen oxy gen is given in a tent or by nasal

catheter oxygen toxicity does not become a factor

since the Oi content in inspired air is rarely, if

e\ er, increased to abov e 50 per cent Higher levels

can be achieved if a close-fitting mask is u«ed in

the absence of rebreathmg or if the subject is

placed m an enclosure into which oxygen is intro-

duced

Effects of oxygen pressures greater than one at-

mosphere Wlien oxygen is breathed at pressures

around 2 to 4 atmospheres severe s} mptoms indi-

cating dysfunction of the higher central nervous

system are experienced These include mood

swings, indifference, loss of judgment, somno-

lence, irrational apprehension and finally convul-

sions of the grand raal tyiie Tlic latter are fob

lowed by automatism and amnesia Vertigo also

IS a common symptom of oxygen poisoning The
cause of the sy mptoms is not clear Reduction m
the COf carrying capacity of the blood, with a
corresponding n«e m COj tension and cH in the

tissues and % enous blood, has been shown to occur

in experimental animals, but it is not known if

the symptoms in man are related entirely to these

changes (Bean, 1945)

Mice die within 20 to 25 minutes when exposed

to an oxygen tension of 8 atmospheres, whereas a
pressure of 8 atmospheres of air is tolerated well

Effects of breathing air at lery high pressures

(nitrogen narcosis) The inert gases, including

nitrogen, at certain pressures display the typical

properties of anesthetic agents VTiereas surgical

anesthesia is produced m patients breathing SO

per cent of nn atmosphere of nitrous oxide or

xenon, about 38 atmospheres of nitrogen has been

calculated to be necessary to have this effect In

expenmental ammals a pressure of 30 atmos-

pheres of nitrogen is required to abolish righting

reactions Howev er, symptoms refcrrable to im-

pairment of function of the central nervous sy’s-

tem occur in an individual exposed to 6 atmos

pheres of nitrogen (the equivalent of about 200

feet below the surface of water) Hebum-oxjgen
mixtures have less anesthetic action than nitro-

gen-oxygen nuxtures, hence divers breathing

helium-oxygen can descend to much greater

depths without the development of mental aber-

rations The theories of how anesthesia is pro-

duced by nitrogen are the same as for the anes

thetic acUons of other gases These are discussed

m textbooks of pharmacology

Resuscitation

Until the last few years Schafer's prone pres

sure method of artificially inflating the lungs was

most widely practiced But today cither the

Ilolger Nulson or tlie mouth to-mouth method is

preferred

HoLGER MELS0*1 or back raESSURK-ARM UfT

tiETnon After loosening the clothing around the

neck and chest, drawing the tongue well fonvard,

and wiping fluid, mucus, etc ,
from the mouth and

throat in order to allow free passage of aw, the

subject is laid in the prone position (chest down)

He arms are abducted at the shoulders to lie at

right angles to the trunk and bent at the elbows

(see fig 33 9) Tlie head is turned to one side with

achcck resting on the hands The operator places

himself in front of the subject with one knee

resting beside Ins head and near his forearm The
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Flo 33 9 Illustrating the Holgcr Niel«en method of resuscitation (From Firs / Metropolitan

Life Inturonce Company )

foot of the operator's other side la planted near

the subject’s opposite forearm Then the operator

places his hands, n ith fingers spread apart, upon
the subject’s back, thumbs touching, and on an
imaginary line joining the axillae He then 8na>*3

foraard, bnnging his ircight to bear through hts

arms and hands upon the subject’s back The
operator should hold his arras straight at the

elbows This movement compresses the chest and
mutates natural expiration The operator then

seizes the subject’s arm above the elbows and
draws them forward, at the same time as he him-
self straightens up This position which expands

the chest and simulates natural inspiration is held

for two seconds He then swings forward again

and repeats the first pha«e The double move-
ment IS repeated about 12 times a mmute
Mouth to-mouth method In a sjmposium

published m the Alay, 195S issue of the Journal

of the Amcncan Medical Association it is stated

that mouth to-mouth resuscitation is supenor to

all manual methods for all age groups It is re-

ported to be the only technique which produces

adequate ventilation m all cases The single most
important factor in this and other methods in

assuring adequacy of the ventilation is proper

extension of the neck and elevation of the jaw
To perform mouth-to-mouth resuscitation the

subject IS placed m the supine position with the

head extended and the rescuer at the side of the

head The re«cuer grasps the lower jaw of the

subject between his thumb and index finger and

hfls it vcrticaDy upward The other thumb and

index finger are used to clamp off the nostrils

The rescuer then places his mouth o\ er the sub-

ject’s mouth and exhales into the airway a \ olume

about two times the normal tidal volume (fig

33 10) Volume and pre«sure required are ea«iJy

judged b> the rescuer He inflates the subjects

Fio 33 10 Mouth to mouth method of artificial

respiration (Courtesj of Dr John Henderson and
Duell Sloan, Pierce and Company Publishers,

New Tori )
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lungs and thorax and notes the expansion of the

chest The rescuer then removes his mouth from

that of the subject to allow him to exhale The
procedure should be performed about 12 to 20

tunes per mmute
The effectiveness and ease of performance of

this tJTK! of resuscitation ls unproved by the use

of an anesthesia face mask, oi an oropbaiyngeal

airwaj or an endotracheal tube

During recent j ears several methods have been

developed for tlie long continued application of

artificial respiration by various mechanical de-

vnees Tins work was begun by Tliunbergin Lund
who devised an apparatus called the barospirator

The subject w as placed inside a metal chamber tn

which the pressure was raised and lowered rhyth-

mically by means of the stroke of a large piston

The interchange of air within the lungs was

caused bj a nse and fall of pressure of the air in

the external atmosphere This apparatus was

effective and a model was built large enough to

accommodate patient, nurse and doctor All three

were ventilated without movement of the chest

A certain amount of discomfort was expenenced

m this cabinet due to the change in pressure on

the two Bides of the eardrum during the increase

and decrease of air pressure A more generally

applicable model was produced by Drinker at

Harvard In this type the patient’s head remains

outside the cabinet (dg 33 11) The chest is ex-

panded bj reducing the pressure wjthin the cabi-

net and os the pressure is raised again, the natural

elastieitv of the lung cau«e8 expiration Forced

expiration, however, may be produced by raising

tbc pressure above atmospheric Patients have

been adequately ventilated with this apparatus

for many montlis Some diiRcuIty is occasionally

encountered in the r^ulation of the rate and

depth of respiration, but b> determining the

oxygen saturation of the arterial blood or watch-

ing for signs of cyanosis an observer can usually

regulate the ventilation quite satisfactonly

Two other tj'pes of apparatus should be men
tioned, (!) the jacket model of Sahim which oper

ates like the Dnnker machine but is applied only

to the chest, and (2) the Bragg Paul pulsator

which consists of a hollow elastic bandage placed

around the chest The bandage, when inflated by
an electncally driven bellows, compres'es the

chest, which returns to the midposition by virtue

of Its own elasticity during the intervals between

the compressions

The pulmotor and other similarly devised re-

suscitators, which force air into the chest and

suck it out again as though the lungs were rubber

bag?, though so appealing m their mechanical

efhcienc}, are physiologically unsound They are

not only less effective than other methods but

may be actually liarmful The pulmonary tissue

may be tom Those machines which inflate the

lungs w ith an oxygen-carbon dioxide mixture, and

permit expiration to take place simply by inter-

rupting the air current and thus permitting col

lapse of the thorax, are much sounder in principle

A mixture of oxygen and carbon dioxide (5

per cent or 10 per cent of the latter) commonly is

u«ed for resuscitation Tlie high tension of COt

combined with the rhythmicil inflation and dc

flation of the lungs, which presumably cause the

discha^c of a^crent impulses, encourages the re

turn of spontaneous breathing

ffesuscitafion of tiie nevbom Asphyxia in tlie

newborn infant is usually due to the failure of

the lungs to expand fully, alv eoh in areas of the

pulmonary tissue remaining m the fetal state

fatelectasis) The methods of re«u«citation which

may be eficctive m the adult are likely to fail

Cutaneous stimulation, e g ,
slapping, hot or cold

Fio 33 11 The Dnnker respirator “^After
era, 7, external shutters, S, adjustment for head rest, 9, adjustable nng to hold collar in place (Alter
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water, are time honored dc\ ices n Kich arc usually

unsuccessful The object aimed at should be the

e^ansioD of tlie collapsed alveoli, and when the

infant makes no respiratory effort this js best

accomplidied by the insufflation of the lungs with

a carbon dioxide-oxj’gen mixture, earned out bj

the passage down the trachea of a tube, to the

outer end of which a rubber bag filled with the

gas mLxlurc is attached Wlien the breathing is

not completely suspended but is weak, and the

infant ejamosed, inlialations of a carbon dioxide*

oxygen mixture are cmplojod Also mouth-to*

mouth resuscitation la quite effectn e in infants
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SECTION FOUR
The Excretion of Urine

34
URINE FORMATION

Tlie Structure of the Kulnej,

Theories of Renal Function

The Structure of thl HmtuN Kidnet

The functional unit of the kidnej 13 the nepk

ron, each kidno being composed of approxi

matcly one million euch units The nephron be

gins at a blind end enclosing a leash ofcapilhnes

In this structure, knoivn as the fflmtrulua (renal

corpuscle, Malptff/itan carputele), urine formation

begins b> the separation, from the blood perfus-

ing the glomerular capillaries of an e^ntially

protein free filtrate of plasma The glomerubr

space or Bmeman s capsule is continuous nith (he

lumen of the renal lubule, a long coiled structure

structurally ami functionallj diviMblc into tliree

segments proximal convoluted tubule, loop of

Hcnle and distal convoluted tubule The nephron

as an individual unit ends with the distal con

voluted tubule but groups of distal convoluted

tubules empty into a senes of collecttnff tubules,

which in turn coalesce to form colleciinff duds

Tlie collecting ducts in turn erapt^ into the short

papillary ducts oj Belhm which open into the renal

caljces at the tips of the papilUe

Tin GUSMERULUsconsistsofalcashofcapillaries

interconnected bj short anastamotic channels

ThcKc capillaries arc invaginated into and covered

on their outer surfaces b> the visceral lajerof the

epithelium of Bowmans cap«ule This lajer of

flattened cells is continuous wutli the panclal

laver of epithelium and with the lining cells of the

renal tubules Blood enters the gfomcnilus fnwn

the short afferent artenole, and the coalescence

of the glomerular capillaries forms the efferent

artenole, the glomerular capillaries arc thus

unique in lioing interposed between two artcnoles

TTie glomerulus averages about 200 n in diameter

and the total surface of glomerular capillaries m
the two human Wtdne>8 is estimated to be about

1 5 square meters The glomeruli are found only

m the cortex

The FBOX15IAL COWOttJTED TUBCtE IS a tor

tuous structure averaging about 65p in diameter

and H mm 10 length It lies in the renal cortet

usually in close proximitj to the glomerulus to

which it IS conjoined It is lined with a single

la>er of cuboidal cells, each interdigitatcd with

the adjoining cells in a highlj complex manner

The border facing the tubule lumen is character

lied and distinguished from that of other seg

ments b) delicate striations perpendicular to the

free edge and known as the brush border The
terminal portion of the proximal tubule becomes

straight and dips toward the medulla to become

the loop of Ilcnle

The loop of iievle commences with a de

Ecending limb which dips down into the medulla

As it does 80
,
the cuboidal eelU are suddenl} re-

pbeed bj the flatteneti cells of the Ifitn scymenl

The loop penetrates into the medulla for a v arjing

distance, the depth depending upon the location

of the glomerulus from which the tubule is de

rived "nio^ loops derived from tubules vnth

glomeruli situated near the surface of the kidney

penetrate onl^ a ehort distance info fbc inciJuIb

before turning back, toward the cortex, those

arising from tubules with glomeruli close to the

cortico-medullary junction (juxtameduUary glo-

tnetvli) penetrate dccpij lo near the tip of the

papilla Ivefore turning back, (sec fig 54 1) The

first part 0/ the ascending hmb docs not differ in

appearance from the thin portion of the descend

mg hmb, but as the ascending limb reiclics the
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e.T.

Fra 34 1 Diagram of a cortical (t) and ofajuxtamedrdlar) Dephron P CT ,
proximal convoluted

tubule ,D C T , distal coavoluted tubule, C T .collecting tubule, H L , Heole’aloop, R P
,
renal pelvis

outer meduUarj zone it T>idens and becomes Imed
with a cuboida! epithelium which continues into

the distal tubule The tubule continues into the

cortex and comes into contact with the glomerulus

from which it arose, this contact being marked by
a region of closely packed nuclei designated as
the macuZo densa

The nisTAL covioluted tubule may bede
fined as begmnmg at the macula densa lake the

proximal tubule with which its loops are generally

entwined, the distal comoluted tubule hes in ttw

cortex It is distinguished by the fact that its lin

ing epithelium is somewliat lower, less complex

and lacks the brush border The distal conixilufed

tubules empty into collecting tubules The coUect-

mg tubules emptj mto collectmg ducts which pass

tiirou^ the medulla and papilla to empty into

the pelvis

Blood supplt The renal artery upon entering

the hilum of the kidney breaks up mto numerous

branches, the interlobular arteries, which pass out-

ward between the renal pjTamids to the junction

of the cortex with the medulla Here they turn

to follow a more horizontal course and form ar

tenal arches (the arcuate artenee) across the bases

of the pyramids From the arcuate arteries arise
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Fia S4 2 Diagtamalic represenlaljon ol the
glomerulus

the tnlerlohihr arlenea which run outward

through the cortex From tiie interlobular arteries

the afferent artenolea carry blood to the glo

meruh
The short muscular afferent arUnole enters the

glomerulus and breaks up into the leash of glo-

merular capillaries The latter again coalesce to

empty into the efferent arteriole which is usually

appreciably smaller m diameter than the afferent

arteriole (hg 312)

The cffcrint arterioles denied from most glo-

meruli break up into a network of captllanes sur

rounding the convoluted tubules as thc> lie in the

cortex This capillar network is drained by veins

which follow a course close to the artencs and

emptj mto the renal vein (fig 34 3)

The efferent arterioles derived from the jvx

tamedullary glomenth close to the cortico roedul

larj junction do not feed mto the pentubular

capillary plexus Instead each divides mto a

group of straight vessels, the taaa rtcfai which de

scend mto the medulla, following a course similar

to the loops of Ilenle, and then turn to return to

the cortex and enter the venous sj'stem As they

pa«s through the cortico-medullary junction, Oie

vasa recta tend to become gathered mto groups,

the t oscular bundles, and m these groups the

descending anil ascending limbs of the v asa recta

lie closely intermingled in an arrangement idealh

suited for diffusional exchanges between inflowing

and outflowing blood

SuSISURV OF Developsient or

CunnEvr Concfpts

The ilevclopment of our present understanding

of the function of the kidnej can be coasidercd

to date from 1842 when Bowman described the

structure of the glomerulus, particularly showing

the continuity of the space of the Malpighian

corpuscle with the lumen of the tubule Bowman
recognized the structural characteristics which

su^ested its function as a filter He supposed

that the filtration process provided only the un
nary water and that the solutes of the' urine were

added by the secretory activity of the cells of the

renal tubules The process of glomerular filtration

thus served merely to wash through the solutes

Ludwigm 1844 proposed that glomerular filtra

tion provided all of the water and solutes of the

unne and that the function of the tubules was to

eonccQtrate the solutes by the reabsorption of

water It was recognized that this concentration

would lead to some loss of solute by diffusion

Heidenhain (1874) from observations on the ac

cumulation of djes m the renal tubule cells re

turned to a theory close to that of Bowman
placing the burden of urinary excretion on secre-

tion of solutes by the tubule cells

In 1917, Cushnj m an attempt to simphfj

what had by then become a complex and confused

subject, proposed wliat he termed the ' modern
theory of renal function Totally rejecting anj

secretion by the renal tubules, Cushny hjpothe

sired that urine formation began with the forma

tion of a protein free ultrafiltrate of plasma in the

glomeruli From this flow of fluid the tubules were

assumed to reabsorb a solution of constant and

unvarjnng composition This solution was pre

sumed to have the composition of an ultrafiltrate

of normal plasma and Cushny proposed that the

Fio 34 3 Diagram of the renal circulation a

arcuatevessel3,6 interlobular vessels (1 2and3)
arteries black, veins shaded, c, vnaa recta, d

pentubular plexus of vc'seli In 2 and 3 pcritubii

lor plexus and all but two glomeruli are omitted
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‘fluid rcab'^orbed is alwaj’s the same, whatever

the needs of the organism at the moment ’

The de\cIopment of knoi\ ledge concerning the.

function of the ludnej has shoo n tliat each of tlie

abo\e theories contains some parts tthich are

correct and others vihich are not The existence

of secretion b> the tubuleswas defimti\el} shoivn

bj Marsliall and his sssoeiatcs

In the development of renal ph>*siol(^ which

lias taken place in the last 25 jears leading to

the phj^tological picture presented in the foIloR

mg pages, two experimental techniques have

pla>cd a central role The micropuncturc tech

niqucs developed bj A N Richards and his manj
important associates provoded means for collect-

ing flmd from accuratelj located regions of the

nephron and for the analjais of this fluid by mi

crochcmical methods This has provided mvalu

able information on the nature and locnhaation of

ev ents in the renal tubule Tlie clearance methods,

vnth measurement of the rate of glomerular fil

tration, in connection with which the names of

Rehberg Homer Smith and Shannon stand out,

has provided a tool for the evaluation of manj
processes m the intact unancsthetized animal or

in man, under conditions approaching normal

General Nature of Uruie Formation

Although the tno human kidneys are made up
of some two miHiOQ nephron units, it is convenient

for most purposes to consider the two ktdne>8 os

constituting a single huge nephron Such a model

IS accurate to the extent that each nephron is

Bioiilar in its functional proportions to every other

and to the extent that each nephron functions m
parallel with and independent of ever} other

These assumptions maj be accepted as first ap
proximations The consequences of heterogeneity

of nephron function and of interdependence of

nephrons will be considered m subsequent sec

tions For present purposes we may speak of the

glomerulus and the proximal convoluted tubule,

etc
, as if the kidneys represented a single unit,

and referring to the sum of the functions of the

several million units

The processes of renal function are initiated »n

the glomerulus by the separation from the plasma

of an essentially protem free ultrafiltrate The
ultrafiltrate delivered from the glomerular capil

lanes into the space of Bowman s capsule enters

the lumen of the proximal tubule As the result

of the net filtration pressure the separated fluid

flows through the tubule As it passes through the

various tubule segments, the fluid is drastically

modified both in volume and composition bj a

genes of operations performed upon it by the hn
mg epithelium of the tubules Many of the con

stituents of the flmd onginally filtered into the

glomerular space are removed from the fluid as it

traverses the renal tubules and are returned to

the blood to be retained within the body Some
components of the glomerular filtrate such as glu

cosc and the amino acids are virtually completely

reabsorbed appearmg m the final urine only

under unusual circumstances Other constituents

such as urea are reabsorbed to only a bmitcd ex

tent wlule still others are excreted and reabsorbed

to an extent which is regulated so as to maintain

the norma! composition of body fluids Among the

substances reabsorbed to a major but variable

extent is water itself so that the volume flow of

unne 13 alwaj’s but a fraction of the flow of glo-

merubr filtrate In addition to reabsorbing many
substances from the fluid flowing through the tu

bulc the tubule epithelium also removes certam

substances from the peritubular blood and dc

posits them in the fluid wathin the lumen Thus

throe individual proce«8eB glomerular filtration

tubular reabsorption (from lumen to blood) and

tubular secretion (from blood to lumen) are in

voKcd in the process of unne formation These

throe processes will be considered in detail in

subsequent sections

GLOMERDLAn Filtration

The idea that the glomerulus is a device for

fiitermg fluiil from the blood perfusing the glo

mcrular capillaries goes back to BowTnan who m
1842 first described the relationship of the glo

merular capsule to the renal tubules Bowman
believed that only the water of the urine was

contributed by this filtration process the solutes

being added by secretion m the tubule Shortly

tberoafter Ludwig (1844) offered the view, which

has since been amply confirmed

lus acta as an ultrafilter, ‘i^pirn^inp; from *h?

pfema a solution w tucli contains all of the solutea

of plasma except tlie proteins and each at a con

centiStloirldenlical to tharin the.plasma wat^
eyept M roodifled by the abi^ce of protein tThe

glomerulus is indeed an ultrafilter were supplied

by A N Richards and his associates who showed

that the composition of flmd collected from glo-

meruli m amphibians was, with respect to an ex

tensive list of constituents that required of a

plasma ultrafiltrate (The studies were later ex

tended with respect to a limited number of sub-

stances, to fluid collected du^ctly from mam
malian glomeruli by R alter, Bott, Oliver and
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MacDowell ) In addition it was shown that the

hydrostatic ptcqsure in the glomerulai capiRanra

13 sufficient to snppiV the drivingTorce for thft fil

tration nmcpsa
' As in the case of other capillary beds, and in

accord with the Starling hypothesis
,
the rate of

filtration through the wails of the glomerular cap

lUanes IS determined by a balance of forces fa\or-

ing and opposing filtration The mam dmnng
force 13 the hydrostatic pressure—the intraeapil

iary btood pressure (Pth Opposing filtration is the

osmotic pressure exerted By the plasma proteua

(iTbl oPd the hydrostatic pre^ure of the fluid^
Bowman’s capsule {P») The rate of glomerular

fiTtrati^ (GFR) may thus be expressed as

GFR = fr,([Ph - P.1 - Wb) (1)

where Kpa a constant relating net filtration pres

sure to filtration rate and thus related to the area

and the permeabihty of the glomerular capillary

i
walls

The glomerular capillaries differ from those of

other capillary beds in being interposed betneen

two artcnoles, in mamtaiiung a higher hydrostatic

pressure, and in having a higher permeability

Pappcnheimer and bis associates have estimated

that the permeability of glomerular capillaries is

apprccomately one hundred times that of the cap-

dlanes in tbo limbs (muscles), the difference is

presumably largely in the fraction of the total

capillaiy surface occupied by the pores through

which ffitration actually occurs The membrane
which constitutes the significant filtration re8ist>

ance and which is penetrated by the pores of crit-

ical size is probably the capillary basement mem
branc

Some idea of the size of the pores can be ob-

tauaed from the chacsetemtwa of those aolutea

which are filtered through the glomerular capil

Iary membrane as compared w ith those which are

not The normal glomerular membrane is vutu-

ally completely impermeable to the proteins of

plasma The smallest of these, albumin, has a

molecular weight of about 70,000 and appears in

the glomenilar filtrate either not at all or at a

concentration too low (less than 1 per cent of its

concentration in plasma) to haw been measured

m the samples of mammalian glomerular filtrate

which were examined ITemoglobm (molecular

weight 08,000) on the other hand is excreted at a

rate which would indicate that it appears in gjo-

merular filtrate at a concentration equal to about

5 per cent of its concentration m the plasma (The

concentration referred to is that not combined,m
the plasma, with larger protein molecules ) The

hemoglobin molecule is somewhat less elongated

than the albumin molecule, but the difference is

relatively small In any case, it is clear that the

pores in the glomerular membranes can not be far

removed in size from the dimensions of these

molecules

Also pertinent is the passage through the glo-

merular membrane of certain poI}-saccharides

lifost important among these is mulin, a polvmer

of fructose, which has found a central role m the

study of renal function Its molecular weight is

Usually estimated to be 5200, but different inulm

molecules probably differ m size, some being

smaller, others larger In addition, the molecule is

greatly elongated, a characteristic which reduces

Its diffusibility and filtrability compared to a

compact molecule of the same molecular weight

Nevertheless, the glomerular membrane appears

to offer no hindrance to the passage of muhn, and
its concentration in glomerular filtrate is the same
as in the plasma from which the filtrate is deni ed

Dextrans (polysacchandes composed of glucose)

of a molecular weight approximately equal to that

of inulm have been found to pass the glomerular

membrane freely, but their passage is progres-

sively i^tncted as their molecular weight in

creases and those with molecular weights above

55,0(X> do not appear m the unne from normal

kidoeya (i e , kidneys producing protein Iiw

urine)

Although different theoretical treatments will

y leld different dimensions for the size of the pores

m the glomerular membrane, the permeability can

be interpreted as attributable to porea appron
mately 100 A m diameter

Equation (1) indicates that glomerular filtra

tion is a function of three vanables os well as the

area and penneabildy of the glometiilas menx
branc It is important to consider the possible

contribution of changes m each of these to the

physiological regulation of glomerular filtration

1 The OLOMERCLAR MEMBRANE f'emieabil

tCff The pcrroeabihty of the glomerular membrane
per umt of functioning surface is presumably fixed

by its anatomical nature and not subject to physi

ological variation Although changes do occur

with disease, the effect of change in permeability

88 opposed to change m effectiie filtering area is

difficult to evaluate The diseased membrane may
peimit the passage of molecules larger tlian those

which normally penetrate, but the predominant

effect appears to be a decreased permeability

(b) Area The effective area available for filtra

tion depends upon the number of glomeruli activ c

at any time and the number of functioning capiJ-
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lanes in each glomenilus The weight of eMdence

fa\or8 the %new that, in the mammalian kidney

under phj’siological conditions, all glomeruli are

contjnuousl> actnc This interpretation is not

uniiersallj accepted and there are those who be

he%e that variation m the number of glomeruli

contnbutmg to unne formation is a major factor

in determining the rate of glomerular filtration

Suhsiqucnt treatment of the subject in this

tion mil bo based on the assumption that al) the

glomeruli arc continuous!} involi ed in tJip forma

tion of glomerular filtrate

2 CAriULARY BLOOD PREsstiRr (Pb) Thcmajor
variable in the regulation of the rate of glomerular

filtration is the pressure mthin the glomerular

capUlanes The pressure at which blood enters

the afferent arterioles w not much lower than that

m the aorta, the decrease in pressure between

aorta and glomerular capillaries is large!} deter

mined bj the resistance of the afferent arterioles

Thus, other factors remaining equal constriction

of the afferent artenoles mil decrease and dilata

tion mil increase glomerular filtration The effect

of chan^ in the caliber of the efferent \ easels is

m general the com erse of parallel changes in the

afferent \*essels

It la to be noted that it is the pressure, not the

btood or plaema jTov, m the glotneniLir capUlanes

which determines glomerular filtration rate Thus
the rate of glemerular filtration need not bear

any particular rebtionship to the carduc output

A low le\ el of cardiac output is, at least m theorj

quite compatible with a normal rate of filtration

pro\aded this output is sufficient to mamtnm a
jjflraraJ hJorid prasKire jjjkJ pr£<! jded t.haS rposJ

vasoconstnctioa is not s part of the genera! vaso-

constriction necesaar} to maintain the normal

arterial pressure

Although the renal nerves pla} a role la the

regulation of the renal artenolar resistances and
thus m the maintenance of a stable rate of glo-

merular filtration {and particular!} in man, this

function IS maintained at a remarkably constant

!e%el under normal conditions), the nerves are not

essential to this stability The kidney even when
totally isolated shows only slight changes in glo-

merular filtration rate (and blood fion) as perfu

Sion pressure is vaned erver a wide range This

process, frequently designated by the term cu
toregulaiwn, has attracted considerable interest

among physiologists It is probabl} attributable

to spontaneous adjustments of the artenolar re

sistanccs

3 IVTRACAPSUIAR HTOBOSTATIC PRESSDRB

(P.) Under ordinarj conditions variations m the

pressure within Bowman's capsule probabl} con

tribute little to clianging glomerular filtration

rate Tilth ureteral obstruction this pressure may
n^ie until the rate of filtration is reduced to neg

ligiblc IcNcls, hut such obstruction does not, ot

course, occur under normal circumstances It la

also like!} that m the extremes of solute diuresis

produced evperimentaU} the pressure required to

dn\c the grcatlj tncrea«ed flow of urme against

the resistance offered b} the tubules ma} be •uif

fieient to reduce filtration

4

Colloid OsMotic pressure or the pi-asma

PROTEINS (ir») The osmotic effect of the plasma

proteins is the equnalent of a h>dro'!tatic pres

gureof‘>ome25to30mm Hg opposed to glomeru

lar filtration Glomerular filtration must there

fore eeaw when the net h}drostatic pre«sure

across the capillary membrane falls to this le^el

\lthough tins osmotic effect is large enough for

changes to exert appreciable effects on net filtra

tion pressiue, it is doubtful whether such changes

contribute significant!} to the ph}'8ioIogicaI regu

lation of glomerular filtration Exjjenmentall} it

can be ehowm that sudden dilution of the plasma

proteins by the administration of isotomc sodium

chloride solution produces an increase m glomeru

lar filtration and urme flow (dilution diuresis) but

the clianges arc small compared to those which

can be produced expenmentall} m other ways

The Meoiuremenl of Glcwnenifar Filtration Rate

The difference between the rate at which a sub-

stance IS filtered at the glomeruh and the rate at

which it 13 excreted in the urine represents the

jste st Khwh tJie su.bstsjxre i? rsuwoiTd imm nr

added to the unne as the latter traveraesthe renal

tubules The rate at which a substance is filtered

IS gi\en b} the product of its concentration m the

plasma (or mdre accuratel} the concentration of

unbound substance in the plasma water) and the

rate of formation of glomerular filtrate The rate

of excretion is easiJ} determined as the product of

urine flow and the concentration in the unne of

the substance in question Thus the measurement

of glomerular filtration rate plays a central role

not onlym the e\ aluation of glomerular filtration

itself, but m the assessment of the processes of

reab^rption and secrebon as well

The rate of glomerular filtration can be deter

mmed if there is some substance which is neither

reabsorbed nor secreted b} the tubules and if the

concentration of this substance m the glomerular

filtrate can be deduced from its concentration in

the plasma If a substance is neither rcalsorbcd

nor secreted as the unne flows through the tu
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bules, then, in the steady state, the rate of excrc

tion of the substance must be the same as the rate

at which it IS filtered Gnen the rate at which the

suhstance is filtered and its concentration in the

filtrate, the volume of the filtrate can be calcu

lated

Tor example, consider some substance X which

we will assume has the requisite charactenslics of

(1) being freely filterable at the glomeruh, (2) be
ing neither reabsorbed from nor excreted into the

tubule lumen Suppose we measure the flow of

urine o% er a 10 minute period during which 20ml
of urme are collected to yield a flow (V) of 2 ml
per minute

The concentration (ll») of substance X in the

unne is determined and found to be 120 mg per

ml

The rate of excretion, then, is given by the

product of flow and concentration

U.V = 120 mg /ml X 2 ml /min

- 2-10 mg /mm

Since for substances which arc neither reab-

sorbed nor secreted the rate of excretion is equal

to the riftc of filtration, the rate of Alirotion of

substance X is also 240 mg per minute Dut the

rate of filtration of a substance is equal to the

product of the rate of formation of filtrate (GFR)
times the concentration of the substance in the

filtrate which, in this case, is defined aboie as

being the same as the concentration to the plasma

(P,) Assume the concentration m the plasma in

this case is deUrmined and found to be 2 mg /ml

Thus the rate of filtration of X is the product

GFR P, = U.V and

U.V 240 mg /nun

2 mg /ml
120 ml /min

The dcsirabilitj, for the evaluation of renal

function, of a substance which fulfills the cnteria

for measuring glomeruhr filtration is apparent It

13 non gincrallj accepted that tnuhn, a starchhke

poljmer of fructose obtained from dahlia tubers,

has the requisite characteristics and can be used

for the measurement of glomerular filtration in all

vertebrates including man
The use of the term cLEAiuhCE The expres

Sion U.V/P. denotes a quantil> which is genci

allj referred to as the clearance of substance X
and abbreviated C. As can be scon, it is the vol

ume of plasma needed each minute to supply the

substance in question at the rate at wtneh it is

excreted in the unne It is thus a measure of the

efficiency of the kidni j in the excretion of a par-

ticular substance, the Larger the value of its clear

ance, the more effectivelj it is excreted The term

13 derived from the fact that one may consider

the clearance to be that volume of plasma which

completely >ields its content for excretion and is

thus cleared of the particular substance each mm
ute Some confusion arises when the latter con

cept of clHirnnce is used since the volume cleared

of a particular substance is usually virtual rather

tlian real The same clearance is obtained if 60

ml of plasma yield all of their content, if 100 ml
lose half or 200 ml jield one fourth

The clearance of a substance such as mulm is

the volume flow of glomcrubr filtrate By com
panson of the clearance of any other substance

with that of inuhn w e may infer the nature of the

processes mvolved in its excretion If it is filtered

but neither reabsorbed nor excreted by the tu

bules, its clearance must be identical with that of

inuhn If its clearance is lower, it must be reab-

sorbed from the tubules, if higher, it must be se

creted by them

Thus if P. » the concentration of X filterable

m the plasma, T. the amount of X which is se

creted into or reabsorbed from the tubule each

minute and Cm the mulm clearance taken as

equal to the rate of formation of glomtnilar fil

trate, then,

CmP, - filtered X
CmP. + T. - excreted X - U.V

(where T. wiD have a negative value if X is re

absorbed from the tubules)

Then

It can be seen from equation (2) that if for any

reason the capacity of the tubule (TJ to reatworb

or secrete a particuhr substance is limited, the

clearance of that substance w ill approach the rate

of glomerular filtration as the plasma conctn

tratiOQ IS progressively increased, since os P. ap-

proaches infinity, the term T./P. approachea

icro It will be showm tliat this is the case with

most substances transported by the renal tubules

The rate of aLOMERUL.VRFILTIUTIOV IN MAN
The clearance of inuha in a man of average fice

under normal basal conditions (except for the

water usually administered dunng the determina

tion of such clearances) averages slightly in excess

of 125 ml per minute It is customary,m order to

compare individiials of varying size, to normalize

the clearance values by ‘correcting’ them to
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what 13 gCQerally considered an average normal

value of body surface area, 1 73 square meters

Women haNx glomerular filtration rates some 10

per cent lower than those found in men o\cq after

“correction” to the same value of surface area

The large value for the rate of formation of

glomerular filtrate emphasises the similarly great

magnitude of many of the processes of reabsorp-

tion earned on b^ the renal tubules Thus if wc
assume that the rate of 125 ml per minute is

mamtamed throughout the daj we may calculate

that some 7 5 htois are filtered each hour or ISO

hters per day in an individual of normal sue

Since ordinarily such an indmdual will excrete

only a liter or two of urine, it is clear that an
amount approaching ISO liters is also reabsorbed

The total body water of a 70 kilogram man is of

the order of 45 hters, so that on the average all

of the body water is filtered into the renal tubules

and reabsorbed four times each day On the same
basis we may calculate that the extracellular fluid

(approximately 12 liters) is filtered and reabsorbed

some 15 times per day, the plasma volume

(roughly 3 liters) some 60 times

We may further multiply this volume by its

content of the various filtrablc solutes of plasma

to estunate the amounts of these filtered and by
comparison with the amounts excreted in the

urine, calculate the amounts of each reabsorbed

Illustrative data are mdicatcd in table 34 1 It is

apparent from this table that \ cry large quanti

ties are turned over by the kidney each day and

that only a small percentage departure from nor*

mal m the process of reabsorption could result m
very large changes m excretion

OtBER VIEASUKES of GIlXllfERULaB FIOTRATIOV

In man, except for inuhn, no substance has been

found which can be considered to give an accurate

and reliable value for the rate of glomerular filtra-

tion Approximations can be made using one of

several substances, and such approximations are

useful for comparative purposes but not for the

evaluation of tubular reabsorptive and secretory

processes Most commonly the creatimne clear-

ance 15 used and gives a value, imder most condi

tions, not too different from the clearance of

mulm
This 13 probably the result of compensatiog

errors, since creatinine is excreted into the lumen
by the tubules of the human kidney It is possible

that it is also reabsorbed and m addition the

methods usually used for determining the con-

centration of creatinine m plasma are not specific

and mdude small amounts of other substances

nhich apparently are reabsorbed Under 6<mie

TABLE 34 1

Fittrotion, reaisorption and excretion of certairi

normal eomtituenla of plasma

Filtered pet 1

21 Hours
1

Excreted*
1 Reabiotbed
per 2J Hours

ntf er
mmoU^ i

s
1

mtt if
mms/e

Sodium 510 24,500 3 3 150 1 537 1 24,350

Chloride C30 '17,SS0 5 3, 150
,

G25
1

17,700

Bicarbonate 300
i

4,900 0 s' 1 1 300 ! 4,900

Potassium 23 700
1

3 s; 100 24 600

Glucose HO 7S0 0 0 140 780

Urea 1 53
,

870 ,25 1 410 23 400

Creatimne 1 1 4 12| 1 4! 12 0 0
Une Acid 8 5 50j 0 S| «

• These are typical normal values Wtle vana
tiOD is found depending on diet

t MiUicquivalcnts or millimoles

conditions, particularly in the presence of renal

disease, the departure of the creatimne clearance

from the rate of glomerular filtration may bo con

Biderable

Other substances nhich have been used to aps

proximate the rate of glomerular filtration in maq
are certein bexitols (mannitol, sorbitol, dulcitol),

particularlymanmtol, andallantom The mannitol

clearance is about 10 per cent loner than tha

clearance of muhn, indicating that about 10 per

cent of the filtered mannitol is, on the average,

reabsorbed

fn many Tower mammafs, os weff aa m amphib-

ians, the creatimne clearance docs not have the

limitations which reduce its usefulness m man
The clearance of creatimne is, for practical pur

poses, identical with that of mulm m the dog, cat

and rabbit

Tubular Reabsorption

The quantitative importance of the process of

reateoiption m the renal tubules has been indi

cated above by the magmtude of the amounts of

material mvolved An. understandmg of the na-

ture of the mechanisms by which this reabsorp-

tioa is effected is essential to a grasp of the func-

tion of the kidney

The proce'^ses mvolved m tubular reabsorption

are divided mto two categories, passu'e and ac-

tive

1 Pasiite teabsorplton It is clear that the vol-

ume of the unne is greatly reduced as it flows

through the tubules If, in the course of this re-
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duction m volume, some solute is retained tn the

lumen to a greater extent than water, its concen

tration mU nsc aboie that m the glomerular fil

trate and above the concentration m the plasma

and interstitial fluid which surround the tubules

\ concentration gradient for the substance is thus

created between the lumen and the environment

of the tubule and, provided the tubule is perme

able to some extent to the substance m question,

it will diffuse from the lumen of the tubule to m
terstitial fluid and blood This tjpe of process is

ilc^ignatcd by the term pcwJtie reabsorpiion and is

t> pificd bj the reabsorption of urea, the excretion

of which will be considered in more detail later

More generallj, the ino\ement ol anj sub

stance acrces a biological membrane (in this case

the complex membrane is the renal tubule cpi

thelmm) is considered pasfue when it can be ex

plained entirelj b> gradients of concentration

and/or (in the case of charged particles) grailicnls

of electrical potential In such a context, the

moiement of urea is a passive process requiring

no mechanism in the tuWle celts specific for urea

and no expenditure of energy by the tubule cells

for the movement of urea itself However, it

should be noted that work must be done to raise

the urea concentration so that it ma> diffuse out

pa.«8i\ely It will be shown that in this instance

tlie primary active process is the removal of salt

from the lumen b} the activity of the tubule cells,

the movement of water is the passive consequence

of the transport of salt and the movement of urea

18 m turn secondary to the movement of water

2 Aclue rcohsorption The teabsorpUon of

many substances from the renal tubules can not

be explained by gradients of concentration or elec

tncal potential The process inv olved in the move
ment of these solutes is designated as orfirc re

absorption The best known and possibly simplest

example of an activ e rcabsorptive process is prob-

ably that for glucose A consideration of glucose

reabsorption will illustrate the characteristics of

these mechanisms

Aetwe Reabsorption The Reabsorpiion of Glucose

Under normal conditions approximately 100

mg of glucose are filtered at the glomerulus each

minute Of tlus, none but the merest trace is ex

crcted in the unne Clearly, the transport of glu

cose IS effected against a conccntrolion gradierd

and, since glucose carries no electrical cliar^, its

transport is, by definition, aclixe

If the concentration of glucose m tlie plasma

is progressively increased, it is found that, for a

tunc, the urine remains free of glucose However,

when a sufficiently high plasma gluco«c concentra

tion IS reached, glucose appears m the urine in

appreciable quantities Further increments in

plasma glucose concentration are then accom
panted bj proportional incretnetils of glucose ex

cretion The basis for the relationship of plasma

glucose concentration and glucose excretion be-

comes clear when the glomerular and tubular

events are analyzed by the simultaneous deter-

mination of glomerular filtration rate (inulni

clearance) From the product of inulin clearance

and plasma glucose concentration,* the filtered

gluc<»e IS calculated, the difference between fil

tcred and excreted glucose is the amount reab-

sorbed 11 IS then found that as the plasma glucose

concentration increases (the filtered gluco«e, of

course, increasing proportionately) the reab-

sorbed glucose increases, remaining equal to the

filtered, until a limiting value of glucose reab-

sorption IS reached As the filtered glucose

increases beyond this level there is no further m
crease in glucoise reabsorption and the excess glu

cose IS excreted in the uriny These relationships

are illustrated m figure 3-i4 The relationship

among the various quantities is expressed by the

equation

UoV - CuPo - To

where T represents the amount reabsorbed per

minute from the tubule and the subscripts G and

In refer to glucose and inutin respectively

To 13 seen to increase, remaining equal to the

filtered glucose (frequently referred to os the food

oryWfored food), until To reaches a maximum This

maximum, which represents the capacity of the

tubules to transport glucose, is conventionally

designated as the glucose Tm or T.g The exist-

ence of such a limited capacity subject to satura

tion 13 8 characteristic feature of active transport

processes and is one of the criteria by which they

may be identified

The limitation which characterizes tlie trans

port mechanism involved in glucose reabsorption

and other similar mechanisms is believed to de

nve from tho involvement of a "earner” m the

process In this view, the tubule cell membrane

is virtually impermeable to glucose m the free

state However, the membrane contains certain

molecules winch can combine reversibly inth

‘ In deterrainiBg the amount filtered in the ca«e

of substances, such as glucose, which are rapidly

metabolized b) the tissuw, it is important to

measure the arterial plasma concentration, eince

the venous eoticenltaVion mav be appreciably

lower and since it is arterial plasma from which

glomenitar filtrate is derived
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gluco'^c, and m this state the glucose, now in

combination with its earner, is able to penetrate

the membrane Having reached tlie inside of the

tubule cell, the earner glucose complex dissoci

ates releasing free glucose whicli, w e maj assume,

13 free to diffuse out of the cell into the peritubular

fluid and blood The earner is then available to

repeat the process

The reactions m\olvcd maj be represented

(1) (3)

A+B^AB-^T + B

where A is glucose in the tubule lumen, B the

earner, AB the glucose earner complex and T
the glucose which has been transported (e g ,

into

the tubule cell) Some step m the process requires

an input of energy since the expenditure of en

ergy is necessarj to dn\e the reaction “uphill"

from the low concentration in the lumen to the

higher one in the cell This energj might be m
volved m driving reaction (2) or po«siblj the car

ner nught be modified in the transport process

and require activation before it can again combme
with glucose m the lumen When the mechanism

13 saturated all of the earner is interpreted as to

the combined state AB and the maximum rate of

transport (Tb) reflects the total amount of car

net m the tubule cells and the rate constant for

the dissociation of AB to yield B andT Although,

theoretically, the rate of such transport processes

could be limited by the amount of energy avail

able to drive them, there is no evidence that this

actually occurs, and the same tubule cells are

able simultaneou'^ly to carry out the transport of

a number of solutes among which there is no
mutual mterference

Although the existence of earners with the

properties desenbed is fairly generally accepted,

it should be noted that none has ever been iso

lated or identified chemically The interaction be

tw^en earner and transported substance may be

considered analogous to that between an enzyme
and its substrate, in fact the reactions suggested

abo\e correspond to those to which the kmetic

behavior of enzymatic reactions are attnbuted

Transport reactions also show certam other char

acteristics of enzymatic reactions, particularly m
being subject to mhibition, both competitive and

noncompetitive

The glucose transport mechanism is fairl> spe

cificially inhibited by the glycoside, phlorizin The
adramistration of this inhibitor in adequate dos

age completely abolishes glucose transport so that

the clearance of glucose becomes equal to the

glomerular filtration rate This property is also

ru$uA euicosE
Mfi KR CewT

Fio 34 4 Diagramatic and idealized repre‘^ent
alion of the relationship among filtration reab
sorption and excretion of glucose The figures are
calculated on the assumption that glomerular fil

tration rate was 100 ml per minute

shared by the gl> coside of the adrenocortical

steroid desoxycorticosterone Several monosac-

charides (e g , xylose, fructose and galactose) arc

reabsorbed to some extent apparently by the same

transport mechanism responsible for the reab

sorption of glucose, and their reabsorption is also

mhibited by phlonzm

Micropuncture studies have clearly showm that

the reateorption of gluco^^e occurs high in the

proximal convoluted tubule and that when the

plasma glucose concentration is normal the glu

cosc has largely been remo\ed before the unne
reaches the middle of the proximal tubule

In human beings, the normal capacity to reab

8orbgluc<»e (glucose T,*) averages approximately

375 and 300 mg per minute per 1 73M* of body

surface area in men and women respcctnely If

we compare the capacity to reabsorb glucose with

the rate of glomerular filtration we may deduce

what concentration of glucose m the plasma

would be required to yield enough filtered gluco^

to saturate the glucose Ta Since the average

normal rate of glomerular filtration is 125 ml per

mmutc it IS apparent that a plasma glucose con

centration of 3 mg per ml or 300 mg per cent is

required to jueld a filtered load equal to reab-

Borptive capacity of 375 mg permmute From the

idealized and oversimplified diagram of excretion

and reabsorption versus load plotted in figure

34 4 it would be predicted that no glucose should

appear in the urine until the plasma gluco«e is

300 mg per cent, at that pomt, filtered load

should be exactly equal to reabsorptive capacity

and reabsorptive capacity should be fuUj eatu

rated Further increases in plasma glucose should

give no increasem glucose reabsorption In actual



542 EXCRETION OF URINE Section IV

Fig 34 5 Titration of the capacity to reab
sorb glucose Ba«ed on average data from ten nor
mal individuals The ordinate (T^m) is the ratio
of glucose reabsorbed at a particular value of
filtered glucose to the maximum capacity to reab
sorb glucose in the same individual It is thus the
fractional saturation of glucose reabsorptive ca
pacitj The abscissa (load/Tai) is the amount of
glucose asailable for reahaorption again related

to the capacity of the individual to reabsorb glu
co«e
The frequency distribution curve shows the pro

portion of nephroQs havin); various ratios (r) of
nitration rate to reabsorptive capacity as related

to the average of this ratio (R) for the two kidneys
as a unit

The data are those of Smith Goldring Chasis
Ranges and Bradley (J Mt Sinai Hosp 10 59
1913}

practice this is not the case In figure 345 is

reproduced the observed relationship between

plasma gluco«e (filtered glucose) and excretion

and rcabsorption m normal man It is seen that

glucose begins to appear in the unne when the

filtered glucose is only about three-fourths of the

capacity of the tubules to reabsorb and that the

reabsorption docs not reach its maxunum rate

until the amount filtered is some 50 per cent

greater than this maximum
TVie deparViiTe from tVie ideaVaed TriaVioneiiip

13 due to two factors Two assumptions are ini

plicit m the construction of the idealized rehlion

ship, and neither is completely valid (I) Each

tubule reabsorbs all the glucose presented to it

until its capacity is fully saturated, and none

of the filtered glucose escapes reabsorption until

saturation is achieved, and (2) all of the tubules

are functionally identical so that the kidney may

be looked upon as a single nephron, ^^e may now

consider why these assumptions are lahd only as

first approximations

1 The hyTiothetical basis of transport m terms

of the formation of a substrate-earner complex

was presented above Tlie initial reaction B
\ isualized as the reversible formation of the com

plex

A + B AB

If we write the mass action expression for this

reaction, we obtain

„ lAKBl

''"isr
where the brackets signify concentration and K
IS the dissociation constant for the substrate car

ner complex The smaller the yalue of K, the

greater the affimty of the earner for the trans

ported substance

It IS apparent from this that the residual (un

reabsorbed) substrate will be very small only (1)

if the value of K is very small or (2) when there

remains an appreciable concentration of unsat-

urated earner (B) Conversely (once the total A
available is equal to the total transport capacity)

there will be negligible unutilized transport ca

pacily only (1) when K is very small or (2) when
there remains a considerable amount of unreab-

sorbed substrate Thus, the relationship will

approach the ideal as the value of K becomes in

finitely small and for any finite value of K there

will be «ome departure from the ideal (fig 34 4)

Actually among the vanous substances actively

reabsorbed by the renal tubules there are varying

degrees of departure from ideality presumably

reflecting differences in the value of K The de

parturc from idenbty m the case of glucose is small

compared to that for many other substances

suggesting a low value for the dissociation of the

glucose earner complex

The type of relationship plotted in figure 34 5

IS commonly referred to as a tilraiton cune, and

the departure from the sharp break of the ideal

relationship is called the gplay of the titration

curve

2 ITie nephrons are clearly not all identical

nor 13 it reasonable to expect them to be so The
heterogeneity of the nephron population which is

pertinent to the shape of reabsorptive titration

curves is heterogeneity of what is called alomenJoz^

tubular balance, that is, the rebtionship between

the filtenng capacity of the glomerulus and the

reabsorptive capacity of the tubule attached to

that particular glomerulus Thus if we deal w ith a

tubule with an average capacity to reabsorb glu

cose but a filtration rate of twice the average

it will become saturated with glucose when the

plasma glucose concentration is only half tliat

required to saturate the average nephron Con

VTtscly nephrons with small gloracrubr filtenng

capacity and large reabsorptive capacity will be

come saturated only when the pla«ma glucose is

much lugher than that which would saturate the

average nephron
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The titration cur\*c m figure 34 5 can be ana

Ijzcd to jaeld the distribution of glomerular ac

ti\it> in relation to glucose reabsorptive capacity

if it IS assumed that the titration cune iQ each

indindual nephron is ideal (that is, if the kinetic

contribution to splaj is disregarded) Wliat is

obtained is a distribution of the ratios of filtration

to reabsorption for the nephron population as

these ratios relate to the average ratio for the kid

nej’s taken as a unit This distnbiition cunc, in

eluded m figure 34 5 indicates that m the normal

human kidnej no appreciable number of nepli

rona has a ratio of filtration to reabsorption of

gluccee departing more than 50 per cent from the

aierage

The earlier literature on the ph^^iology of the

kidncj divides substances i\hich may appear m
the unne into threshold and no Iftresfutld »ufr-

ilawes A threshold substance Mas one which did

not appear m the urine until its concentration to

the blood exceeded some value, this value being

designated as the renal threshold No-threshold

substances were tho^e which appeared in the urine

at &U concentrations lo the plasma Clearlv glu

cose (and most other substances actively reab-

sorbed by the tubules) would fall in the category

of ‘ threshold ' substances However, with un

provementa m the methods of stud) of renal func

tiOD, this terminology has in large measure lost

its usefulness, and it is greatly preferable to con

elder the specific mechanisms iniohed in the

excretion of a particular substance and the quan
titative aspects, formerly subsumedm the ‘ thresh

old^' m terms of the rah'S of filtratioiv reabsoijv

tion and secretion

Other sobstances activei,t reabsorbed by
THE TUBULES The rcabsorption of glucose is the

prototype of a number of reabsorptive processes

which are qualitatively similar In several in

stances the site of reabsorption has been identi

fied, and m each case the proximal tutnile is the

segment concerned It is probable that, except

for those mechanisms mvolved in the movements
of the more important monovalent electrolytes

and water (these will be considered separately

later), the actne reabsorptive (and secretory)

processes are confined to the proximal convoluted

tubules

The normal unne contam only traces of amino

acids although of course, a number ofammo acids

are present m plasma. Several separate transport

mechanisms are involved in their reabsorption

The basic ammo acids arginme, lysine and histi

dme appear to share the same mechanism smee

elevation of the plasma concentration of any one

depresses the reabsorption of the others Reab
sorptive Tb's have been demonstrated for ly’sme

and argmme but not for histidine, the reabsorp.

tion of which IS still inercasiDg at the highest

levels produced experimentally \ second trans-

port mcclianism is responsible for the reabsorp-

tion of leucine and isolcucme which compete, but

(he capacity for reabsorption is so high that nq

Ta has been demonstrated Glycine appears to

be reabsorbed by a separate mechanism In tho<5o

instances m which Tb,’8 have been demonstrated,

there is considerable excretion of the ammo acid

when the reabsorptiv e capacity is far from satu

rated Presumably this reprexents a relatively

high degree of dissociation of the earner substrata

complex Crefltmc is reabsorbed by a mechatusnx

closely related to if not identical wTth, that m
voKed in glycmc reabsorption

/*AaspAate is reabsorbed by an active proce<^

which can be saturated on elevation of the plasm^

concentration The transport mechanism scem%

to be modified by a number of factors It is prob-

able, although not clearly estabk.bed that para-

thyroid hormone depresses the phosphate trana-
y

port system Acidosis increases phosphate

excretion in part by what appears to be an in

crease in the splay of the titration curve

Sul/aU reabsorption is effected by a mechamsiq

which becomes saturated with only a slight in

crease m the plasma concentration above the

normal lev'el The reabsorption of sulfate can be

depressed by the admimstration of thiosulfate

which competes for reabsorption by the same

mechanism

(frtc aad reabsorption is remarkable for the

number of substances known to inhibit it These

include other reabsorbed compounds such as

glycine, and s number of drugs which inhibit the

secretion of orgamc amons by the tubules (carm

amide, probenecid, phenylbutazone) The reab-

sorptive capacity for unc acid is so great that it

13 certainly never saturated in the normal in

dividual Excretion occurs by vurtue of the great

splay in the titration curve The excretion of urate

at levels far below saturation of reabsorption has

been attributed to the existence of a mechanism

of low capacity capable of secretmg urate into the

tubules, the evidence for such a process is as yet

locondusiv e

Among other substances actively reabsorbed

by the tubules are ascorbic acid and befahydroxy

bulyne and aeeUtacelu: acvU



544 EXCRETION OF URINE Section IV

Fic 3i6 Relationsliip between plasma coo
ccDtration and filtered secreted and excreted
amounts of a substance excreted by tubule eecre
tion See text for details

Tobulab Secretiov

The processes by which materials are removed

from the peritubular fluid and transferred to the

tubule lumen are designated by the term tubular

accretion The term tu6«far exeretun la often used

sjncnymously In the present section the eecre

tion of the monovalent ions potassium hydrogen

and ammonium will be omitted and the discus

Sion will be concerned with the somewhat simpler

transport processes mi>ohcd m the secretion of

certain organic electrolytes

The first substance for which tubular secretion

was demonstrated was phenol red (phenolsulfon

phthalein The critical experiment was

that of 'Marsliall who showed that as much as 75

per cent of the phenol red contained m the arte-

rial blood could be removed as the blood traversed

the kidney whereas because of a high degree of

binding of phenol red to plasma proteins only 20

to 25 per cent of the phenol red m the arterial

plasma is free and filterable Clearly no matter

what fraction of the plasma was converted to

glomerular filtrate, filtration alone could not ac

count for the excretion of phenol red These ex

penments put an end to a prolonged controversy

over the existence of tubular secretory processes

A large number of substances are now recog

mzed to be transported into the tubules by the

same mechanism responsible for the secretion of

phenol red Among these are htppurK oad and a

vanety of its lodo- hydroxj and ammo denva

lives penicvUin 5-hjdroxyindoleacetic acid (a

metabolite of serotonin) a number of tulfon

phtkaleins m addition to phenol red several of

the lodmated compounds which have been used

for X ra) contrast Etud> (intravenous pjelog

raphy) of the urinary tract (Diodrast, lopai^

Neoiopax Skiodan) * Also althougli their tubular

secretion m man has not been identified it has

been shown that glucuronides and ethereal sul

fates ate so transported in other animals and the

same is probably true m man It is notable that

the list contains no normal constituents of the

body but under normal conditions it seems hkelj

that the mechanism serves for the rapid excretion

of the conjugates of ingested foreign substances

these conjugates being in the form of hippurates

glucuronides and sulfates

Tlie tubular secretory process which is also

located m the proximal tubule resembles those

involved in raibsorption in many respects except

for the reversal of direction

At low concentrations of the transported sub

stance the mechanism is able to transport all of

the material presented to it The most commonly
studied substance p-aminohippunc acid (PAH)
may be used as an example If P4H is admiius

tcred intravenously in small amounts so as to

mamtain a low concentration in the arterial

plasma it is found that the blood leaving the kid

ney in the renal vein maj be almost free of PAH
An overage of some 90 per cent of the PAH reach

ing the kidney in the plasma is removed Since

some of the blood reaching the renal vem has

probably perfused tissue which does not trans

port PAH it 13 apparent that very little can be

left over from that plasma which passes through

the active areas This extremelj effective exlrac

twn of PAH 13 the basis of the use of this sub-

stance for the estimation of renal plasma flow

which IS considered below

As the plasma concentration of the transported

substance is increased the rate of tubular excre

tion increases until a maximum is reached and no

further augmentation of secretion occurs The re

lationship between plasma PAH concentration

and PAH excretion in the urine is illustrated m
figure 34 6 The dotted Ime passing tlirough the

intercept is the amount of PAH filtered at the

glomeruli calculated from the product of inulin

cleaninee and the plasma concentration of free

PAH ^ince PAH la to a email extent bound to

plasma albumin the total concentration must be

corrected for this bmding to obtain the filtered

amount ) At everj level of plasma PAH the rate

of excretion exceeds the rate of filtration

* h le the lod ne i9 important for X ray den
sit} itianotrelatedtothesusceptibilitv to trans

port which undoubtedly derives from the organic

structures to which the iodine is attached The
first three of those mentioned are denvatives of

pyridhoe N acetic acid the last is an organic

sulfate
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UpAhV Cia^’pAnf + Tpau

where { IS the fraction of the plasma PAH Wfluch

K filterable As the plasma PAH is increased the

rate of excretion at first increases sharply, the

slope of the line relating excretion to plasma con

centration being equal to the renal plasma flow

When the plasma concentration is further m
creased, the rate of excretion increases less rap-

idlj
,
and it is found that the 0X06“^ of excreted

o\er filtered has become constant This excess

represents the maximum rate of tubular secretion

and is designated as Tbpah
If the rate of tubular secretion is determined

by subtracting the filtered from the total excrc

tion the relationship shown m figure 34 G is ob-

tamed Agam, the actuallj observed titration

curve differs from tlieideihzed intersection of two

straight lines and for reasons analogous to those

mvQivcd in tubular reabsorption (I) the dissoci

ation of substrate-carrier complex and (2) hetero-

geneity of nephron function The pertinent het-

erogeneity in tins case, however, is m the ratio

of perfusion to transport capacity since it is blood

supply, rather than glomerular filtration, which

along with plasma concentration wntl determine

the amount av ailable for secretion by the tubules

Any of the various substances listed above as

being secreted by this particular transport mecha
ni«m can be shown to compete mth the others

Thus a high concentration of one will reduce the

secretion of another and vice versa Presumably

they share a common carrier, and when some of

the carrier sites are occupied by one, it has le^
cspaciiy lop the tpsi^part of another

Several more or less specific inhibitors of this

transport mechanism havebeen discovered (carm

amide, probemcid, phenylbutazone} Actually

these substances are probably also competitive

inhibitors but are so poorly transported them
selves that they occupy sites on the transport

mechanism to the exclusion of the other trans

ported substances (It is interesting to note that

these inhibitors have found their major in«ctical

application as inhibitors of the reabsorption of

urate m the treatment of gout

)

The mechanism is inhibited noncompetitively

by dimtrophenol and by mercurial diuretics The
effect of dimtrophenol, which has the property of

uncoupling oxidation from phosphorylation, sug

gests that phosphate bond energy is important

in the transport process The effect of mercuml
diuretics is striking in man, but, for unknown
reasons entirely absent in the dog

The transport of PAH is enhanced by acetate

and lactate and inhibited by a number of the di

carboxylic acid intermediates of the Krebs cycle

All of the substrates of the secretory process

responsible for the tubular excretion of PAH are

weak organic anions A separate and distmct

mecharusm is capable of transporting a variety of

organic bases including N mcthyloicotmamidc,

tctracthylammonium ion and pnscolme The«e

compete with each other but show no interaction

with the orgamc amons The normal substrate for

this mechanism lias not been recognized

The Uliltzaiton of Tubular Secretion for the

Measurement of Renal Blood Flow

As was noted above, several substances wluch

undergo tubular excretion are very nearly com
pletely removed from the blood which perfumes

the kidney Tins has made them singularly useful

for the estimation of renal blood flow Diodrast

and p aromohippurate (PAH), because they are

well adapted to chemical analysis, have particu

larly been used for this purpose, and we will con

sidcr the use of PAH as an example

In accord with the Fick principle, if the rate of

removal of a substance from the blood as it flows

through an organ is known, and if the concentra

tion in the blood entering and leaving the organ

can be determined, the blood Sow can be calcu

lated

where F is the flow, R the rate of removal and A
and V the concentration m arterial and venous

blood respectively

In applying this to the measurement of renal

blood flow using PAH, the foUowmg experimental

facts are important (1) there is no metabolism

production nor storage of PAH in the kidney, all

of the PAH removed from the blood is excreted

in the urine
, (2) all of the PAH removed from the

blood 13 removed from the plasma, the concentra

tion m the red blood cells docs not change sigm

ficantly as blood pas'^es through the kidney Then

the above equation can be modified to yoeld

where RPF represents renal plasma flow and

PpAeand PpIh represent concentrations of PAH
in arterial and renal venous pla«ma respectively

Now, as it standsm this form the determination

of renal plasma flow would require measurement

of the rate of excretion of PAH and the concen
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trations in arterial and renal venous blood plasma

All of these are feasible in man, but the collection

of renal ^ enous blood is considerably more diffi-

cult than the remainder of the procedures How
ei er, since w e know that at low concentrations of

PAH in the arterial plasma the removal of PAH
as blood passes through the kidney is very neariy

complete, we may as a first approximation con

aider the concentration m renal icnous plasma to

be zero and write

ERPF - . C„„

or tliat the effedue renal plasma flow is equal to

the PAH clearance In practice it is not necessary

to measure artenal plasma PAH since, when ar

tonal concentration is constant, there is no
measurable removal of PAH bj peripheral tis-

sues, and the PAH in peripheral lenoua plasma

is the same as that in arterial plasma Therefore,

the effectiNe renal plasma flow can bo simply es

timated by measurement of the plasma PAH
clearance when the plasma PAH is maintained

at & low level (As plasma PAH is increased,

the extraction becomes less complete and the

clearance falls further below the true plasma

flow) From the effective renal plasma flow

the corresponding renal blood flow can be cal

culated if the hematoent is known

It IS interesting to note that Homer Smith and

his associates deduced that the clearance of dio-

drast could be used to measure renal plasma flow

in man before the technique for obtaining renal

venous 'bloocl'bj lenoua caftieterizalionhad’ocen

devised and the virtuallj total extraction of

diodrast confirmed * This was based on the very

high value (approximate!} 650 ml per imnute) of

the diodrast clearance, thus plasma flow of at

least 650 ml per minute was required to supply

the diodrast at the rate it was excreted It was

rc-isoned that this was already such a large vol

umc flow that the true plasma flow could not be

much higher

• It should also be noted that if, for some rea*oD,
renal venous blood is collected so that true plasma
and blood flow can be determined, PAH and eimi
lar substances lo«e their unique value Then anv
substance winch is removed bj, but not pro
duced, metabolized or stored in the kidne> Can
l>e used for the measurement, since the I lefc pnn
ciple can be applied directly A high degree of ex
traction under these conditions has only the
virtue of mimmizmg experimental error

Retud Blood Flow and Ftllralwn Fraction in Man
The remarkably high value of the renal plasma

flow has been mentioned above A plasma flow of

650 ml per minute corresponds to a blood flow of

about 1200 ml per minute, an amount approxi

mately equal to one-fourth of the cardiac output

under basal conditions The ratio of the renal

blood flow to cardiac output is frequently re-

ferred to as the renal fraction of the cardiac out-

put

Thederaonstrated equivalence ofPAH clearance

and (effectiv e) renal plasma flow has made it pos

flible to measure the renal blood flow in man with

a minimum of manipulation and disturbance

Thus it lias been possible to me'isure changes m
blood flow with disease os well as to determine

the effects of various changes m physiological

slate and the effects of drugs, etc

In considenng changes in the renal plasma and

blood flows, it IS pertment to take account of the

fraction of the plasma lost as glomerular filtrate

as the plasma flows through the glomerular capil

bnes Since all of the renal blood flow under

normal conditions passes through the glomeruli,

the volume given up as glomerular filtrate is de

rned from the total plasma flow and the ratio of

filtration rate to plasma flow (mulin clearance to

PAH clearance) is a measure of the extent to

which, m the average glomerulus, the plasma vol

ume IS reduced, and the plasma protein concen

tratiOD increased by the process of glomerular

filtration Tlie ratio of filtration rate to plasma

flow is known as the filtration fraction

WTiilc, as was noted in an earlier section the

rate of glomerular filtration is a remarkably stable

function the renal blood flow manifests a fairlj

marked degree of lability, and may be modified

by any of a number of stimuli Most of the

changes are mediated via the sympathetic nerve

supply and are in the duection of decreases In

fact, although the subject has long been debated

and DO consensus has been achieved the only

physiological effects clearly shown to be mediated

by the nerve supply to the kidneys are vasocon

stnetor and the renal nerv es liav e not been shown

to play a significant role m the regulation of trans-

port processes in the renal tubules

The renal blood flow is dimim«hcd by fright

pain, cTCrcise, epinephrine norepinephrine and

stimulation of several areas of the central nervous

system, and by a number of other stimuli In gen

eral, anything wluch lowers blood prc'-sure will

reduce renal blood flow, not so much because of

the reduction in perfusion pressure, but because

the kidney takes part in the general vasoconstnc
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tion which 13 the homeostatic response to n lonw
mg of Wood pressure Thus there may be a

marked decrease in renal blood flow with only a

trivial reduction in aortic blood pressure Drugs

which reduce blood pressure also reduce the renal

blood flow Howe\er, m general, the reduction m
flow IS loss than with eqiuvalent reductions in

blood pressure due to for mstance, hemorrhage

or orthostasis, since the blood pressure reducing

drugs usually inhibit renal as well as peripheral

vasoconstriction A special case appears to be

hjdrasinophfhalazine which mai increase renal

blood flow wble reducing sjstenuc blood pressure,

probably through a specific renal vasodilator ac

tion

A more or less unique phenomenon is the

marked renal vasodilation and hyperemia pro-

duced by the piTOgemc reaction The latter

phenomenon, the most striking clinical feature of

which 13 chills and fever, is most often a response

to bacterial products (certain bactenal polj'sac

charides tjphoid \accine) It is accompanied by
intense hyperemia of the kidney, and the renal

blood flow mai reach twice it normally \cry high

\alue Intcrestingl> the renal response to pyro-

genic materials 13 not abolished b> the admuustra

tion of antipyretic drugs although the latter may
completely suppress the chills and fever

Vi ith all of the above changes m renal blood

flow there are frcquentli only shght changes m
glomerular filtration rate and such changes are

frequently entirely absent Thus the changes m
filtration fraction are the inverse of the changes

in blood flow

The Reabsobption and Excbetiov of Water

One of the most striking features of the func

tion of the mammalian kadney is the capacity to

excrete urine differing m osmotic pressure from

the blood from which it is derived It is through

this capacity to excrete concentrated or dilute

urme that the solute concentration (osmotic pres-

sure) of the body fluids is maintamed withm te

markably narrow himts despite wide variation m
the intake of solute and water When, because of

water loss or solute gam the solute concentration

of body fluids nses the urme becomes con

eentrated solute is excreted mth less than the

equivalent amount of water, and the solute con

centration of the body fluids is restored to normal

Conversely, when the body fluids become diluted

by water mtake or solute loss, a dilute urme con

taimng an excess of water is excreted, and the

osmotic pressure of bod> fluids is returned to

normal Before considenng the mechanisms by

which the renal tubules effect these changes, ij

ma) be helpful to digre&s bnefli to review th^

concept of cemotic pressure and its measurement

If two solutions containing different concentra

tions of solute are separated by a membranij

permeable to the solvent (water m all cases with

which we are concerned) but not the •'olute, ther^

will be a movement of water from the more dilute

to the more concentrated of the solutions The
movement of water is due to the fact tliat th^

prwence of solute reduces the chemical activity

of water, and water mil move from tlie solution

in which its actmty (analogous to concentration)

IS high to one where it is lower ater will mo\ e

from dilute to concentrated solution until both

have the same solute concentration or, if the

movement of water w opposed b> the application

of a hydrostatic pressure until the hjdrostatuj

pressure balances the concentration difference

TTie faj drostatic pressure which would be requued

to mamtam a solution at constant volume when it

IS separated by an ideal eenupermeablc mem
brane* from pure water is the osmotic pressure of

that solution The term osmotic pressure is ap-

plied although the osmotic pressure is never

acluali} determined Instead some other property

of the solution dependent upon total «olute con

centretion is measured most commonly the frecx

mg point occa«iOQan> the vapor pressure

Tlic coUi^aiue propnites (osmotic pressure,

freezing point depression, vapor pressure depres-

sion) depend on the ratio of the total number of

solute particles to the number of mols of solvent

The nature of the solute is to a large extent, m
different, ideafly, a protem molecule of molecular

weight 100 000 has an effect equal to that of a

sodium ion of weight 23 and a mol of sodium

chloride, smee it dissociates to jaeld two particles,

has twice the effect of a mol of urea or glucose

One mol of ideal solute dissolv ed m a kilogram of

water depresses the freezing pomt of the solution

by 1 86®C Such a solution is defined as an omoial

solution and is said to contain one o«mol per

kilogram of water Since most biological fluids are

considerably more dilute, it is conv ement m order

to avoid decimals, to deal with miffiosmols or

micro-osmols, one milhosmol being one one-

thousandth of an osmol one nucro-o«mol one

thomandtb of a nuUiosmol The nulhosmolality

of a solution is defined as its freezing point de

pression dinded b> 0 00186 Thus normal plasma

'An ideal scmipermeable membrane is one
permeable to solvent but impermeable to all

s^ute
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IS about 285 miUiosmolal (abbrei iat«d 283 mOa)
and has a frpcsing point of about -0 53®C *

It will facibtatc consideration of the processes

which take place between the filtration of an iso

tome fluid (one which has the same osmotic pres

sure as blood plasma) and the excretion of dilute

and concentrated unne, if we first consider the

grow behaMor of water excretion and its extra

renal control Under basal conditions the unne is

usualtj moderatelj concentrated and the urine

flow IS small If under such conditions an individ

ua! ingests a moderately large volume of water,

e g ,
one liter, it ls found that after an interval of

some 15 to 20 minutes the urine flow begins to

rise The flow increases rapidly to reach a peak of

some 12 to 15 ml per minute at 40 minute to 1

hour, and, when an amount approximale\3 equal

to that ingested has been excreted, returns to the

same low level as obtained before tUe water m
gestion (Of course, if the water ingestion is con

tmued so that a positive balance is maintained,

the high rate of flow may continue for prolonged

periods ) If these events are analyzed more care

fully, it IS found (1) that the osmotic pressure of

the blood shows a distinct drop (though only a
few per cent) well before the onset of the increase

m urine flow (diureew) (2) that the change m
urine flow is almost entirely due to a change in

the amount of water excreted, manifested by a
shift in unne osmolality from hyiiertonic to mark

edly hypotonic to plasma, solute excretion shows

little or no change, (3) if glomerular filtration has

b«n measured it is found that the increase in

urine flow occurs without or with only tnvial

changes vn the rate of formation of glomerular

filtrate, the change in water excretion is due to a

change in the absorption of water in the renal

tubules, (4) if at the peak of the urme flow.addi

tional water is ingested the urme flow does not

increase further but remains at a value of some

12 to 15 per cent of the volume of the glomerular

filtrate, (5) if, at any point in the course of the

diuresis, vasopressin, the antidiuretic hormone of

tt« posterior pituitary, is administered, the dm
resis 13 immediately interrupted, and the unne

again becomes more concentrated than the blood

The concentration of the urine is nonnally

•Note that osmotic pressure depends on the

number of solute particles per unit of solvent

The amount of water in a given eolume «/ tolulton

will vary with concentration as well as with the
nature of the solute There is therelore, noKinple
way to convert from osmolality to a number of
solute particles per unit volume of solution It ts,

however, the practice to disregard the inatcuTacy
involved and multiply volume by osmolalitj to
obtain the approximate amount of solute in a
given volume

continuously regulated by the eecrction of anti

diuretic hormone (ADH) by the postenor lobe of

the pituitary gland This hormone is believed to

be produced m the supraoptic nuclei of the hy

pothaiamus and to migrate via the supraoptico-

hypophyseal tracts to the postenor lobe of the

pituitary where it is stored and released into the

blood in response to stimuli mediated from the

hy'pothalamus via the same tract system lUithin

the supraoptic nuclei certain celU (osmoreceptors)

are believed to behave as tiny osmometers, taking

up water and swelling when the osmotic pressure

of the surrounding body fluids is reduced and giv

mg up water as the osmotic pressure of the bath

mg fluid rises The sw elling and shrinking of these

eelb is believed to lead to the transmission of

nervous impulses which modulate the release ol

antidiuretic hormone from the postenor pifmtarv

Thus a reduction of the osmotic pressure of the

blood leads to inhibition of ADH release,* an

increase of osmotic pressure stimubtes ADH se-

cretion In turn the 4DH is earned by the blood

to the kidney, and m the kidney ADH regulates

the reabscrption and excretion of water

The work of Vemey
,
to whom we owe much of

OUT understanding of the pituitary control of wa
ter excretion showed that injection into the in

tcmal carotid artery of the dog of enough sodiuia

chloride to raise the osmotic pressure of the blood

by about 2 j>er cent resulted in immediate in

hibitioD of water excretion Injection of the same

amount into a peripheral v essel had no such effect

«mcc it was then diluted with a large volume of

blood before being delivered to the sensitive area

m the brain Injection of the osraotically equiv a

lent amount of urea into the internal carotid was

also virtually without effect In this case the in

effectiveness is presumably due to the fact that

urea readily penetrates cells Wien the urea con

centration of their environment is raisetl, the

osmoreceptor cells take up urea rather than lo«e

water Since the receptors do not shrink, there is

no induction of ADH >5ecretion Thus, only tlu}se

solutes to trhteh cells are relatively impermeaiile

make up the effective osmotic pressure tn response

to tekteh ADH secretion ts regulated ’

Our knowledge of the location in the renal tu

*The latent period from water ingestion to on
set of diuresis is attributable 1) to tbe time re

quired for water absorption to produce sufficient

dilution of the body fluids and thus inhibit AHH
secretion, 2) for the circulating ADH to disappear

*The above desenbes the normal control of

ADU secretion A number of other stimuli such as

fear, trauma nausea certain drugs and roam
others may produce secretion of ADH under con

ditions unrelated to the osmotic pressure of the

b^y fluids
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bule and the nature of the processes bj nhich

water excretion la regulated is due largelj to the

application of the micropuneture technique

—

id

amphibians by Richards and his associates andm
mammals by ^lalker, Bott, Oliier, and Mac
Dowell and more recently andextensuelj byWirz

and Gottschalk

The glomerular filtrate has the same osmotic

pressure as the plasma except for the absence of

the plasma proteins * As the fluid flon^ through

the proximal tubule, its \oluroe is reduced to a

fraction of that which enters the glomerular apace

\Uhough, because of inaccessibility from the

kidne} surface no samples have been collected

from the last 40 per cent of the proximal tubule, it

IS general^ estimated tliat approximately one

fifth of the filtered volume reaches the end of the

proximal tubule and enters the loop of Henle This

reduction of volume occurs Without change »n

ogmatie preastcre whether the urine being produced

IS dilute or concentrated Thus the large fraction

of fluid reabsorbed in the proximal tubule does

not take part in the concentration and dilution

processes, and, in fact is lost to the process of

osmoregulation The uater thus reabsorbed tn the

proximal segment has been termed by Smith
obligatory voter reoisorption to distinguish it from

the facullalive voter reabiorpiwn in the more distal

portions of the nephron w here « ater reabsorption

15 subject to regulation in accordance with the

excess or deficit of water m the body fluids

A considerable body of evidence indicates that

the water reabsorption ui the proxuiial tubule is

entirely a passive process and that the active

process which underlies it is the transport of salt

(predominantly sodium salts) out of the tubule

lumen As sodium salts are transferred from lu

men to peritubular fluid there is a tendenc} to

produce dilution of the tubule contents and
hypertonicitj of the surroundmgs The proximal

tubule 13 highly permeable to water and m re

sponse to the osmotic gradient, water follows the

salt out of the tubule IVithin the limits of the

determinations the proximal tubule contents are

always isotomc with the blood

The exact course of events m the loop of Henle

* It IS important to make a clear distmetion be
tween the total osmotic pressure with which ne
are concerned m the proce‘>'’es of unne dilution
and concentration, and the colloid osmotic pres
sure or oncotic pressure due to the plasma proteins
which pla> such an important role m the distnbu
tion of fluid across capillary membranes fbeeaoae
the latter are so highly permeable to all the other
solutes) The colloid osmotic pressure of plasma is

eouivalent to about 25 mm Hg (I to 2 mOs )

w hile the total osmotic pressure js of the order of
6 atmospheres (2S5 mOs )

is not completely established because of inaccc«si

bihty to direct puncture (except at the tip) How
ever, from more indirect evidence it is quite prob-

able that the descending limb of the loop retains

the high water permeability which characterizes

the proximal tubule and that the fluid witlun the

descending limb retains the same o«motic pressure

as the surrounding interstitial fluid The high

water permeability is, how ever, lost in the ascend

mg hrab and now the continued removal of salt

leaves the fluid dilute The urine emerges into the

distal conv olutcd tubule with its osmotic pressure

reduced to about half that of plasma whether the

final unne is to be dilute or hypertonic

The changes which take place in the distal

tubule depend upon whether a dilute or con

centrated unne is to be produced In the forma

tion of dilute vnne the dilute fluid which enters

the distal tubule is further diluted by the con

tinued removal of salt, and the salt removal

probably continues through the collecting system

The unne is thus rendered hypotonic by the

active reabsorptiOD of salt in a region which

clearly has a low penncabihty to water (Other

wise the o«motic gradient would be dissipated, as

It is in the proximal tubule by the e«eape of water

to the more concentrated surroundings ) The low

penneabibly to water which charactenzes the

distal convoluted tubule and collecting sy’stem

dunng the formation of dilute unne is dependent

upon the absence of ADH
In the formation of concentrated unne, the

events are similar up to the pomt at which the

fluid enters the distal convrolutcd tubule In the

presence of aotidiuretic hormone, bowever, the

distal convoluted tubule and collecting ducts

become permeable to water * Conrequently
,
as it

flows through the distal tubule the osmotic gra

dieot, established by the reabsorption of sodium

and chloride, is dissipated and, despite additional

salt removal m the distal tubule the dilute char

acter of the urme is lost so that it regains iso-

tonicity before it enters the collecting system

It 13 important to emphasize that it enters the

collecting sy’stem isotonic, never hypertome The
additional water loss w^ch renderetthe unne

more concentrated than blood occurs In. the col

kctuig sy^m ^

The nature of the mechanism by which urme

JS rendered hypertonic to the body fluidshas long

• Antidiuretic hormone has been shown to have
the property of iDcresamg water permeability in

laolated membranes (frog skin toad skin toad
bladder) by causing the dilation of water filled

pores Presumabtv the effect on the distal tubule
epithebum is similar
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b<?eiv one of the more inlnguing problems of renal

phj'siology, and its apparent elucidation,

through the efforts of Wirz and hw associates, w
one of the more important recent achievements

Although some of the details of the mechanism

are relativclj complex, the essentials are quite

simple and directlj related to the anatomieal

organization of the kidne\ The convoluted tu

bules are cortical structure® the loops of Ilenle

and the collecting tubules and ducts lie in the

medulla The latter structures are thus relatively

isolated from the cortical structures in nhich

most of the transport actmty of the kidney takes

place In addition, the blood supplj of medulla

and papilla forms a looplike sjstcm derived from

the efferent vessels of the juxtameduliar> glo-

meruli, running dowm into the medulla and

looping back to the cortex Tlius both loop of

Hcnle and the blood supply of the medullary

region form countercurrent ajatems m which the

outflowing fluid flows counter to and in proxunity

to inflowing fluid Me will for the moment defer

consideration of the importance of this particular

arrangement

As was noted above, as fluid flows through the

ascending limb of the loop sodium and chloride

are removed while the water remains behind in

the tubule lumen and the unne becomes diluted

The sodium and chloride removed arc transferred

to the interstitial fluid of the medulla, increasing

the osmotic pressure of this fluid Ihe diluted

unne emerges into the cortex where, in the pres

ence of ADII, it loses its excess of water and is

further reduced m volume as solute is removed

m the distal tubule This water loss occurs m the

cortex, spatiailv separated from the «alt left be

hmd in the medulla and in an area where, because

of the verj brge flow of blood, the excess water

produces onli a minimal change in osmotic pres

sure Now the remaining unne, greatl) reduced m
volume and i«otonic with the blood, enters the

collecting s>stem and flows through the medulla

TTie interstitial fluid of the medulla, however

has a high osmotic pressure because of the salt

transported by the loop and, the collecting duct

being permeable to water m the presence of ADH,
the urine loses water to attain the same osmotic

pressure as the interstitial fluid Thus the hj-per

tonicity of the unne is produced These events

arc illustrated diagramaticallj m figure 34 7

Because the volume flow through the loop is

several times larger than that in the collecting

ducts, a rebtivel} small change in concentration

in the loop is sufficient to jneld enough solute to

raise the concentration of the unne in the collect

ing ducts sevcralfold

If the sodium salts transported mto the medul

lary interstitial fluid are to raise the osmotic

pressure of the latter, they must not be imme
diatel> carried aw ay by the blood flow mg through

the area The retention of excess solute in the

medullary interstitial fluid ls made possible by

the anangemont of the blood flow which conati

tutes a countercurrent exchanger The principle

Fio 31 7 Diaeramatic repre-cntation of chaogea m the tonicitj of fluid in the tubules dunng the

formation of concentrated and dilute unne Dark and light arrows «"d.cate 'novernen s

ride and water tespecUvclj , and the relative permeability of the tubule wall to water is indicated b>

thickness
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1

10 HU/MIN.

Fto 34 8 Pnaeiple of thecountercurrcBt etchaiteer A asd B 100 calones per mioute raise tlie tem
Mrature of 10 ml per ramulFWirstSTltniefreSln both A (straight flow) anil B (countercurrent flow)
However, •inee the incoming water is heated b> the outgoing water in B the tnatjmvm Umperoiure at
tamed in the countercurrent at stem is considerahb higher than with straight flow The grapn compare^
the temperature along the flow tubes m each aj-stem C, countercurrent flow as applied to the capillart
loop showing that It IS not Dece<«ar} for tbelimbsoftbelooptobe in direct contact In the hjipo(Ae(tca(

illustration given, both limbs are in contact with tbe same interstitial fluid, of progressive!) increasing
concentration Sodium salts (arrows) at first enter tbe capiUarv blood later partly return to the inter
stitial fluid Note the analog) between B, in which beat is recirculated and C, m which sodium salts
are similarly retained in an area

cn' coun6;rcurrentl excAangcr is iii\isfra<c<f m
figure 345 Outflowing blood tends to Io«e its

solute to the lafiomng blood As a re*uU, solute

13 recirculated m the medulla This characlenslic

makes it pos&ible not onl) to retain sodium salts

but to trap urea as well, the special role of urea

in the concentration proce<53 is considered with

the excretion of urea

The loop arrangement has an additional physio-

logical advantage As the fluid flows down the

descending limb of the loop o! Henie info an
environment made hj’pertonic bj the activity of

the ascendmg Umb, it lo«e8 water so as to retam
the same osmotic pressure as the environment
The lo«s of water raises the concentration of

sodium saltsm the loop contents so that the trans

port of tiodium salts out of the ascending limb is

against onlj a small gradient of concentration

despite the lerj high concentration of sodiusi

salts in the interstitial fluid ®urroundmg the loop

This arrangement is that of a countercumnl miilfi-

prtcr, so caiifet/ 6ecause ffie sma^ concenfrafion

gradient from the loop contents to environment

is multiplied in the longitudinal direction from

cortex to tip of papilla

The highest concentration achieied by the

human kidney is generally about 1200 to 1400

mOs (a relativ'elj modest maximum compared

with some other mammals, e g ,
dog 2300 to 2500

mOs , rat 3000 to 3200 mOs ,
kangaroo rat oi er

5000 mOs), the lowest concentrations obsened

are of the order of 30 to 40 mOs Thus the kidney

IS able to produce unne four to five tun® more

concentrated than or one '^venth to one-tenth as

concentrated as the blood (roughly 300 mOs

)

In chmcal practice, the specific grainty, rather

than the o«molahty , is generally used as an mdex
of concentration and dilution Unne of specific

granty 1 OOS to 1 010 is approxunately isotoaic

with plasma, but the two scales are not directly

interchangeable «ince the specific gravity depends

not only on the concentration of solute but also
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on the latter’s nature The chief value of the

specific gra\nty lies in the simplicity of its deter

mination

The highest and lowest concentrations are

produced only when solute excretion, is at a rctoi

ti\cly low level, as solute excretion increases

dilute urmes become less dilute and concentrated

urines less concentrated The basis for this change

can be deduced from the mechanisms for dilution

and concentration desenbed aboiiC and la more
easily understood if the urme flow is considered

to be divided into two parts as suggested by
Smith One fraction is considered to contain all

of the solute excreted at the same concentration

as plasma, the other fraction is the amount of

water contained in excess of this isotomc fraction

The i«otonic fraction is calculated by dividing

total solute excretion by the o«molality of plasma

Solute excretion is g:iven by the product of urine

flow and urine osmolality Uo.V and when this is

divided by the plasma osmolality, the resulting

%alue has the dimensions of a clearance and is

generally called the osmolal clearance (C«.)

When the tinns m dxluU the flow exceeds the

osmolal clearance by an amount which Smith

has designated the Jree water clearance (Cb,o)

This is the volume of water which must be re

moved from one minute's flow of unne to reluro

the unne to isotomcity Thus

U=.VV-^-Cbio. Ch,o-V-C„

From the mechanism described above it may be

seen that, provided no water has escaped from

distal tubule or collecting duct, Cbio » the xol

umo of water which onginally contained the salt

reabsorbed in ascending limb, distal tubule and

collecting duct The capacity of these segments

to reabsorb sodium salts, therefore, sets the limit

on the amount of water which can be excreted

abo%e that containing the unnarj solutes m iso

tonic solution It is this limited capacity to excrete

water freed of solute which accounts for the m
creasing concentration of dilute urine as solute

excretion increases, the isotonic portion of the

unne flow (Co.) constituting an ever larger frac

tioa of the total flow (V) Actually Ch,o may be

leas than maximal 1) because insufficient sodium

Kilts are dehvered to the distal portions of the

tubule to saturate the reabsorptn-e capacity or

2) because some of the water ‘ freed” by salt re-

moval diffuses out of the distal tubule E>cn in

the total absence of ADH some permeability to

water persists, and this permeability may be in

creased by amounts of ADH which are too small

to yield a maximal effect and thus a concentrated

unne

ITAen the unne w eoncenlraled the flow is smaller

than the osmolal clearance, that is,—water must
be added to the urme to render it isotonic Thus

Cb.o assumes a negative value, this has been

designated as T^,o by Smith The dn\ mg force

for the removal of water from unne flowing

through the collecting duets is provided by the

salt transported out of the ascending limb of the

loop of Henle Therefore the amount of water

thus removed (T^,o) can not be ^ater than

the oomotic equivalent of the salt deposited m
the medulla by the loop ” Since the value of

13 limited, as solute excretion increases the

urine concentration falls again because the iso-

tonic portion of the unne (C«») constitutes an

even greater fraction of the total (V) (V =• Cm -*

TJ„o ) The flows and concentrations of dilute

and concentrated unnes as solute excretion is

vaned are illustrated in figures 34 9a and 34 9b

In considering the effects of antidiurctic hor

mooe and the change from dilute to concentrated

unne, it is important to emphasise that by far

the most important effect is that in the distal

tubule which involves the change from dilute to

isotonic urine The relative quantitative unpor

tance of the dilution and concentration processes

can be illustrated in a person excreting enough

solute to require the excretion of 2 liters of iso-

tomc urme m 24 hours If he were to produce

maximally dilute urme for this period, he would

excrete approximately 20 liters of urme There

fore, if ADH were to effect a rise m urme concen

tration only to Lsotonicity with plasma, some 18

Iitersofwater would be conserved If, on the other

hand, the same solute were to be excreted m a

maximally concentrated unne, the volume would

be reduced to about 500 ml
, a further saving of

about 1 5 liters Clearly, the water saved in not

putting out a dilute urme is quantitatively much
more important than that conserved m forming

a coocenUatod urme

The Reabsouptiov and Excretiov of

SoDlUVI AND CULORIDB

The regulation of the osmotic pressure of body

fluids tends to adjust the amount of water m the

•• This IS equivalent to saying that the produc
tion of a concentrated fluid (unne) in the medulla

must be just balanced by the production of a dilute

one (the fluid emerging from the ascending limb of

the loop)
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Fio 34 9a (Uft) Rc1ation<hip between unne flow and solute excretion in water diure-is and dunng
the formation of concentrated unne

Pjc 34 9b (right) Relationship between unne flow and urine o«molalit> when unne flow is modifled
b> changing solute excretion Sec text (or explanation

bodj to the amount of solute in the bodj fluids

Thus, so long as osmotic pressure regulation re

mams normal, the \olume of the bodj fluids will

depend on the amount of solute m the bcKl> Since

sodium Salts constitute some 90 per cent or more
of the solute of extracellular fluid, the \olumo of

the esrtracellular fluid is largolj dependent on the

regulation of renal sodium excretion

We have alrcadj considered, in relation to the

regulation of water excretion, how sodium reab-

sorption IS distributed m the renal tubule It has

been pointed out that a major fraction of the

Altered solute and water are reabsorbed m the

proximal tubule Smee most of this solute is com
posed of sodium salts and suice the fluid remains

isotonic m the process of this reabsot^jlioa, there

IS ordinanly little reduction of sodium conceotra

tion m the proximal tubule Howerer, the rcab-

sorption Jnvohes actiie sodium transport since

(1) the reabsorption occurs despite an eJectncaJ

potential (20 in\
,
lumen negatne to interstitial

fluid) opposmg the mo\enient of sodium, and (2)

it some nonreabsorbable solute (e g ,
mannitol) is

present, the sodium concentration docs fall well

below that of the peritubular fluid as sodium is

reabsorbed (Howexer, because of a relatively

high permeabihty the gradient of sodium con

eentration which can be established is limited

because of diffusion from peritubular fluid ) Since

chloride reabsorption is favored by the electrical

potential, there is no reason to beheve any specific

transport mechanism for chloride is present In

essence, the chloride is pulled by its electrical

charge as a result of the active transport of so*

dium

Tlie reabsorption of sodium m the more distal

segments of the nepliron does re«ult m the estabv

lishment of gradients of sodium concentration

wluch maj, indeed, be xer> steep since «odmin

niaj be virtuallj ab«ent from the unne The dif

fcrence bettreen proximal and distal tubules proV
ably resides not m the character of the tran«port;

mechanism, but m the passixe permeabiht} of

the tubule epithelium, there is less tendcnc), m
the distal area, for the sodium to diffuac back into

the lumen and dissipate the gradient

Id addition, in the distal tubule not a!! of the

reabsorption of sodium is accompanied bj reab*

•orption of anion Some of the sodium reabsorbed

in (he distal segment is replaced bj potassium,

and some is replaced by hjtlrogen and ammonium
ions TJiese aspects of the sodium reabsorptne

mechanism mil be considered in relation to potas

Slum excretion and the renal regulation of acid

biise balance in later sections of this chapter

The mechanism bj which sodium is transferred

from lumen to peritubular fluid is poorly under

stood lti3probabl> xerj closelj related to that

mechaoiam (also poorly understood) common to

virtually every cell of the body, by which sodium

is extruded from and potassium mamtained at a

high concentration in the intracellular fluid The
prwess probably m\ol\es a negatnely charged

earner and an exchange of sodium ions for other

cations (potassium and/or hydrogen), but no

entirely satisfactory and generally apphcable

model 13 available

The Regulation o/ Sodium Exaetion

A number of circumstances are known to xnflu

oice the rate of sodium excretion The way in

which these iactois are integrated to determine
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and regulate the rate of Bodium excretion is not

=o well known To say that the rate of sodium

excretion « determined bj the balance between

filtration of sodium at the glomemb and reabsorp-

tion of sodium by the renal tubules is merely to

state the obvious 5\Tiat is required is a knowledge

of how these two processes are mterrelatcd and
modified to maintain a normal body sodium con

tent Although we can indicate quahtabvely some
of the determinants of sodium excretion, they can

not be put together as for instance, in the case

of glucose, to predict the rate of salt excretion

1 Gloiiehulab FiLTaxTiov Under average

normal conditions only a very small fraction of

the sodium contained m the glomerular filtrate is

excreted m the unne—a person on an average

salt intake puts out only about one half of one

per cent of the amount filtered It is clear, there

fore, that an mcrease of onlj one per cent m the

rate of glomerular filtration” suppLea enough

additional sodium m the filtrate to double or triple

the sodium excretion were none of the extra so-

dium reabsorbed by the tubules It is also clear,

however, that when the glomerular filtration rate

tocreascs, the increment of filtered «odium is never

quantitatuelj excreted In fact unlike the situa

tion w ith nspect to the reabsorption of such sub-

stances os glucose and phosphate, changes m the

rate of glomerular filtration are attended b> paral

lel changes in the rate of sodium reabsorption

55’hcn glomerular filtration increases, sodium re

absorption increases when filtration decreases,

reabsorption likemse decreases Ilowexer, be

cause these changes arc not exactly proportional

changes m glomerular filtration are not accom

panied by proportional changes in excretion. As

a matter of fact, acute changes m the filtration of

’jK'iiiiia.'L 'aa'gJ- 'a.

sodium excretion However, if the filtration rate

clianges are maintained for a protracted period

compensatory changes m reabsorption occur so

as to restore sodium balance

These circumstances are very clearly demon

strated bj the experiments of Mueller and his

associates In dogs operated upon to make it

possible to collect the urine from each kidney

separately, these investigators placed constricting

clamps on one renal artery It vras found that if

the artcrj was constricted so ns to produce a

*' Changes in the amount of sodium filtered are

generally due largely to changes in the rale of

glomerular filtration since the plasma sodium con

centration is normallj maintained witbm a very

narrow range, reflecting the constancy of osmotic

pressure to which sodium salts contribute such a
ma}or share

barely detectable decrease m glomerular filtration

rate, there was a marked drop in the amount of

sodium excreted by the affected kidney Such a
kidney might excrete only 10 to 20 per cent of the

dailysodium mtake, the remainder being excreted

by the normal control kidney so as to maintain

sodium balance Thissituation might persist mdef
mitely If, however, the normal ladney was then

removed there was a prompt mcrease m the salt

excreted by the kidney with the constricted ar

teiy 5Mien the full load of mamtaimng sodium

balance was placed on the experimental kidney,

compensatory adjustments of reabsorption over

came the effects of reduced glomerular filtration.

2 Adrenocortical STEROIDS The best known
of the lafluencea which modify tubular reabsorp-

tion of sodium IS that exerted by the steroid

hormones of the adrenal cortex The natural

hormone with the greatest effect on sodium reab-

sorption IS aldosterone, but similar effects are

produced by dc80xycortico*terone, cortisol, corti

sone and others, as well as a number of synthetic

steroids All of the active steroids exert quahta

lively identical effects on sodnim tran«port by

the renal tubules, locrcasiag reabsorption in all

it« forme—that is, sodium reabsorption accom

paiucd by chlondc reabsorption as wcU as sodium

exchange for potassium and hydrogen ions How
ever, the various steroids may produce differing

effects on sodium eimlvon not only because they

differ ID potency with respect to their capacity to

modify e^ium transport, but because glucocorti

cold activity is asoociated with the specific prop-

erty of increasing the rate of glomerular filtration

The control of salt excretion by the adrenal

cortex IS probably mediated by the secretion of

aldosterone The control of aldosterone secretion

receptor probably responsive to changes m effee

tive intravascular volume and mediated by a

trophic hormone probably secreted somewhere m
the hjTJophyseal hypothalamic area Contraction

of blood volume leads to increased secretion of

aldosterone, increased reabsorption of sodium

(and chloride) and secondarily
, by an mcrease m

the retention of water, to expansion of volume

The mechanism by which the steroids modify

sodium transport is unknown It should be clearly

understood that the transport process proceeds

very well in the absence of the corticosteroids,

the effect of the hormones is, in a sense, the fine

adjustment of a process which is largely autono-

mous
^VTien adrenal salt-retention hormones are ad

ministered to normal animals there is a brief
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penod of salt retention but the decreased salt

excretion IS relati\el> ehort-hied After retaining

a modest amount of salt, the animal comes back

into balance This docs not indicate the de\eIop-

ment of resistance to the effect of sterwd on so-

dium transjwrt but compensation for this effect

by other factors including, but probably not

limited to, an increase in glomerular filtration

3 OjjMotic nrURLsis Tlie excretion of sodium

IS mcrcascd bj anj circumstance whicli leads to

an mcixasc in the excretion of solute Perhaps the

most common such event is delation of the blood

glucose to levels where the realisorptive capacity

of the tubules is saturated and gluco^ is excreted

in the urine The same effect may be produced

by the administration of poorly reabsorbed sub-

stances 'uch as urea or mannitol This pbenome
non ^ knovm as osmotic {fiurcms Sodium excre

tion is mcreased because the presence of the other

solute depresses sodium reab--3rption m the proxi

mal tubule As sodium is reabsorbed, the other

solute, nhich remains behind in the tubule, fonos

a larger and larger fraction of the total solute

Since the Quid retains the same total solute con

eentratioQ as the blood, the sodium concentration

must fall, the decrease m coaccotration impaira

reabsorption

4 ExCRETIOV or POORLY REABSORBrO AMON8
Or AOTONS 8UB4ECr TO TUBITLAR EXCRETION

^en large amounts of some amoa arc excreted

m the unne, there must be an equivalent amount
of cation excreted To some extent sodium may
be substituted for by potassium, aramomum or

hydrogen ions, but the capacity to do this is

limited Thus under conditions nhere lar^

amounts of sulfate, phosphate, p-ammohippuratc
(PAH), etc

,
are excreted, sodium excretion is

increased

5 Specific inhibitios or sodium TBA^SPOBT
The commonly used diuretics,—organic mer
curials, chlorothiazide and related compounds,
carbonic anhydrase inhibitors, etc , all owe their

efficacy to the capacity to depress sodium trans-

port by the renal tubules

The Excketiox of Potassium

Potassium holds a unique place among the

normal constituents of the blood and unne in

bemg subject to both reabsorption and secretion

by the tubules The average rate at which potas-

sium is excreted in the unne is only about 35 per

cent of the rate at which it is filtered at tlie

glomeruli, on the other hand, if large amounts of

potassium salts are administered, or if the secre-

tion of hy drogen ion is inhibited, the rate of cxcie

tiOQ of potassium may nse to lev’uls equivalent to

twice the rate at which it is filtered There is con

sidcrable evidence to support the v lew that, even

when the amount excreted is Ic‘« than that

filtered, the potissium in the urine is derived from

tubular secretion

The site and mechanism of potassium reab«orp-

tionere incompletely established, beyond the /act

that reabsorption occurs more proximally than

tubular secretion It seems most likely thatpotas

amm reabsorption occurs m the proximal tubule

and involves a specific active transport process

since the unne potassium concentration may be

considerably lower than the concentration in

plasma and since all the electrical potential meas
urements which liavc been made have shown the

lumen to be negative to the peritubular fluid (An

electrical potential oriented m the opposite three

tion would be required to produce passive move
ment against a concentration gradient ) It seems

fauly certain that the reab^orptive mechanism is

able to reabsorb all of the potassium deliv ered to

it and that the filtered potassium makes no con

tnbution to potoAsium excretion

The potassium secretory process is located in

the distal convoluted tubule, possibly extending

into the collecting system The tubular secretory

mechanism operates by rcabsorbmg sodium ions

m exchange for secreted potassium ions Thus
potassium excretion is limited to the amount of

sodium which reaches the distal tubule segment

la which exchange occurs

The rate of potassium excretion is detenmned

by several factors

2 The concentration of potassium m cells,

particularly the renal tubule cells The concen

tration of potassium m the plasma has little mfiu

ence on potassium excretion except insofar as cell

potassium concentration tends to vary with

plasma concentration Such an arrangement is

highly reasonable since potassium is pnmanly an

intracellular ion, and it is, therefore, the cell

potassium to which excretion should be related

2 The amount of sodium delivered to the

tubule site of sodium potassium exchange is an

important factor Thus paradoxically, since so-

dium 13 reabsorbed as potassium is secreted so-

dium and potassium excretion frequently vary in

parallel rather than mv ersely

3 The rate oftubular secretion ofhydrogen 105

or, possibly, the acidity of the secretory ceEs The
mechanism by w hich potassium is exchanged for

sodium IS also mvolved in exchanging hydrogen

for sodium and there is competition between

potassium and hydrogen m the process Anvthing
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which tends to enhance the secretion of hjdrogen

ion, cleprc«ses tubular excretion of potassium,

an^-thing which inhibits tiibubr secretion of

hjdrogen ion, enhances exert tion of potassium

4 The capacitj of the exchange mechanism
Provided sufficient sodium is delnered to the ex

change mechanism potassium excretion is en
hanced bj conditions which enhance sodium resb

sorption (adrenocortical steroids) and depressed

bj inhibitors of the mechanism (mercurial diurct

ics)

5 Tolerance to potassium For reasons that are

not entirely clear potassium excretion is facili

tated bj repeated administration of potassium

Reval Regulation or Acid base

BxMnce

Under normal conditions the diet proxides a

number of sources of potentwl acid The organic

phosphorus of proteins and phospholipids is con

lertcd to phosphoric acid, the sulfur of the sulfur

containing amino acids is conxerted to sulfunc

acid MTien ammonium chloride is ingested, the

ammonium ion is comerted to urea and hydre^n
ion leaving hydrochloric acid as the end product

If calcium chloride is ingested the calcium may be

excreted in the stool as the insoluble salts of

organic acids (such as fatty acids) and hydro-

chlonc acid is absorbed Under abnormal condi

tions (starvation diabetic keto«is) brge amounts

of organic acid may be produced well beyond the

capacity of the body to oxidize this acid to carbon

dioxide

In the u'ual dietary circumstances the dietary

sources of acid predominate over the sources of

alkali, but the latter may be in excess n itb certain

intakes Fruits and v egetables abound m the «alt3

of organic acids The organic amons are oxidized

to COj leav mg the bicarbonates of sodium and

potassium In addition the intake may include

sodium or potassium bicarbonate as such

Acid or alkali entering the body fluids react

w ith the buffers of these fluids and the pH change

which occurs is thereby mimmized The most

abundant buffer system of extracellular fluid w
that made up of bicarbonate and carlxmic acid

and the bulk of the extracellular buffering is there

fore involved with this system Because it roust

provide the major part of the alkali to neutralize

any acid gaimng access to the extracellular fluid,

the bicarbonate concentration has been desig

nated the aikah resen'e and can be considered »

measure of the degree of acidosis or alkalosis (even

^Miough, by respiratory compensation, changes of

bicarbonate concentration mav be accompanied

by only minimal changes in pH)
Acid added to extracellular fluid reacts chiefly

with bicarbonate to yield carbonic acid and the

salt of the acid The carbonic acid m turn yields

CO* which is excreted in the lungs

H*A + Na*HCO ,

NA+A- + HjCOj + CO,

The result is the replacement, m the extracellular

fluid, of one equivalent of bicarbonate with one

equivalent of the anion of the acid The anion

(A ) HiU eventually be excreted m the unne If

it IS excreted as the sodium salt the form in which

it exists in plasma, the over all result will have

been the disappearance from the extracellular

fluid of one mol of sodium bicarbonate for each

mol of IIA added

The buffer capacity of the extracellular fluid

can be restored onlv by regaining a mol of sodium

bicarbonate This might be done if, instead of

excreting the sodium salt (NaA) in the unne, the

kidney were able to dispose of the free acid HA
thus regenerating sodium bicarbonate This would

amount to a reversal of the reactions above

H4> + CO, -* H-CO, + ^aA- ^

Va*HCO , + HA (unne)

This, in fact, the kidney is able to do by virtue of

its capacity to produce urine considerably more

acid (dowTi almost to pll 4) than the blood (pH

7 40) Thus, to the extent that any acid is un

ionized at the pH of the unne, that acid may be

disposed of directly, with regeneration and re

covery of Uie bicarbonate by which it was tem
poraniy buffered in the extracellular fluid

The extent to which an acid is un ionized at a

given pll can be deduced from the Henderson

Hasselhalch equation

pH-pK+logj^

rhia may be n-arrangetl in the form pK — pH ••

log [HA) - log [A ) to mdicate more clearly that

when the pll is lower than the pK of the acid con

corned there will be more un ionized acid than

salt Hms any acid w hich has a pK higher, or tiot

much loicfr than the pH of the unne,“ can be

excreted to an appreciable extent in un ionized

form Acids with pK s high enough to appear in

•* Although more acid unne can be formed, the

unoe pU IS not often below 5 0 and is more com
moniy around 6
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the urme m undissociatcd form to an appreciable

extent are monobasic phosphate i=:

HPOr + H+), pK 0 80, (9 hidroxybutj*nc acid,

pK4 7

For most acids which enter the extracellular

fluid, excretion as the undissociatcd acid is im

possible Hyilrochlonc and sulfuric acids arc com
pletelj dissociateil at all pU’s At a urme pH as

lov, as 4 0, the concentration of hj drochlonc or

sulfunc acid would be onlj 10“* N or 0 1 m eq

per liter Even weah acids having pK’s much be

low 5 must be excreted almost cntirelj as salts

la the excretion of such acids, then, some other

meclianism is required if bicarbonate is to be re

gained to replace that originally lost m ncutralie

mg them This is accomplished by the generation

of ammonium ion from neutral precursors and the

sulKtilution of ammonium ion for sodium ton m
the unne The acids are excreted as ammonium
salts, the sodium is returned to the extracellular

fluid as sodium bicarbonate The o\ erall reaction

may be considered to be the following

RNH, + HOH NHi + ROH (which may

then be oxidized to COs and HiO)

NH, + Na+A- + H,COi

NH4*A- (to urme) + Na*HCO»-

Neither of these reactions nor those indicated

above should be interpreted as indicating the

actual processes which take place m the kidney

They represent the net results of a senes of reac

vtisna”

Thus acids are disposed of without loss of alkali

reserve (1) by excretion of weak acids in their un
ionized form and (2) by the substitution of am
momum ion for sodium ion m the excretion of

their salts The disposal of excess alkah la more
direct Alkah appears m the extracellular fluid as

bicarbonate (B*OII + COj 5=i B+HCOr) and is

excreted in the urine a? that bicarbonate which

escapes reabsorption m the tubules This back

ground concernmg the nature of the overall proc

esses Will serve as an introduction to the renal

mechanisms which determine the excretion of

acid or alkali

Three processes are important m regulatmg the

amount of acid or alkah excreted (I) the filtration

of bicarbonate at the glomerub, (2) the transport

mechanism by which bicarbonate is reabsorbed

and the urme rendered acid, and (3) the synthesis

of ammonia by the cells of the renal tubule

The glomerular filtrate contains bicarbonate at

a concentration essentially identical to that m

plasma •* Micropuncturc studies by Gottsehalk

have showm that as the fluid flows through the

proximal tubule in the mammal, its pH tends to

fall somewhat (to as low as about 6 5) Although

the bicarbonate concentration of these fluids has

never been measured, these pH determinations

mdicatc that bicarbonate is extensively reab

sorbed in the proximal tubules since some SO per

cent of the glomerular filtrate is reabsorbed, and

the bicarbonate concentration of the fluid which

remains is lower than that of plasma

The latter is inferred from the Hender«on

Ilasseibalch equation, pH = 6 1 -f- log ([HCO* }/

(Il^X)j]) and the assumption that the dcnomina

tor, (HjCOjI ,
remains constant The assumption is

justified by the v'ery high diffusibility of carbon

dioxide through all known biological membranes

which would indicate that the carbon dioxide

tension (concentration) and therefore the carbonic

acid concentration must be very nearly equal to

those of plasma

In the distal tubule the urine is further acidi

fied, and the process continues into the collecting

ducts The major reduction m pH occurs m the

distal parts of the nepliron, but this does not

ncce^niy indicate that the reabsorption of base

occurs predominantly in the latter segments As
bicarbonate » removed from the tubule lumen,

changes in the pH of the remauung fluid will de

pend upon the cliangcs m volume of the remaimng

fluid If bicarbonate removal proceeds more

rapidly than xolume decreases, the bicarbonate

concentration falls and the pH likewise falls since

Ah? cuvKvwAxrAviT cavimw Jciif t’cinuiuir cuiv-

stant (see above) If the volume of the remaining

tubular fluid dimimshes more rapidly than docs

the amount of bicarbonate remaming the pH of

the fluid will rise Tlius, the degree to winch the

urine is acidified depends not only upon the rate

of bicarbonate removal, but on the relationship

of the removal rate to the rate of removal of water

Consequently, the production of unne more alka

Ime than pla''ma requires only that a greater frac

tion of the filtered water than of the filtered bi

carbonate be reabsorbed

** Because the plasma proteins are nonfilter

able anions, a Doanaa equilibrium is set up acrois

the glomerular membrane and all monovalent fil

terable anions, including bicarbonate are about
5 per cent more concentrated m glomerular filtrate

than in plasma water All monovalent filterable

cations including II'*’, are about 5 per cent less

concentrated
Measurements have been made only under

conditions in which the fully elaborated unne was
acid It IS not unlikely that when the final urine is

alkaline, the pH does not decrease but may even
nse in the proximal tubule
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LUMEN CELL eLOOO

Fig 34 10 Hypothetical cellular processes in
the secretion ol hj drogen ion in exchange for so
diiim

Mechanism of Unne Acidification

Largely as the result of the studies of Pitts and
Ins associates the process by which bicarbonate

remoial is effected is generally accepted as being

one in which hydrogen ion is secreted b> the cells

of the renal tubule in exchange for sodium tons

The mechanism may be conveniently depicted

08 follows (fig 34 10) In the renal tubule cell as

a result of energy rcquinng proce««os, hydro^n
ion and hydroxyl ion arc generated from water m
spatially separated loci The hydrogen ion enters

the tubule lumen m exchange for a sodium ion

which is taken into the cell Meanwhile the hy
droxy I ion is buffered within the cell by reacting

with carbonic acid to yield bicarbonate ton and
water The bicarbonate and sodium ions arc ex

truded into the extracellular fluid The carbonic

acid is regenerated by the hydration of carbon

dioxide, the latter may be derived from cither

the metabohe processes withm the cell or from

the carbon dioxide of the blood and extracellular

fluid

The regeneration of the carbonic acul proceeds

rapidly only m the presence of the enzyme car

ionic anhydrase and this step may become rate

limiting m the overall process ^Vhcn the produc

tion of carbonic acid is impaired by mhibiUon of

the enzynne the concentration of carbonic acid

in the cell falls and with it the hydrogen ion con

centration Since the rate at which hydrogen ion

is extruded m exchange for sodium ion is related

to the hydrogen ion concentration m the cell the

rate of secretion of hydrogen ion is dunuuslied

Thus tnAifrt/ion of carbonic anhydrase diminishts

the secretion ofhydrogenion&nd oil of the processes

dependent upon the secretion of hydrogen ion

It should be noted tliat m the above process,

for each hv drogen ion extruded one equivalent of

sodium os the bicarbonate is added to the extra

cellular fluid and this result is mdependent of the

fate of the hy drogen ion m the tubule lumen (fig

34 11) The fate of the hydrogen ion which enters

the lumen in exchange for a sodium ion depends

upon the composition of the fluid which it enters

Acid added to any buffered solution is dis

tnbuted among the buffers of that solution m a

predictable way depcndmgupon the relative con

ccntrations of the buffers and their pK, values

Any change in hydrogen ion concentration must

affect all the buffers present smee all must satisfy

their ionization constants The amount of hy

drogen ion distnbuted to each buffer will be

directly proportional to the concentration of the

buffer and inversely related to the difference be

tween the pH of the solution and the pK of the

buffer

We may consider as an example the secretion

of hydrogen ion into the proximal renal tubule

The buffers contained in the glomerular filtrate

may be considered to be bicarbonate (piv' 6 1)

at a concentration of about 27 mmole per Lter

and phosphate (pK 68) at a concentration of

about 1 5 mmole per liter Because it is present

in much higher concentration, bicarbonate will

take up most of the hydrogen ion secreted even

though the pll of the fluid (7 4) is closer to the

pic of phosphate Thus m the proximal tubule

most of the added hydrogen ion reacts with bi

carbonate

H* + HCO, HiCO, H,0 + COi

The result of hydrogen ion addition then is the

conversion of bicarbonate ion to COj and water

MECHANISM OF URINARY ACIDIFICATION

PLISUA TUBULE CELL URINE

Fio 34 11 Fate of hydrogen ion secreted into

tubule lumen in exchange for sodium a) Forma
tion of turntable acid, b) formation of ommonium
ton c) reabsorplion of filtered bicarbonate Modi
fied from figure of OrlofI (\ale J Biol A Med ,

29 211, 1956)
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and the COi diflu<;es out of the tubule lumen to

extracellular fluid Thus the exchange of a mol of

•sodium ion for a mol of hjdrogcn ion has resulted

m the rcmoial of a mol of sodium bicarbonate

from the glomerular filtrate cien though no bi

carbonate ion has cro'ssed the membrane separat-

ing lumen from tubule cell Instead, the bic&r

bonate ion which enters tiic extracellular fluid is

generated independent!} la tlic tubule cell

In the distal tubule the situation maj be quite

different Suppiose that the proximal tuhule capac

it} for phospliate reabsorption lias been saturated

so that half of the filtered pho^iphate lias escaped

realisorption and reaches the distal tubule At

the same time the lolume of the fluid flowing

through the tubule has been great!} dinuoished

b> the processes of reabsorption, so that we ma}
a^me that at some point in the distal tubule

onl} 3 per cent of the glomerular filtrate remains

The phosphate concentration m the fluid will then

ha>e reached a laluc ten times tliat m the

glomorubr filtrate or 13 mmole per liter Now the

h} drogen ion secreted into the flu id w dl to a \ er>

considerable extent react w ith dibasic pliosphate,

converting it to monobasic phosphate

+ ElPOr ?=* HiPO»-

As the pH falls, ilic concentration of bicorbon

ate diminishing rapidl}, a greater proportion of

the h> drogen ion will be taken up b} other buffers

At pH 6 1, the bicarbonate concentration wiU be

onl} about 1 4 m eq per liter, at 5 1 about 0 14

m eq per liter

It is important to note that as h} drogen ion

reacts with bicarbonate the resulting undisso

ciated acid (H-CO>) disappears from the urine

(as COj) The h} drogen ion which reacts with

other weak acids, howENcr, remains and can be

detected m the final unne in the form of lilralaMe

and The amount of the latter can be detemuned
as the amount of alkali required to titrate the

unne back to the pH of plasnUr and is equal to

the amount ofhydrogen ion expended and sodium

bicarbonate regenerated in the conversion of the

buffer salt {as it existed in plasma) to the buffer

acid as it appears m the unne The titratable

acid, therefore, is a \ery poor measure of the

amount of h} drogen ion secreted by the renal

tubules since most of the acid produced by this

secretion la carbomc acid which is dissipated

However, from the standpoint of the regulation

of the acid base balance of the body, the situation

IS reversed That part of the secretion ofhydrogen

ion vrhich is expended in reab«orbing bicarbonate

from the ^omerular filtrate serves an important

co!i<!erv ativ e role m prev enting loss of bicarbonate

from the bod}, but its overall effect is only to

return to the extracellular fluid that which it

prcviausly had lost for a time into the glomerular

filtrate Tlie excretion of titratable acid, however,

represents the addition of extra «odiuin bicar

bonate to the extracellular fluid, replacing the

neutral liialt (Na'*'A ) which it had prenousl} con

tamed T)»s, then, is an addition to the alkah

rc^icrvc and as such can be used to balance off

the acid products of ingestion and metabolism

The excretion of titratable acid is a process m
which there is a net gam of alkah reserve, but it

IS a process of limited potentialit}
,
limited b} the

capacity of the kidne} to reduce the pH of the

unne and b} the amount of weak acid of suitable

pK excretedm the unne This process alone would

be unable to maintain the alkali reserve against

the continued addition to extracellular fluid of

even most of tho<!e acids which can be excreted

to n considerable extent m un ionized form Tims

(J hydroxy but}Tic acid can be excreted about

half os the free acid, half ns the salt The excre

tioD of titratable acid can therefore dimmish the

attrition of body buffer by about one half, but

the continued production of this acid would

eventually exhaust the extracellular bicarbonate

supply Of course, the production of titratable

aetd contributes nothing to balancing off the

effects of the ingestion or production of strong

mineral acids The latter effects ore overcome by

the production and excretion of ammomum ion

m place of so-called "fixed cation’ O^rgely •“odium

and potassium)

EXCBETiox OP AMSiOMA The source of urinary

ammonia was the subject of debate for many
years That the ammonia is produced m the

kidney was established by the studies of ISash

and Benedict who showed that more ammoma
left the kidney m renal v onous blood than entered

in the arterial blood The expenraents of Van
Slyke and his associates demonstrated that a

major fraction of the urinary ammonia was de-

rived from the amide nitrogen of glutamine

Glutamine - NH» -h glutamic acid

Ammonia is also produced by the oxidative de-

amination of a number of amino acids (glycine,

alanine, leueme, aspartic acid)

Ammonia, produced in the cells of the renal

tubules, enters and accumulates in the renal

tubulea by simple diffusion The nature of the

process by which this accumulation takes place

may be understood from a consideration of the
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nature of cell merobranea and the solubility char

actenstics of weak electrolytes

Most cell membranes that base been studied

have the characteristics of hpid lajcrs permeated

by aqueous pores which occupy only a I’ery Email

part of the total surface area Substances which

are highly soluble m Lpid can penetrate the en

tu^ surface of the cell, while those which are

highly water soluble and hpid insoluble can pene

tratc only through the aqueous pores Ijpid sohi

ble materials, therefore, diffuse in and out of cells

very much more rapidly than water soluble sub-

stances Among the latter are most ions, ionized

compounds are, in general, highly water soluble

and poorlj soluble m hpid On the other hand

manj un ionized substances are highly soluble in

hpids (provided they arc not highly polar com

pounds, e g ,
sugars, urea, short-chain alcohols

etc) In accord with these generalizations, the

ammonium ion (NHi*) is highly water soluble

and would be expected to penetrate cell mem
branes poorlj

, on tho other hand, free ammonia

(NHi) IS highlj hpid soluble and penetrates cells

quite readily

Now suppose we have two aqueous solutions of

different pll separated by a membrane having

the characteristics of the hpid layer discussed

above To such a sjstem ammonia la added The

ammonia, being highlj hpid soluble, wiU pene

trato the membrane readdy and will reach equi

Lbnum when the concentration of the free am
tnoma (NHi) w the same on both sides of the

membrane However, m each solution ammonia

will react with hjdrogen ion to jield ammonium

ion

NH, + =? NIE*

This reaction will be continuously at the equi

libnum required by the dissociation equation

[H^KNH,]

INH.*]

or

pH = pK* -I- logj^^, pKa - 89

Since INHil is the same on both sides of the

membrane, the numerator of last term maj be

considered a constant and the log INHa^J will

vary inversely with the pH Thus a decrease m
pn of one umt will jield a tenfold increase m
ammonium ion concentration Since tho free am
monii constitutes a very small part of the t^al

(NHi + NII«+) the total will varj pretty much
the concentration of ammomum ion

This model may be considered to approximate

the situahon in the kidney where tho solution on
one 61^ of the membrane represents the contents

of the renal tubule cells in which ammonia is

produced and the other side of the membrane,

the fluid in the lumen e may consider the pH
of the mtracellular fluid and its ammonia con

ccntratioD to be maintained relatively constant

and ammonia to accumulate in the lumen until

the free ammonia concentration is apprD\imately

the same on both sides and the ammonium ion

concentrahon m the lumen that required by the

unnary pH The concentration of ammomum ion

will therefore increase as urine pH decreases

Because several assumptions mvolved m this

model are only approxunations, the actual am
monia excretion vanes with pH appreciably less

than would be predicted A unnary pH change

of two to two and a half umts is requi^ to yneld

a tenfold change m ammonia excretion (Tlic

idealized model would mdicate a tenfold change

with each pH umt ) It should be noted that as

NH* diffuses mto the urine, hjdrogen ion i»

titrated and the pH of the urine tends to become

elevated, the pH difference would disappear if it

were not maintained by the continuous secretion

of hydrogen loo

Tlie formation of ammonia is believ’ed to be a

function of the distal portions of the nephron In

any case it is unlikely that the unne pH is low

enough, m earlier parts of the tubule for am
monia to plaj any essential role in the hjdrogen

ion secretion process However, as unne pH ap

preaches its minimuin m the distal nephron, each

hydrogen ion secreted mto the lumen must be

ncutralued bj capture of NH* to form an am
moDium ion before another hjdrogen ion can be

secreted

The excretion of ammonia like the excretion of

titralable acid represents replenishment of the

body's alkali reserve Quantitatively it repre

seats, under most conditions, the more important

contnbution to the maintenance of the acid base

balance of the body The sum of titratabie acid

and unnary ammonium ion represent the net

gam of sodium bicarbonate for the body fluids as

a result of the process of unne formation (In

estimating body balance, it is necessary to sub-

tract from this total any bicarbonate excreted in

the UTU»)
A sinking and umque feature of ammonia for

mation and excretion is the phenomenon of

adapiatwn If an individual w given an acidifying

regimen (such as the administration ofammonium

or calcium chloride or the feeding of a strongly
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acid ash diet), there is a gradual increase, o\cr a
period of three to fi\e da3*s, of the excretion of

ammonia m the unne This increase is independ

ent of changes in unnarj pH (which occur xorj

much more rapidly) and the amount of ammonia
in the urme is e\ entuallj greater at each pH than

it was before the acidifjnng stimulus was started

The administration of alkali has an effect exactly

the re%cr«e of the adimmstration of acid Neither

the nature nor the immediate stimulus to this

adaptation are too cloarlj established It un
doubtedl> invohes a modification in the en

zjmatic mechanism bj which ammonia is pro-

duced and prcsumablj a nsc in the concentration

of ammoma in the cells m which it is produced

In the rat, but not m the dog it can be shown

that glutaminase actmtj is increased The oxer

all behaxnor of ammonia excretion m mao re

sembles that in the dog more closeb than in the

rat For instance, if acidosis is produced bj the

admuustration of inhibitors of carbonic anh>

drase which cause massne loss of bicarbonate »Q

the unne, ammonia excretion and glutaminase

actiT)t> increase markcdl> m the rat, but am
monta excretion remains at a level related onI>

to urme pH m both man and dog There ts no
evidence of adaptation of the sort produced by
the administration of acidifjnng salts

The stimulus to adaptation is also not clear It

IS obnouslv in some wa> related to the intake of

acid, but it docs not appear to depend on the

degree of acido'is, ammonia excretion tvmauung
high when, as a result of the adaptation, plasma

bicarbonate has been restored essentially to

normal

QcASTITATIVE aspects of CRINE ACUMFICA
Tio\ As with all processes of unnarj excretion,

the urinary acidification is dependent upon the

balance between glomerular filtration and tubu
lar reabsorption In this case, the important

characteristic of the filtrate is its bicarbonate

concentration Vi e will postpone consideration of

those factors which modifj the secretion of bj

drogen ion by the renal tubules and consider first

the effect of changes m plasma bicarbonate con

centration

\^e must first take note of the fact that for

reasons that have not been determined, the

capacitj of the tubules to reabsorb bicarbonate

vanes with the rate of glomerular filtration but
not with the plasma bicarbonate concentration

The concentration of bicarbonate m the glomeru

lar filtrate is therefore a far more important

determinant of bicarbonate excretion than the

total amount of bicarbonate filtered To take this

into account and to present the reabsorption and
excretion of bicarbonate as an orderly

, predictable

phenomenon, it is the practice to divnde the

amounts filtered, reabsorbed and excreted bj the

rate of glomerular filtration and to present the

data as the amount reabsorbed, etc
,
per 100 ml

or per liter of glomerular filtrate

IVTicn the plasma bicarbonate concentration is

low the urme is acid and essentially free of bi

carbonate, all of the filtered bicarbonate is reab-

sorbed As the plasma bicarbonate concentration

13 increased, the unne remains essentially free of

bicarbonate until the concentration approaches

approximately 2S m cq per liter Bicarbonate

then begins to appear m the unne and as the

plasma concentration increases further bicar

bonate reabsorption remains virtuallj constant

at2Smeq per liter of glomerular filtrate and the

excess is excreted in the unne This is illustrated

in figure 34 12 This tends to produce stabiliza

tion of the plasma bicarbonate concentration at

its normal lev cJ of 27 to 2S m eq per liter Wien
the plasma bicarbonate falls below this level, the

filtered bicarbonate is completeU reabsorbed and

conserved If the plasma bicarbonate rises ap-

preciably abov c 2S m eq per Uter, the excess is

excreted and the plasma bicarbonate tends to re-

turn rapidly to norma!

It should be noted tliat to the extent that the

capacity of the tubule to secrete hydrogen ion is

expended m the reabsorption of bicarbonate no

appreciable amount is avaibble to appear as

titratablc acid or ammonia Thus when the

plasma bicarbonate is clote to 2S m eq per hter,

e^sentiallv all of the filtered bicarbonate will be

realsorbed but there will be httle titratable acid

and ammonia in the urme (reflecting the fact that

the unne pH wiU not be very low) However,

when tbe pJasina bicarbonate drops lower the

bicarbonate of the glomerular filtrate may be

be exhausted before the capacity to secrete by

dn^n ion is fully utilized and a variable part

of the remaimng capacitv will appear as titratable

acid (depending on the rate of excretion of buffer

acid) or as ammomum ion (depending upon the

rate of production of ammonia)

It 13 also noteworthy that the amount of

titratable acid and ammonia m the urine is a poor

indication of the capacity of the tubules to secrete

hydrogen ion because, if plasma bicarbonate is

low, hydrogen ion •secretion stops when the urme

pH gets too low and before all the capacity for

hydn^n sodium exchange is utilized Thus the

capactly to secrete hy drogen ion can be ev aluated
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Fio 3-1 12 Relationship between plasma bicarbonate and reabaorption and excretion of bicarbonate
in man (Pitta Ajer and Schiess J Chn Invest 28 35 1949)

onlj when there is bicarbonate left oier from the

process—that la when the unne is alkaline

FaCTOns MODirvir.a the rate or secrction

or HTDBoarN lov Under ordinary conditions of

acid base balance, with a normal carbon dioxide

tension m the blood, a normal cell potassium con

ccntration, etc the capacity to secrete hydrogen

ion in exchange for sodium is about 2S m eq per

liter of glomerular filtrate as indicated in the

preceding discussion This tends to maintain the

plasma bicarbonate concentration at about 28

m eq per liter The capacitj to secrete hjdrogcn

ion may be \aned in response to several factors

/ Carbon dwxtde tension When the carbon

dioxide tension is incrca«ed (respiratory acidosis)

the plasma bicarbonate concentration increases

by titration of the blood buffers, and the pH
change attributable to the increased carbonic

acid concentration is minimized The elevated

plasma bicarbonate concentration persists, and

the maintenance implies on mcrcasc in bicar

bonate rcabsorption (hydrogen ion secretion) by

the renal tubules Indeed, such an increase m
bicarbonate reabsorption is demonstrable im

mediately upon elevation of the carbon dioxide

tension If elevation of the carbon dioxide tension

IS maintained for extended periods there is a

further increase in the capacity to secrete hjdro-

gtn ion, the nature of this further adaptation ts

unknown Decreases in carbon dioxide tension

(rcopiratory alkalo«is) have exacll} the opposite

effects, reducing renal bicarbonate reabsorption

’ j drogen ion secretion) and causing stabilization

of the plasma bicarbonate concentration at a re

duced level

The effects of changes m carbon dioxide tension

on hjdrogen ion secretion are rcadilj interpreted

m terms of the hjiiothesis that the rate of seere

tion of hjdrogcn ion is directlj related to the

hydrogen ion concentration of the tubule cells

The concentration of dissolved COi is directlj

related to the carbon dioxide tension (pCOi) and

the concentration of carbonic acid (HtCOi) is

directly proportional to the pCOj Since cell

membranes have a very high permeability to

CO» all changes in extracellular pCOj are re

fleeted bj similar changes m intracellular pCOi
Thus intracellular pll falls when extracellular

pCOj IS elevated and vice versa (On the other

hand, chains m extracellular bicarbonate con

ccntration arc probablj not regularly reflected by

parallel changes in intracellular bicarbonate and

pit)

S Potasstum metabolism The secretion of hj

drogen ion is depre'^d wlien potassium is ad

mmiskred so tliat the urine frequentlj becomes

alkaline even though the plasma bicarbonate con

ccntration is low Conversely in the prc«ence of

potassium depletion the rate of secretion of hy

drogen ion is enhanced so that the plasma bi

carbonate concentration becomes stabilized at

an elevated level

The effects of potassium on urine acidification

reflect the fact tliat the mecharusm by which hj

drogen wn is secreted m exchange for sodium can

also exchange potassium for sodium and that, as
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a rc«uU, there i$ competition lietnccn potassium

and hjxlrogcn ion for accretion It may be that

this apparent competition invohes change^ m
eel! hjdrogen ion concentration raOicr Oian

mutual e\clu«ion from sites on a carrier Tberc is

reason to boheie that when cclla lose potassium,

they become more acid, and that when they gam
potassium, thej Io<=c hj drogen ion This interpre

tatioD has the adiantagc of placing the effects of

potassium and of COi tension on a similar basw,

—

the modification of cell hj drogen ion concentra

tion

S Carhonic Atthydrase Tlie role of carbonic

anhjdrasc and the effect of inhibition of this en

i>Tue lia\ e been du»cusscd earlier Under normal

conditions the acliiitj of carbonic anh>drasc is

not rate limiting in hj drogen ion «wMt!tion al

though it mai become so when inhibited There

Ls no evidence tliat adaptation to acid loads in

voUes an increase in kidney carbonic anhjdrasc

4 Adrenal tteroids The secretion of hj drogen

ion participates in the enhancement of sodium

reabsorption produced bj aldosterone and other

steroids w ith simibr effects on clectrolj tc metabo
ham

Passive RE.<B«oriPTiON, The
ZxcnETios OF Ure^

Because passne reibsorption is the result of

the flctiie reabsorption of other constituents of

the glomerular filtrate, it is appropriate to con

Bider this relatnelj simple mechanism last The
rrabsorption of urea has long been considered a
typical example of this process ** Certamlj as the

most abundant constituent of the unne and as

one which fits in unique fashion into the formation

of highly concentrated unne, urea requires sep

arate consideration

Cel! membranes generally have a high penne-

abiLty to urea It is therefore not surprising that

as the filtrate is reabsorbed from the renal tubules,

tending to concentrate the urea in the remauung
fluid, urea tends to diffuse out of the lumen "What

IS more remarkable is the icry considerabJeextent

to which the urea concentration can be raised in

the unne This appears to be due to two factors

(1) an unusually low permeabihtj to urea of some
or all of the cells hnmg the renal tubules (it is to

be remembered that much of the tubule lining

'* There la evidence that in ruminants (sheep
camel) there is some sort of scltve renal conserva
tion of urea when the animal receives a low pro
tein intake While it has also been suggested that
there is a similar mechanism in man, the evidence
19 not convmciDg and for the sake of didactic

claritj
, any such process will be disregarded

sea

membrane also has a umquelj low permeability

to water, e«peciallj in the al»cnce of antidiurctie

hormone), and (2) a mechanism for mamtammg
a high urea concentration m the mterstitia! fluid

(ofthe medulla) surrounding those portions of tlie

ncpliron containing fluid with the highest urea

concentrations (the collecting ducts)
,
m the latv

ter case the concentration gradient driving the

diffusion of urea out of the urmc is minimized

As IS characteristic of substances excreted bj

mechanisms maoHnng passive reabsorption, the

fraction of the filtered urea excreted in the unne
vanes with the unne flow The fraction of the

filtered urea excreted is given by the ratio of the

urea clearance (Cp) to the glomerular filtration

rate At unne flows m excess of about 2 ml per

minute m indmduals with normal renal function,

there 13 relatively little further increase in the

urea clearance with further elevation of unne flow

up to the limits of valer diuresis At this tune the

urea clearance averages about 60 to 70 per cent

of the muhn clearance, i e , about 30 to 40 per

cent of the filtered urea is reabsorbed If osmolu

diurens is supenmpoeed the unne flow can be

further increased, and under the^e conditions the

excreted fraction of filtered urea mcrcases further

along a curve which may be extrapolated to sug

g^t that DO urea would be reabsorbed when no

water was reabsorbed Conversely, as unne flow

decreases m antidiuresis the excreted urea dunm
ishes to what may be only 15 or 20 per cent of the

filtered These phenomena are illustrated m fig

lire 34 13 from the data of Shannon obtained m
(fie dog

As was noted earher, in Uie discussion of water

excretion and reabsoiption, the change from the

low Bow of concentrated unne to the high flow of

water diuresis involves primarily modifications m
the flow in the distal portions of the nephron The
reabsorption of water which occurs m the proxi

mal tubule is relatively unaffected Thus, the ad

ditional urea which is reabsorbed when water

diuresis is interrupted is logically considered to be

reabsorbed in the distal tubule and collecting

sy'stem Furthermore, since in the absence of an

tidiuretic honnone these portions of the nephron

have a low permeability to water they may be

expected to have a low penneabihty to urea as

well It IS thus logical to attnbute the reabsorp-

tion of some M to 40 per cent of the filtered urea

to losses from the proximal tubule as water is re

absorbed from that segment and to consider the

losses from the distal portions of the nephron to

be negligible m water diuresis As the fraction of

the filtrate realsorbed in the proximal tubule is
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Fio 34 13 The ratio of urea clearance to creatm r
in relation to the reab^orption of aater a^ indicated
Ib>siol 122 7S2 1033)

ne clearance {Fraction of the filtered urea excreted
by the U/P ratio of creatinine ) (Shannon Am J

diminished in oaniofu diuresis tlic urea is con

centrated to a lesser extent and less than the usual

30 to 40 per cent is reabsorbed

In antidmrex s the reabsorption of water in the

distal tubule is marked^ increased at the same
time It IS highl} probable that the permeability

to uren is also enhanced Both of these factors

lead to an increase in the diffusion of urea out of

tl e urine m the distal portions of the nephron and

account for the rapid falling off of tlie urea clear

nnee as urine flow decreases to low le\eb

Because the arrangement of the blood supply

m the medulla constitutes a countercurrent cx

changer urea escaping from the collecting ducts

IS not easily earned aw a} m the blood as it is in

tie cortex Instead e\en a relatively slow leak of

urea from the collecting ducts is sufficient to yveU

a high urea concentration m the peritubular re

gion \s a result the urea concentration in the

interstitial space of the papilla is almost as high

as in the unne This has two important conse

quenccs (1) the amount of urea lost from the

urine is reduced because the concentration gradi

ont Ls small and (2) the osmotic effect of the urea

in the collecting duct unne is counterbalanced

larg Ij b> urea in the interestitial space the so-

dium chloride of the mterstitial "pace which ini

tiatcs the unne concentrating process can be

utilizcil to balance the osmotic effect of the non

urea solute the urea bemg simplj added to both

pules of the intcrvenmg membrane Consequenlty

jt 0 unne can be made considerably more concen

tratod when urea is a major part of the excreted

solute and urea the major product of protein

catabolism and in fact b> far the most abundant

product of metabolism requiring urinary excre-

tion can thus be excreted largely in water already

obligated for the excretion of other urinary

solutes

Because the lev el of the blood urea and the urea

clearance are frequently used for the chnical

evaluation of renal function a brief discussion of

these clinical indices ls warranted Since the con

centration of urea in red blood cell water is the

same as m the plasma the concentration of urea

in whole blood is only slightly loner than in

plasma the difference being due to the larger

fraction of solids m the red cells Consequently

it has been the usual practice to base the clinical

estimation of urea clearance on the measurement

of Urea in whole blood (although glomerular filtra

tion operates only on plasma) Because of the

variation of urea clearance vnth urme flow some

account must be taken of this factor The con

vention which has been adopted has been to ar

bitranly divide urea clearances into two classes

WTien the unne flow exceeds 2 ml per minute

the clearance of urea is calculated in the conven

tional fashion except for the substitution of B
the concentration in whole blood for P, the con

centration in plasma The figure (IA')/B obtained

IS called the manmal vrea clearance and a value

of 75 ml per minute is accepted as the average

Tinwnal It is customary to divide the clearance
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obtained b} 75 and express the result as a per

cent of normal

^Mien the unne is less than 2 ml per nun

utc, some correction is necessary to take into ac

count the marked effect of urine flow change on

urea excretion It lias been found empirically that,

m normal individuals if the clearance is divided

by the square root of the urine flow (vV) the

value obtained is relativelj independent of unne
flow provided the latter is less tlian 2 ml per

minute This figure is referred to as the a/andord

urco clearance and is equal to

HX V _L ^>/v
E ^ a/V “ B

It has an average normal value of 54 and again,

the result obtained is expressed as a per cent of

the normal value

^Vhen urea clearances are measured, e\er3 at-

tempt should be made to assure a urine flow in

excess of 2 ml per mmute since the maximal urea

clearance is more clearly related to the \alue

which one wishes to estunate, the rate of glomeru

lar filtration

The blood urea concentration is also, m a rough

way, related to the rate of glomerular filtration

However, it is subject to modification by factors

which do not affect the urea clearance, namely the

intake and metabolism of protein and other ni

trogen sources For this reason the urea clearance

is a much more reliable index of renal function

For the mdmdual m nitrogen balance, almost

the entire nitrogen intake is excreted in the form

of urea The excretion of urea is m the long term

equal to the formation of urea Therefore, if we
were to consider the daily excretion of urea as a
sort of 24 hour determination of urea clearance

we would have

_ _ rate of nitrogen turnover

tton characteristics of the substance concerned

The phenomenon is entirely analogous to that in

volwd in the entrance of nmmonia into the urme,

n process which was discussed m some detail

abotc It was pointed out tliat un ionized weak

electrolytes frequently jienctrate cel! membranes
verj much more readily than their ions As a re

suit when cell membranes separate two aqueous

phases of diffenng pH, the weak elcctroljde ac

cumulates m that phase in which the pH requires

that the ratio of ionized to un ionized weak elec

trolyle is higher The same considerations apply

to a number of other weak electrolytes, not only

weak bases such os ammonia but weak acids as

weff tfost of file substances the excretion of

which lias been shown to involve this type of

mechanism arc foreign to the body, but it is

highly probable tliat a number of normal consti

tuents are also mvohed although they have not

been studied in detail Some of those drugs which

have been shown to be excreted by mechanisms

involving, entirely or m part, processes of non

lomc diffusion arc bases (quimne, atnbnne neu

tral red, mccamylamme) and acids (salicylates

phenobarbital) As opposed to the situation with

respect to ammoiua, which is produced m the

tuWle cells, the two phases of differing pH in

volvcd ID excretion of these foreign materials are

the unne and the pentubular interstitial space

The effect of pH on the excretion of weak acids

IS exactly the opposite of its effect on that of weak

bases This is due to the fact that the ratio of

ion to un ionized fraction mercases with pH m
the case of weak acids, as indicated by the equa

tioa

pH-pKx + log—

,

while m the case of weak bases the ratio oflomzed

to un ionized decreases with using pH as indi

cated by the dissociation equation for a base

and

^ rate of nitrogen turnover
= " ^

Thus we see that the blood urea is inversely re

lated to the filtration rate to the extent that the

urea clearance is related to the filtration rate, but

m addition it is also directly proportional to the

nitrogen turnover The latter factor is eliminated

when the urea clearance is determined

Non ionic diffusion The excretion of weak

efectrofytes is frequently moa\iIecf (or tohiiy ef

fected) by diffusion dependent upon the dissoaa

pH pKa -f- log
[RNH,+1

The effect of pH on the excretion of weak bases

IS appreciable only when the pH of the unne is

lower than the pKx o^ the base, smee it is only

when pH is less tlian pK that the amount of ion

IS the major fraction of the total For similar rea

sons pH change has an appreciable effect on acid

excretion onl^ when the unne pH is higher than

the pK of the acid

It should be noted that the effect of changing

pHis SI great as to 6c corapafihfe «fth act rvab-

sorption (excretion of less than the filtered) at one
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urine pH and net secretion (excretion of more

than the amount filtered) at another urme pH It

should also be noted that a substance may un
dergo active tubular secretion in the proximal tu

bule and nonionic diffusion m the distal, as ap
pears to be the case with salicylates, and may be

the case n ith a number of other weak electrolj tes
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THE PATHOLOGICAL PHYSIOLOGY OF THE KIDNEY:

MICTURITION

Hie Clinical E«alnation of Ilenal Function

Exam\naiion of the Unne

The fir^t step in the e\ aluation of the functiontl

of the kidncj and frcquently the source of

the first clue to the pre*«nec of renal <iisea«c la

u'iuallj the elmical pathological examination of

tlie unne This has the unique adi'antagc of ex*

treme «unphcit3, requiring only a mioimum of

time and the simplest of equipment Further-

more, the presence of renal disease la usuallj

manifested bj «ome abnonnahtj of the unne
Hoiicier, it is unportant to cote (hat an ap-

parently normal unne docs not exclude the pres-

ence of certain di®ea«e3 of the kidnej nor im-

pairment of renal function of even aery marked
degree

Although the full routine examination of the

Unne includes "ea eral other tests usually intended

to detect nonrenal metabolic abnormalities (dia-

betes, ketosis, etc), tho«e particularlj related to

di«ea«e^ of the kidnej itself arc tests for protein

and exammation of the unnarj sediment In ad-

dition, determination of the specific graaity and
aetdrij may, onefer certain comitioas^, 6c cc~

aealing of disorders of kidney function Certam
specific defects of renal function maj be detected

by analj-'iis of urine for ammo acids

TesU Intohtng Examination of the Blood Onlg

The most commonly used test intended to cval

uate the functional state of the kidnej i8 the de
termination of the blood urea (The results of this

determination are commonl} reported as the blood
urea nitrogen, since nitrogen mskes up just under
lialf of the molecular weight of urea, the blood
urea concentration is approxiniatel> twice the con
centration of blood urea nitrogen ) The conceo
tration of urea in the blood is directly proportional

to the nitrogen turnover and inversely propor
tional to the renal clearance of urea Its relation

ship to the nitrogen turnover and to glomerular

filtration are fully discussed on page £65 of Ihepre
ceding chapter

Since the blood urea concentration is onlj par
tially related to the rate of glomerular filtratiim

and to the functional status of the kidnej, it is

hardly surprising that there is a wide range of

normal values for the blood urea concentration and
itislikel3 to be unequivocsllj elevated only when
renal function is reduced by about half or more

Sonproletn ntirogen Under normal conditions

urea contributes about half of the nonprotein

nitrogen of plasma (or serum) The remainder is

made up of the nitrogen of a heterogeneous group

of substances creatine, creatimne, unc acid,

ammo acids, etc As renal function is depressed the

nonprotein nitrogen concentration of plasma rises,

largely because of increasing urea concentration,

though some of the other components also accu

mulate The sonproleiR nitrogen determination is

thus subiect to vcr> much the same interpretation

and qualifications os the blood urea analjsis

Creaiittine The plasma creatimne concentration

IS a somewhat more reliable index of renal function

than the blood urea concentration because the rate

of formation of creatioiQcm the body is much more
stable than tbe formation of urea However, some
reservation is required because the usual analysis

of plasma for crestioine involves s ehenucai

method affected by other constitnents of the

plasma

Tests Iniolnng Coifcclion of Unne

A general comment and caution concerning

these tests ss a group is warranted These tests

(except for the concentration test) involve de

termination of the rate of excretion of some sub

stance Hiey thus require a (med colleclion of

unne and can be no more accurate than the tuning

and completeness of collection In the case of sub

stances such as urea or creatinine which arenorma)

constituents of the unne, the unne formed before

the actual penod of the test will contain the test

substance and it is, therefore, just as important

that the bladder be completely emptied at tbe

start of the test penod as that all of the unne be

collected at the end Failure to empty the bladder

before the test penod will give a result that is

misleadingly high just as failure to empty at the

conclusion of the test wiJ) give an erroneously low

value Failure to give due care and consideration

to this point frequently vitiates the usefulness of

wbat IS fundamentally a valuable method for as-

sessing kidnej function

Cfrea clearance The mechanism of urea excre

tion has been considered in detail in the preceding
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chapter, and little need be added here The test is

useful for the information it gives concerning the

level of glomerular filtration In contradishoetion

to the simple determination of blood urea, the urea

clearance is not dependent upon the rate of for

mation of urea bo that this source of vanation »
eliminated The urea clearance depends only upon
the rate of glomerular filtration and the urine flow

tVlien the test is carefully performed it is a very

useful index of glomerular filtration rate

Creatinine clearance The clearance of endoge
nous creatinine is frequently a valuable index of

glomerular filtration As compared with the urea

clearance it has the advantage of being unaffected

by the rate of unne flow * However, for reasons

that have not been fully elucidated, the clearance

of endogenous creatinine is sometimes consider

abl} greater than the glomerular filtration rate

and sometimes lower This is particularly true in

the presence of renal disease The creatinine clear

ance can therefore be considered only a rough

approximation of the rate of glomerular filtration

Excretion pf phenoUulfonpkthalein (PSP, phenol

red) Phenolsulfoophthalein (PSP) is one of that

group of orgamo acids rapidly secreted into the

urine b} the renal tubules (see preceding chapter)

In contrast to some of the other substances in this

group PSP la not completely removed from the

blood which perfuses the kidne) Nevertheless, the

rate at which it is excreted by the kidney is de

termined largely by the rate at which PSP is de

livered to the kidney by the flow of blood The
excretion of PSP is, therefore, reduced when the

renal blood flow is diminished The greatest virtue

of the test is its simplicity, I’SP is a dye wbieh,

in alkaline solution has an intense red color, and

its concentration in the urine is easily estimated

A number of different procedures for the per

formance of the PSP test have been used involv

mg various routes of administration of the dye and
varying time periods for the collection of the unne
Procedures involving intravenous administration

of the dje and relatively short penods for the

collection of the unne are to be preferred as most

sensitive to changes in kidney function Low rc

suits can be obtained because of retention of PSP
in the bladder as well as because of poor renal

function

Concentration test The concentration test is a

measure of the ability of the kidnej s to form hy
pertomc unne Because the test as usually per

formed involves determination of the urine specific

gravity it can be considered only a rather crude

index of this particular function • The determina

‘ However, as in any teat involving the eollec

tion of unne the errors due to incomplete or ta
accurate collection of the unne are minimized if

the rate of flow is high
• In the formation of hypertonic unne the na

ture of the unnary aolute is more or leas a matter
^ of indifference, the process being involved with

tion of specific gravity is, however, such a simple

procedure that it is unlikely that it will soon be

replaced by an estimation of osmolality by the

determination of the freezing point depression

In the performance of the test, it is usual to

determine the specific gravity of the unne formed
after all fluids have been withheld for 10 to 24

hours Normally the specific gravity should be

greater than 1 025 although a specific gravitj be

tween 1 020 and 1 025 can not be interpreted as a

clear indication of abnormality

CUaranees of inwlm and p aminohippurate

Properly performed these measurements yield ac

curate estimates of glomerular filtration rate and
renal blood flow and hence are highly valuable in

accurately defining the status of renal function

The theoretical basis of the measurements is dis

cussed ID the preceding chapter Unfortunately the

determination of inulin and p aminohippurate

clearances requires the administration of continu

ous intravenous infusions at constant rate The
desired and attainable accuracy can be achieved

only with meticulous care in the collection of the

unne. usually with bladder cathetenzation and

washout of the bladder at the termination of each

collection penod Finallj, the chemical analjMS,

particularly that for inuIin, is relatively involved

For these reasons these tests are rarely used (or

routine clinical purposes for most such situations

one or more of the approximation procedures dis

cursed above will suffice

jl/easurcmcnt of Tubular Reabsorplite

ond Secretory Copocity

These indices of renal function determined re

spectively, as the maximum capacity to reabsorb

glucose (Tmo) and to secrete p aminohippurate

(Tmr«B) are, like the measurement of inulin and

PAH clearances, more or less definitive measure

mente of renal function (see preceding chapter)

trto Ibe latter detercniBsttoiis tke procedures are

involved, poorly suited to routine use, and rarely

performed for purely clinical purposes

Disturbances of Renal Function

CLASSiriCATIOV

Disturbances of renal function may be sepa-

rated into two groups—those due to disease of the

kidney it«el/ and those due to nonrcnal disturb-

ances In the latter group fall abnormalities of

renal function due to circulatory disorders and to

disturbed hormonal balance mth loss or excess

of endocnxie factors which mwlify the function

modifying the unne osmotic pressure to which

each solute particle, independent of its nature,

contnbulcs equalli However, each solute particle

does not modify the spcciGe pravitj m the same
way, one molal solutions of different solutes maj
vary widely in specific gravity
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of the kidncj Among disturbances due to disease

of tlie kidncj itself two groups maj be recognized

(1) disorders due to specific abnormalities of one

or more of the transport mechanisms of the renal

tubule, although thc«e are particularlj mtercsting

from the point of new of chnicophi*stologie3l cor^

relations, thoj arc neither as frequent nor as im
portant as (2) the inflammatorj and degenerative

diseases w hich jn\ olv e the kidney more diffusely,

affectmg entire nephrons or nephron •segments

and their functions

In the group of di'sea«es which produce such

diffu'se m\oHeincnt of the kidncj, a few warrant

brief discussion here to provide a background for

gome of the correlations between disturbances of

phj eiologj and renal disea*^ By far the most im-

portant of the«c from the standpoint of frequency

of occurrence are glomerulonephritis, arteriolar

nephro«clcro<'is, and pj'clonephntis

Glomerulonephritis

Glomerulonephnlis is a diffuse inflammatorj

disease involving pnmardj the glomeruli and

eecondanlj
,
wnlh loss of glomerular function, de-

generation of the conjoined tubules A number of

classifications of glomenilonephritis, based largely

on pathological distinction, ha>e been proposed

and a number of variants arc recognized bj some
workers For present purpo«es it is sufficient to

note that glomerulonephritis can be dmded mto
two forms which maj or maj not represent differ-

ent stages of the same disease

Accte GLOiiERULO-vEPixiims 13 characterized

by a more or less sudden onset with proteinuria

aad Aermrtana amf varying tA^recs’ edbma,

hypertension and renal insufficiency The onset of

the disease can usually be related to an antecedent

infection most often with Group A, 0 hemolytic

streptococcus Glomerulonephntis is generally be-

heved to be a disease involvmg, in some stiU ob-

scure fashion, an antigen-antibody reaction which

produces damage to the glomerular capillaries

Acute glomerulonephritis has a relatively low

mortahty The great majority of cases recover

completely, mth no residual evidence of renal

disease or of significant functional lo«s A small

proportion do not recover, but show persisting

evidence of active renal disease and progressive

loss of renal function with an eventually fatal out-

come

CuBONic ctosfEBULOVBPHEmsisa progresivc

disease characterized by proteinuria, hyperten

Sion and diminution of renal function IVhether or

not it IS the progressive form of the same disease

recognized as acute glomerulonephritis is dis-

puted In most patients with the chronic form no
episode of scute glomerulonephritis is recogmzcd

The rate of progress of the disease is evtremelj

variable, some patients have a rapid downhill

course with a precipitous dechne m renal func-

tion Others may, for j'cars, have proteinuria as

the only evndencc of smoldering disease

The Nephrotic Syndrome

The cephrotjc syndrome is characterized bj

massive proteinuria leadmg to a marked reduc

tion of the plasma protem (particularlj albumm)
conccntratioa, with edema frequently massive,

and generally a marked increase in the concentra-

tion of hpids, particularly cholesterol in the

plasma Hematuna and hjT)erten«ion arc usually

not prominent A small proportion of instances of

the nephrotic syndrome are clearly due to recog

nizabic causes such os amyloidosis of the kidney

,

fupua erythematosus, syphilis, etc , but in most

cases the underlying cause is not recognizable

No unanimity exists as to w hether or not the idio-

pathic nephrotic syrndrome represents a stage of

chronic glomeniloncpbntis A certain number of

patients with the nephrotic syrndrome do not re-

cover, but show progressive loss of renal function

with the development of by^pcrtension and renal

insufficiency m a fashion not distmguishable from

chronic glomerulonepfantis On the other hand

w ith antibiotic treatment and prev ention of mter

current infection and with control of the disease

with adrenocortical steroids a considerable pro-

portion of patients with the idiopathic nephrotic

syndrome recover completely

Ifhcrcas it was tbnnenV beiieveu* that la free

nephrosis the glomeruU were normal and the dis-

ease Unuted to degenerative changesm the tubule

epithelium this is now recognized as being the ex

act reverse of the true situation The primary de-

fect 13 m the capillary basement membrane, per-

nuttmg the escape of protein into the glomerular

filtrate The striking changes in the appearance of

the tubule cells on microscopic examination are

probably secondary to the high, concentration of

protein in the glomerular filtrate with protem

uptake from the tubule lumen

Arlendlar hepkrosderosis

Arteriolar nephrosclero'is is the manifestation

of renal damage due to hypertension It is char-

acterized by thickening and hy alinization and

eometimes necrosis of the renal arterioles There

IS progressive loss of glomeruli and the function

of the tubules to which they are attached Clini

cally it IS characterized by proteinuria and
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progrcssuc impairment of renal function which

m some instances (“malignant nephrosclerosis”)

maj be remarkably rapid Some degree of nephro-

sclerosis occurs m most cases of hypertension of

long standing The progressive form leading to re-

nal insuffieiencj occurs m some five to ten per

cent of patients with so-called ‘'essential” hyper-

tension

In contrast to the diffuse involvement of the

kidney in arfenofarsclerosis (arteriolar nephro-

sclerosis) artmo«clerotic involvement of the larger

vessels may lead to patchy ischemic degeneration

of portions of the kidney This type of mvolve-

ment is relatively benign and rarely leails to sig-

nificant functional disturbance

Pyelonephnlia

Pyelonephritis is an inflammatory disease of

the kidney resulting from infection of the urinary

tract (pelvis) vnth invasion of the kidney inter-

stitium Single acute attacks may subside with-

out significant sequelae, but repeated or long-

standing infections lead to scarnng and contrac-

tion of the kidney andwhatmay bo extensive loss

of renal tissue 'The loss of renal function may be

accelerated as changes duo to hypertension (itself

initiated by the chronic pyelonephritis) are su-

perunpooed on the results of infection and scar-

nng. Proteinuria is usually not prominent and

may be absent

Distorbances of Fcnctiov is Diffuse

Reval Disease

PftOTEIVURIA (AtBUSUVUniA) Pcfhaps the

commonest manifestation of renal disease is the

presence of increased amounts of protein in the

unne Normally only traces of protein are pres-

ent in the urme, less than 100 mg being excreted

in a 24-hour period In the presence of renal dis-

ease the amounts excreted may vary widely and

reach figures of many grams MTiereas protein

may gain access to the urine wnth exudation or

bleedmg into any part of the urinary tract, the

glomeruli are the most pertment source of unnary

protein Among the proteins of the unne albumin

predominates, but despite the fact that unnary

protein is frequently referred to as albumin, the

other plasma proteins are also represented How-

ever, it Ls true that the relative abundance of al-

bunun is greater in the unne than the plasms

An increased concentration of protein m the

glomerular filtrate, the result of an abnormal in-

crease m the permeability of the glomerular capil-

lanes to plasma protem, is generally accepted as

the cause of protemuna in most instances of renal

disease and is one of the major features of the

nephrotic syndrome, of glomerulonepbntis and of

artenoiar nephrosclerosis

It is worth DOtmg that decreased reabsorption

of normafly filtered protem has been seriously

considered as a possibly significant factor in pro-

ducing proteinuria Such a possibility, although

not generally accepted, is compatible quantita-

tively mth what IS known about the composition

of mammalian glomerular filtrate The method

used for examination of the micropuncture

samples of glomerular filtrate vv ould not hav e de-

tected a protem concentration of 25 mg per cent

or less 'ITius 250 mg might have been present in

each liter of glomerular filtrate and e«caped de-

tection With a filtration rate of some 175 liters

per day this would involve filtration of close to 45

grams of protein in each 24 hours

On the other hand, there is good evidence not

only that there is an increased filtration of pro-

tem m the presence of protemuna but that there

IS also an increase in the reabsorption of protem

by the tubules under these conditions and that, m
all probability, it is this increased protem uptake

that is responsible for the histological changes in

renal tubule cells m such disorders os the neph-

rotic syndrome

Aside from its unportaoce as a clue to the pres-

ence of renal disease, protemuna may, when of

sufficient intensity, lead to significant depletion of

the plasma protems In the nephrotic syndrome

as a result of unnary losses, the plasma albumm
concentration may reduced to 20 per cent or

leas of its norma! v alue This is a significant factor

in the development of nephrotic edema
The presence of protemuna is not always a sign

of significant organic disease of the kidney It may
be produced in otherwise normal individuals, for

example, by fever or by violent exercise Particu-

larly likely to be misleading is the bemgn condi-

tion known os orthostatic alhuminuna or postural

proletnurta This is charactenxed by the occur-

rence, especially m young people, of proteinuria

when the mdividual assumes the upnght position

The urme, after a night’s rest in bed, is protem

free The production of protemuna is presumably

attributable to some sort of circulatory disturb-

ance associated with the erect posture It is im-

portant chiefly because it is frequently mistakenly

mterpreted as indicatmg the presence of latent

^meruionephntis

CruvDRUsiA Casts are collections of protem

which has precipitated m the tubules or ducts of

the kidney and has been molded m the form of

the structure in which it was precipitated Cyl-
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indruna or the presence of increased number of

casts m the unne is commonly associated tilth

proteinuria of glomerular ongin Aside from the

diagnostic information dentTible from the nature

of the casts, the detection of casta is most ^igmfi

cant as an indication that the protein in the unne
has arisen from the nephrons The casts may con-

sist of protein onl) casts) or may haie

incorporated mto them red or white blood cells,

epithelial cells, etc The normal urine does not

contam more than 2000 casts per 24 hours

Hematuhia Red blood cells may be present in

the unne m increased numbers (normal less than

130,000 per 24 hours) because of blcedmg any-

where mto the urinary tract Of greatest impor-

tance m the present context is tliat, inth inflam-

matory disease of the glomeruli, red cells as well

as protein may penetrate the glomerular capil

lanes ^larked hematuria is particularly charac-

teristic of acute glomerulonephntis

iMPAmMEVrOFUHlVAKl CON’CEVTRATlOV.POLT-

UHiA, NoennuA Two ty^ics of impairment of

unne concentrating capacity arc recognizable

(1) due to impairment of the process by which

water u removed to produce unne hi-pertoDic to

plasma and (2) due to the excretion of mereased

amounts of colute per functioning nephron Doth
types of defect contnbute to the impairment of

unne concentrating power observed in the pres-

ence of renal disease Specific defects m the process

which renders the unne hyTiertomc are present in

potassium depletion and hijpercalauna Since the

processes responsible for rendenng the unne more
concentrated than plasma are located m the renal

medulla, disease which disrupts the structure

and/or function of this portion of the kidney
,
such

aspyelonephntis and hydronephrosis, may be ex

pected to have particularly marked effects on the

concentratmg process

On the other hand, as renal function becomes

progressively unpaired by any nephron-dcstroy

mg disease process, impaired abihty to produce

concentrated unne must inevitably result In-

deed, it has been shown expcnmentally that re-

moval of one kidney and part of the other results

m unpaired ability of the remaining kidney to

produce concentrated unne The situation here is

quite analogous to that ob^erv ed as solute excre-

tion 13 markedly increa'vd (osmotic diuresis) IQ

the mdtvidual with normal kidneys (see previous

chapter, fig 34 9b) As renal function becomes

progressively diminished, the rate of excretion of

solute must, ov er the long run, remain essentially

unclianged refiectmg the maintenance of salt bal

ance and the excretion of products of metabolism

However, ns the number of nephrons involved in

unne formation become smaller, the amount of

solute excreted by each of tho«e remaining be-

comes greater m proportion Thus the v olume of

isotonic fluid in each nephron reachmg the site of

formation of hypertonic unne is increased and

even the removal of a normal amount of water

changes the concentration only to a limited ex-

tent

As the ability to form concentrated unne is

unpaired, the volume of unne excreted must m-
crease The formation of mereased volumes of

unne is known ns poli/una, a common manifesta-

tion of impaired renal function The production of

exccssiv e amounts of unne may cause the patient

to awake at night to void, a symptom designated

as noettina (Of course, the mgestion of large

volumes of fluid may lead to polyuria and noc

tuna in the absence of renal disea«e )

Oliodhu, anttria Oligunais the excretion of

a markedly reduced volume of unne anuna is

the complete suppression of unne formation

Oliguna may
,
at fiine«, be phy sioJogical—that is

a normal response to dehydration and tbo char-

acteristic manifestation of the formation oflu^y
concentrated unne A particularly low unne flow

IS found when dehy dratioo is accompanied by a

low rate of solute excretion This combination is

likely to be encountered m the individual who is

excreting very little salt because of a low salt m-
take, because of antecedent salt loss (sweating,

diarrhea, v omiting, induced diuresis) or because

salt excretion is suppressed for other reasons as

m the mdividual who is developmg edema (eee

discussion of edema)

On the other hand, oliguria or its extreme,

anuna, may be a manifestation of a severe dis-

order of renal function It may occur as a com-

plication of sev ere acute nephntis or as a termmal

event m chronic glomerulonephntis or other

chronic renal disease Most often, however, anuna

or severe oliguna is a manifestation of some acute

renal insult—a circumstance commonly known as

acute renal tnsuficienct/ or acute renal failure

Such severe acute damage may be produced by
a vanety of injunes and nephrotoxic substances,

particularly with traumatic shock (m which cir-

cumstance it has been called the crush st/ndrome),

hemorrhagic shock incompatible blood trans-

fusion, and mercury or carbon tetrachlonde poi

Eonmg This list is far from inclusive, and acute

renal insufficiency may be caused by any con-

dition which produces prolonged hy^jotension

and/or intense renal vasoconstnction Renal

ischemia seems a major factor in the production



574 EXCRETION OF URINE Section IV

of acute renal in^ufliciency iti tho«e situations m
i\hieh chemical nephrotoxms can not be impli-

cated

The methods bj which glomerular filtration is

measured are not applicable in the presence of

anuria, so that it is not possible to say with cer-

tainty whether, in acute renal failure, glomerular

filtration ceases, or whether it contmuea but that

complete reabsorption of the filtered fluid occurs

through disrupted tubule walls Both theones

haie their supporters In either case, it is clear,

effeclue glomerular filtration is sero

It has also been proposed that m the anuna
following trauma the renal blood flow is not re-

duced, but actually increased, the blood bemg
ehunteil away from the cortex and through the

juxtamcdullary and medullary regions by dila-

tion m the latter areas This concept has been

largely discredited In the presence of anuna
there is a marked reduction in the renal blood

flow The preferential injection of the juxtameduU

lary circulation which can be demonstrated under

these conditions (Tructa) is due to the lesser in-

volvement of this part of the renal circulation m
the generally intense renal vasoconatnetton

Edema The accumulation of sufficient excess

of extracellular fluid to produce detectable swell-

ing of distensible tissues (edema) u a common
feature of many renal diseases Since edema fluid

13 extracellular fluid, it has the composition of

plasma except for its lower protein concentration

Like plasma, then, its maioc constituents are so-

dium chloride and water Except for localised and

limited amounts of edema w hich can be produced

by redistribution of the normal xolumc of extra

cellular fluid, the production of edema requires

that an excess of both salt and water be retamed

within the bodj and, coniersely, edema maj be

produced by an> circumstance which 3Teld9 a

sufficient increase of the salt and water content

of the body Actually m the production of edema,

it IS the salt retention which is prunarj, water

being retained to maintain the normal osmotic

pressure of bodj fluids, and, further, in the salt,

it IS specifically the sodium ion which plays the

predommant role, in the edematous individiwl,

edema « increased bj sodium bicarbonate (or, of

course, sodium chloride) but not by ammomiim

or potassium chloride

In patients with renal disease, edema may be

traced to tliree tj-pes of disturbance (1) to im-

pairment of sodium excretion due to the direct

effect of disease on renal processes mvoivcd in

salt excretion, (2) to hypoproteinemia, and 0) to

cardiac insufficiency, a common complication of

renal disea'se particularly m the presence of long-

standmg hypertension

The edema of acute glomerulonephritis is pn-
manly of the first type, due to the effect of dis-

ease on the renal processes mvoU ed m ''alt ex-

cretion, salt intake exceeds the capacity of the

kidney to excrete it, and edema results The pre-

dominant mechanism is probably a sudden and
aharp reduction m the rate of glomerular filtration

without an equivalent impairment of the capacity

of the tubules to reabsorb sodium salts, a condi-

tion frequently called “glomerulotubular unbal-

ance ” Through much of the course of chronic

glomerulonephritis, a new balance is struck so

that, despite reduction of the rate of glomerular

filtration, sodium reabsorption by the tubules is

reduced to an equivalent extent, and adequate

excretion of salt is maintained In the course of

chronic glomerulonephritis, edema may appear as

a result of any of the mechanisms noted aboi e,

because of the development of hypoproteinemia

or, particularly late in the course of the di«ea«e,

because glomerular filtration is reduced to such

low levels that it a no longer possible to maintain

more than a very low rate of salt excretion and

finally because cardiac insufficiency may be super-

impc^
In acute renal insufficiency the capacity to ex-

crete salt may be entirely lost Thus any salt and

fluid intake is retained in the form of edema ex

cept to the extent to which they may be lost by
extrarenal routes This situation represents the

extreme of edema formation due to impairment

of the renal processes for salt excretion

The classic example of edema resulting pnma-
nly from hypoprotememia is that which charac

lenzes the nephrotic syndrome In this disorder

the continuous loss ol large amounts of protem,

particularly albumin, m the urme taxes the capac

ity of the body mechanisms to synthesize albumin

and the plasma protem concentration falls As the

plasma protein concentration is reduced, the col-

loid osmotic pressure is lowered, particularly since

most of the colloid osmotic pressure of plasma is

normally attributable to its albumm concentra-

tion The lowering of the plasma colloid osmotic

pressure favors redistnbution of fluid volume

from plasma to interstitial space m accord with

the Starling hyqiothesis (see ch 3) It is impor-

tant to note that although this senes of events

favors expansion of the interstitial fluid volume

at the expense of the mtravaocular volume, no

Significant quantity of edema can be attnbuted to

this scries of events ahne, the intravascubr vol-

ume IS not large enough to yield a significant v ol-
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ume of edema without disastrouslj compromising

the circulation The production of hj-poprotem-

emic edema, then, requires, as docs all edema

formatJOD, retention of evce^s salt and water The
reduced intravascular volume favored bj the re

duction of colloid osmotic procure is, in all prob-

abihty, the stimulus for renal salt retention medi-

ated largely bj the secretion of salt retention

«terojd (aldosterone) b;^ the adrenal cortex A low

rate of glomerular filtration maj be a contnbu-

torj factor

That hj poproteincmia alone is not a sufficient

cau«c of edema in the nephrotic sjTidrome is in

dicated by the results of steroid treatment in this

disorder WTicn fully successful, treatment with

large doses of adrenocortical steroids produces

disappearance of proteinuria, restoration of the

pbsma protein concentration, and diuresis mth
disappearance of the edema However, m a num-
ber of instances in which the steroid is without

apparent effect on proteinuria or plasma protein

concentration, withdrawal of steroid therapj is

accompanied bv diuresis and loss of the edema,

although the plasma protein concentration re-

mains at its previous low lev el Spontaneous di

uresis witliout mcrea«e of the plasma protem

concentration ma} also occur

The edema of cardiac failure, whether a com-

plication of renal disease {hj-pcrtension) or not

depends on renal retention of excess salt Thus,

edema of 203 origin is a manifestation of dis-

ordered kidney function, m the case of heart fail

ure secondars to an abnorniaht3 of cardiac func-

tion Although the sequence of events leadmg to

edema in heart failure is disputed, the salt reten

tion which occurs is the result of mercased secre-

tion of ealt-activ e adrenocortical steroids, of some
reduction of renal blood flow and glomerular fil

tration m man} instances, and almost ccrtaml},

of an additional poorl} understood factor or fac-

tors as mdicated by the following observations

The administration of salt^activc steroids to nor-

mal experimental animals leads to only very little

retention ofsodium (much ofwhich replaces potas

Slum which is lost) and no edema If, however,

because of borderline cardiac insufficicnc} or ele

vation of venous pressure m a major segment of

the circulation the expenmental animal is prone

to the development of edema, sodium wiU be re-

tamed and edema will form—without reduction

of the rate of glomerular filtration The differ-

ence between edema formation and no edema for-

mation in these two expenmental situations is

neither m glomerular filtration nor the amount

of adrenocortical steroid administered mdicatmg
involvement of additional unidentified factors

Acidosis Inabihtj to maintain a normal level

of plasma bicarbonate (alkali re«crv e) in the face

of an acidifying intake is a common feature of

advanced renal disease of any t}!^ The most im-

portant factor responsible for the acidosis is de-

ficient abihty to fordi and excrete ammonia and

thus maintain the pla«ma bicarbonate concentra

tion m the face of the acid load provided by the

acidify mg components of the normal diet Usually

there is no defect in the ability of the kidney to

render the unne acid and highly acid unnes are

frequently observed m even the most advanced

renal failure Since there is no major change m
the excretion of weak acids, the output of titrate

able acid is not deprc««ed However, the reduced

number of nephrons is not adequate to form and

put out ammonia at a normal rate in the face of

even the usual much less any increa'ed demands

Tlius the strong acids denved from dietary

sources are excreted as the sodium or potassium,

rather than the ammonium salt and the blood

bicarbonate (alkali reserve) is depleted In some
cases an additional factor may contribute to the

acidosis in the form of a deficient ability to re

absorb bicarbonate completely when the plasma

bicarbonate concentration is at normal or only

shghtly lowered lev els

If bicarbonate is added to render the in^ke

effectively neutral, the acidosis of renal failure

may be absent In fact, if bicarbonate intake is

much more than that necessary for a neutral m
take, alkalosis may be relatively easily produced

smee the capacity to excrete bicarbonate at a

rapid rate is limited as a consequence of the re-

duction of the rate of glomerular filtration

As oppesed to the tendency to the dev elopment

of acidosis which is almost universal m advanced

renal disease of any type, acidosis 0/ renal origin

may occur as the result of a more or less specific

defect of renal function with renal function re-

mainmg relativ ely intact in other respects This

relatively imcommon condition is known as renal

tubular acvJosis In contrast to the acido«is of

renal insufficiency it appears to be due specifically

to an inability to render the unne normally acid

and not to a deficient capacity to form aaimoma
The maximum capacity to secrete hydrogen ion

m exchange for sodium can be shown to be nor-

mal, smee there is a normal maximum rate of bi-

carbonate rcabsorption when bicarbonate is ad-

ministered Under the«e conditions the urine is

alkaline and the secretion of hydrogen ion which

effects bicarbonate reab«orption occurs against
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Ij a very limited concentration gradient (see

34, p 559) However, as the bicarbonate con-

itration is reduced to normal or below, the

bules are unable to effect the complete removal

bicarbonate, this requirmg that the urme be

idered highly acid Hence bicarbonate escapes

the unne The defect appears to be m the abil-

to secrete hydrogen ion agamat any con«ider-

le concentration gradient Since the urme does

t become acid, the excretion of ammonia re-

ims low despite what is probably a normal

ihty to produce ammonia in the renal tubules

e p 659)

Reval I^stJFFICIENCY, uRESiiA Rcnal insuffi-

nc> is the general term for reduction of the

iction of the kidney It is manifested bj many
those physiological disturbances already

icnbed—impaired concentrating capacity, pol-

na, noctuna, acidosis and a general loss of

iibihty in the maintenance of normal body
npQ®itioam the face of the stress of departure

the intake from ideal Vrerma is the complex of

nptoms and signs ivhicb accompany advanced

lal insufficienc} It is charactenzed by anemia,

usca,vomitmg, weakness, tv itching, frequently

avulsions and terminally stupor and coma Al*

)Ugh it deni cs its name from the elci ated blood

>a concentration wluch is a universal finding m
3 presence of the syndrome, the urea retention

not primarily responsible for the sj’mptoms

that urea itself is cot responsible for the sb-

rmalities associated with uremia is shown by

eral observations Urea maj be adimmstered

normal mdividuals without producing signifi*

Qt disturbances In the uremic individual, the

xmI urea can be considerably reduced by re-

iction of the protem mtake vnthout otherwise

ccting the course of the di«order The improve-

:nt which can be produced in the uremic patient

dialysis with the ‘ artificial kidney” » not

t when urea is included in the dialysis bath so

it the blood urea is not removed by the dialysis

Disturbances of acid base balance and fluid

d electroly'te metabolism are also commonly

;«ent in uremia, and may
,
at times, contnbutc

or be responsible for certain of the symptoms

jiertheless, these electrolyte unbalances can

t be considered to be the major contributor to

2 picture of uremia, and the factor or factors

imanly responsible for the symptoms and sipis

naina umdentified It ls generally beheved that

SIC products of metabolism may ,
m the presence

depressed renal function, accumulate in the

Kly fluids till toxic concentrations arc reached

'Oiese substances, if they exist, have never been

adequately identified

Intrinsic Defects of Renal Tubular Funetum

As oppo«ed to the disturbances of renal func-

tion attributable to diffuse inflammatory or de-

^ncrative kidney disease, there are a number of

abnormalities due to deficiency of certam trans-

port mechanisms or groups of transport mech-

anisms Many of these defects are famihal or con-

genital though some may be acquired They are

for the most part uncommon, but warrant brief

mention because of theu- unusual physiological

mterest

One such defect, renal tubular aadosts, has been

mentioned above and the impairment of sodium-

hydrogen ion exchange described The disorder is,

at leastm some mstances, famihal It is frequently

associated with nephrocalcinosis and pyelone-

phritis, but these are quite probably secondary

rather than the cause of the renal abnonoahty

Kcpkrogenic diabetes ivsipipub isa rare con

genital familial disorder most often encountered

in males and characterized by the continuous ob

Iigatory excretion of dilute unne and conse

quently intense polyuna and secondarily polydip

eta The abnormality IS apparently due to inability

of the distal portions of the renal tubules to re

spond to pituitary antidiuretic hormone by a

decrease in tbe permeability to water Thus the

unne, diluted by salt removal in the distal portions

of the nephron fails to give up the excess of water

m tbe tubules and the water is lost m the unne
True or prtvtlary diabetes tnstptdus is character

ized by tbe same symptoms and aigna but is due to

a lack of sntidiuretic hormone secretion Tbe
tubules are normally responsive to antidiuretic

hormone in (his disorder which is much more fre

quent (ban tbe nephrogenic type Pituitary dts

betes insipidus is usually an acquired abnormality

secondary to injury to the pituitary and/or hypo
thalamus

Reval QfcTcoscniA IS characterised by the

excretion of glucose in the urine when the concentra

tion in the plasma is normal or low The abnor

matity is a defect in the mechanism by which glu

cose IS reabsorbed in the proximal tubule, other

proximal tubule functions may be normal Tbe

specific nature of the derangement is not known

There is some depression of the maximum capa

city to reabsorb glucose (Thiq), but there is also

coRoiderable excretion of glucose when the con

centration is below that required to saturate the

reabsorptive mechanism The possible interpre-

tations of this ‘ splay in the titration curve
'

are discussed on pages StO to &i3 of the preceding

chapter
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Renal MYrornospiiATEitiA (orVitaminD resist-

ant rickets) 18 a familial disorder characterized !>t

excretion of phosphate m the urine when the

plasma concentration is low It is attributable to a
defect of the phosphate resb^orptive mechanism
analogous to that for glucose in renal glycosuria

Auino ACioDniA Defects of ammo acid real>

sorption occur ns specific defects of certain trans

port mechanisms and as part of more generalized

disorders of renal tubular function An example of

the specific D pc is that know n as essential eysttn

una m Mhich the abnormality is limited todimin
islied reabsorption of c>stine, lysine, arginine and
ornithine The chief hazard derives from the form
ation of stones from the poorly soluble cjstine

Abnormalities involving certain other specific

ammo acids or groups of amino acids are also

known In addition defects ofammo acid reabsorp

tion may occur in several other disorders includ

ing, among others, IViIson's disease (fundsmen
tally a disturbance of copper metabolism), heavj

metal poisoning, and the Fanconi syndrome in

which ammo aciduria is associated mth defective

reab'-orption of glucose and phosphate and some
times nith renal tubular acidoais

DlXTUHBtNCES OF ReNAL FOSCTIOV
OP EmtARENAL Origin

The function of the kidney is dependent, for

the maintenance of glomerular filtration, on the

adequaej of the circulation The effect of shock,

leading as it may to sustained damage to the

kidnc>
,
has already been discussed In addition

several of the renal transport sj-stems for elec-

trolytes and water are regulated by the activity

of endocrine organs The function of these sj-s-

tems IS therefore subject to disturbance through

abnormal actmtj of the endocrine organs m the

form of either deficient or excessive '»ecretion of

hormones acting on the kidney Two such abnor-

mahties have alreadj been described in relation

to intrinsic renal disorders which they resemble

or to which they ate related

1 Pituitary diahetes vmpidus in which, be-

cause of deficiencj of antidiuretic hormone secre

tion, renal water reabsorption is dunmished and

a dilute unne is contmuously formed The con-

verse of this disorder may occur and a concen-

trated urine be formed when a reduced osmotic

pressure of body fluids would ordinanl> lead to

the formation of dilute urme, most often this is

due to the induction of antidiuretic hormone se-

cretion by non-osmotic stimuli

2 The excessive reabsorption of salt which

characterizes edevia formation and the contribu-

tion of hypersecretion of aldosterone ha\e been

discussed m relation to edema Excessive secre-

tion of aldosterone leads to accumulation of

edema onlj in the presence of factors predisposmg

to edema formation In the absence of such fac-

tors, the increased sodium reabsorption is limited,

and the major manifestation of hypersecretion of

aldosterone ls potassium loss rcsuUmg from stim-

ulation of secretion of potassium ion m exchange

for rcateorbed sodium If potassium loss due to

intrinsic renal disease with defective potassium

rcabsorption exists, it Ins not been demonstrated,

and excessive renal potassium excretion appears

to be due to excessive secretion of potassium by
the renal tubules generally stimulated by excess

adrenocortical hormone

In the absence of adrenocortical hormones

(adrenal tnsuj^ency, Addison’s disease) rcab-

sorption of sodium and secretion of potassium by
the renal tubules are defective Sodium loss in the

unne proceeds despite contraction of the extra

cellular fluid volume, whichmay becomemarkedly

reduced The potassium concentration of body

fluids becomes elevated AbnonnaJ Joss of sodium

in tbe unne despite sodium depletion may occa-

sionally result from renal disease, and may be

produced by inhibitors of sodium reab«orption

(diuretics)

The reabsorplion of phosphate bj the renal

tubules IS regulated by parathjTOid hormone

Excessive secretion of parathjToid hormone

(htfperparolhyroidtsm) is associated with loss of

phosphate m the unne, loss of parathjTOid func-

tion (hypaparalhyrcndtsm) leads to elevationof the

plasma phosphate concentration without an

equivalent increase m urinary excretion

Micturition

Oudtne of the Anatomy of the Urinary Tract

The muscular coat of the ureter is arranged in

three layen, an ezlernat longitudinal, a middle cir

cular and an internal longitudinal

The muscle of the •urinary bladder is also dis

posed in three layers, an external, a middle and an
internat Tbe fibers of the external lajer run longi

tudinally, that is, in tbe long axis of the bladder

The Wiers of the middle lajcr are thinly scattered,

they have a circular arrangement and run both

transTcrscly and obhquelj to the long axis of the

T18CUS The fibers of the internal layer follow a

reticular pattern but for the mo't part run longi

tudinally

The vesica! miicous membrane is separated from

the internal muscular la> er by a submucous coat of

loose areolar tissue The mucosa is thin and, when
the bladder IS empty or contains only a small quan

tit> of untie, has a corrugated appearance due to

the presence of numerous folds or rm/jae which dis
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appear when the bladder becomes dutended The
epithelium is of the transitional tJTJe When the

bladder is emptj the mucosa ahoiis several cell

lajers, but when distended only two strata ol cells

are to be seen, a deep stratum of cuboida) cells and
a superficial one of large squamous cells

The human bladder has a capacity of from 350

to 450 cc

The penloneum covers the superior surface of

the bladder only

The ureters pierce the wall of the fundus (or

base) of the bladder very obliquely From a half to

three quarters of an inch of their lower endsia em
bedded in the vesical muscle During contraetion

of the bladder wall these portions of the ureters

are compressed by the muscle fibers, thus prevent

log the reflux of unne as the intravesical pressure

nses The urethral onfiee which is situated at the

most dependent part of the bladder is guarded b>

the leeical sphincter (internal sphineter), formed bj
the condensation of the muscle fibers of the cir

cular layer The triangular area marked out by
the urethral orifice and the two ureteral onficea

IS called the trigone (tngonum testeae) The muscle

of the bladder wall is referred to as the detrusor

urinae The male urethra is embraced m its mem
braneous portion by the sphincter urethrae mem
broneeas, a striated muscle which is frequently re

ferred to as the external sphineter The bulbo

eaiernosus muscle, which is applied to the urethral

bulb and surrounds the corpora cavernosa penis,

also exerts a constnetor action upon the urethra

The urethral wall itself contains two la>era of

smooth muscle, an outer circular and an loner

longitudinal, in women (who do not possess an ex

ternal sphincter of striated muscle) this serves to

prevent the escape of unne after parsljsie of the

internal sphincter The epithelial bning of the

urethra is of the columnar type except near the

bladder where it is of the transitional vanety.aod

a short distance from the external urethral onfiee

where it is stratified and squamous

Filli>o op Tin: Biasdeb

The ureters exhibit rhj-thmical peristaltic con

tractions which travel at a speed of from 20 to

25 mm per second (rabbit) and at a frequency

from 1 to 5 per minute, according to the volume

of unne formed by the kidney The pcnstaltic

wav cs serve to propel the unne from the pelvis ol

the kidnej to the bladder The unne therefore

enters the bladder notm a continuous stream but

m separate squirts synchronous with the amval

of the penstaltic waves

The detrusor muscle exhibits two types of ac

tivitj
, a sustained contraction or tonus, and in

tcrmittent contractions

The bladder, m common with other hoHow

VTScem, is capable of adjusting its tone and so of

adapting its capacity to changes m the v olume of

its contents with relativelj little alteration m in

temal pressure It thus differs in its behavior from

an elastic hollow sphere composed of a non living

matenal For example, when a moderate quantity

of fluids IS run into the bladder through a cathe

ter the intravesical pressure shows a tran'nent

n<e, due to the tonic resistance offered by the

bladder wall but then declines again to near its

previous lev el as adaptation occurs As successive

votumea of fluid are introduced the curve of inlra

vesical pressure therefore shows a gradual step-

bke ascent until the bladder contents are unus

ually large From then on further additions of

fluid cause a much more abrupt nse in pressure

The adaptation is not to a constant pressure (15

cm of water), as was previously taught, but is

always to a pressure a little higher than that exist

ing before the fluid was introduced In the expen

menta of Denny Brown and Robertson upon

normal human subjects fluid was run into the

bladder 50 cc at a time An mcreare m volume

of the contents of the bladder from 60 cc to 400

cc caused bttle change in pressure (flg 35 1)

TlTien completely paralj zed (as dunng the first

two or three weeks following a transverse lesion

of the cord) the bladder does not behave in this

way
,
but simply as an inert clastic bag showing

no tendency to respond to an increase in tension

upon Its walls or to adapt itself to its contents

(Holmes), when successive quantities of fluid are

mtroduced the cun e of intravesical pressure nses

along a smooth line

Tension is the adequate stimulus for the sen

Bory end organs in the bladder wall IThcn there-

Fia 351 Curve of pressure changes in the

human bladder during filling (upper curve) and

emptying (lower curve) (After Denny Brown and

Robertson

)



Chapter 95 MICTURITION 679

/ore the bladder becomes distended bj the ac

cumulation of unne and the intravesical pre^rc
reaches a certain value, rlij^hnucal contractions

of the detrusor muscle are set up ^\s the pressure

n«es further these culminate m the mov ements

constituting the nuctuntion reflex, nan)pJ>, a
strong contraction of the detrusor muscle accom

panied bj relaxation of the mtcmal sphincter,

and followed bj opening of tlic external sphincter

It IS usually stated that the reflex occurs at an

intravesical pressure of from 15 to 18 cm of

water, but it maj be activated bj a pressure con

siderablj lower than this The unne is expelled

mth considerable force, the pressure within the

bladder nsing during t!ie contraction of the de

trusor to around 130 cm of water Since adapta

tion requires a certain time to take place, the

reflex IS activated at a lower unne volume than

usual if the accumulation of unne is rapid At
the av erage rate at n hich unne forms, mictuntion

occurs, unless restrained, after from 250 to 300

cc Iiavo collected

TnE VoLUVTART CovmoL OF MtcnmiTiov

The act of imctuntioa, although essential!) re

flex in nature, is usually mitiatcd bj an effort of

the will, it also can be voluntanl) mhibited or be

interrupted at any stage The desire to urmatc is

accompanied by a vague feeling in the perns or

penneum The sensation appears when the unne

volume IS from 200 to 300 cc If the act is long

postponed a feeling of fullness and discomfort

culminatingjnjsam results It is only in the infant

or when, as a result of disease, the bladder is iso

lated from the control of the higher nervous cen

ters, that micturition is a purely reflex act Under

ordiaar} circumstances in the adult when the

desire to micturate arises, the act is restrained

until an opportumtj for empt)nng the bladder

presents itself The restraint is then hfted and the

reflex occurs automatically

The voluntary restraint exerted upon miclun

tion consists, according to Denny Brown and

Robertson, of inhibition of the detrusor with con

traction of the external sphmeter and penneal

muscles No evidence was obtained bj these ob

servers that the internal sphincter was under di

rect voluntary control, although a reciprocal

mcrease m tone of the sphincter muscle accoro

pames inhibition of the detrusor It was found

that at a certain unne volume, contractions of the

bladder and a consequent nae m mtrav^cal

pressure could be readily induced by an effort of

the will, contraction of the abdominal muscles

was not necossardy associated with the perform

ance of the act The remov al of restraint and the

voluntary facihtation of the spontaneous blad

der contractions are considered to bo the impor

tant factors At low unne volumes restraint is

apparently exercised subconsciously These ob
servers therefore regard the act of micturition as

being normally controlled through variations in

voluntary and subconscious restraint of the reflex

mechanism Micturition, therefore presents a very

unusual feature in that mov ements innervated by

autonomic nerves can be controlled by voluntary

impulses The Jughcr centers Irom which the in

lubitory impulses emanate are situated m the

hvpothalamiw and cerebral cortex probably m
area 4

Although the abdominal muscles play a non

essential part in micturition, the act, under onh

nary circumstances, is started by the contraction

of thc«c muscles, and it is well known that the

bladder can be emptied although it contains only

a few cubic centimeters of unne The flow of unne

13 also accelerated during micturition by tbe nse

m intra abdominal pressure induced bv the vol

untary contraction of the abdominal muscles Re
laxatioa of the muscles of the penneum occurs as

an associated movement at the commencement of

mictuntion After the bladder has been emptied

the bulbocavcrnosus muscle (ejaculator unnae)

contracts and expels unne which had been left in

tbe urethra

Contractions set up in a distended bladder by

sudden increases of intra abdominal pressure act

mg upon tfie vi'tcus, as in coughing sacezing,

defecation, etc , may, by foremg a little unne

past the sphincter into the urethra, cause mictun

tion unless a strong effort of the will is exercised

Psychic influences may also mduce bladder con

tractions which evoke the act unless opposed by

restraint The lifting of voluntary inhibition, un

Jess the bladder is fully distended, may on tbe

other hand be prevented and the power to nuc

turate be temporaniy lost, as when a shy or

nenrous examinee is asked for a specimen of unne

in the presence of another person

The Reflex Mechamsms of Mictdsitiov

Bamngton desenbes six integrated reflexes as

constituting the act of mictuntion in the cat,

namely

(J) Conlraclton oj the detrusor evoked by dis

tending tbe bladder tbe afferent and efferent limbs

of this reflex are jo the pelvic nerves its center in

the hind brain Contraction of the detrusor is ac



580 EXCHEmoS OF URINE S<dion IV

companied by reciprocal rclaxatioa of the internal

sphincter

(2) Contraction of the detrusor cau<iecl by ruamag
fluid through the urethra The afferent pathway
for this response is in the pudendal (pudic) nerves,

its efferent limb in the pelvic nerves and its center

in the hind brain Through this reflex the contrac

tion of the detrusor caused by the first reflet is

sustained until the bladder is completely emptied

(3) Contraction of the detrusor (transient and
weak) when the proximal portion of the urethra

vs distended The hypogastric nerves eonlavn both
afferent and efferent paths for this reflex, its cen
ter IS in the sacral part of the cord

(4) Relaxation of the external spkineler when
fluid passes along the urethra Afferent and effer

ent fibers are in the pudendal (pudic) nerves, the

center is in the sacral part of the cord

(5) Relaxation of the external tphtneUr vhen the

bladder is distended The afferent path is m the

pelvic, the etterent in the pudendal nerves its

center in the sacral part of the cord

(6) Relaxation of the plain muscle in Ike proximal

third of the urethra caused by distending the blad

der Both afferent and efferent paths of the reflex

are in the pelvic nerves its center is in the sacral

part of the cord

In the normal act of micturition the first of

these reflexes, namely
,
contraction of the detrusor

m responso to distention of the bladder, bnngs

tlie others, mth the exception of the third auto

maticaUy into action It is questionable whether

the third reflex is called into plaj under ordinary

circumstances

The I^^ERVATlov or the UficNARy Tract

The ureters m their upper part receive sympa

thetic fibtrs from the renal plexus,m their middle

part from the Bpermatic (or ovarian) plexas and

near the bladder from the hjpogastnc nerves

Tlie sympathetic fibers to the ureters exert a pre-

dominantly motor effect, although it appears that

inhibitory fibers are also derived from the sympa

thetic It IS thought bj some that the ureter

receives fibers from the parasympathetic as well,

since certain parasympathomimetic drugs cause

motor effects The existence of a parasympathetic

innervation has not been demonstrated anatom

icallj

The e^erenl nerve4 to the bladder are the sympa

tlietic and parasympathetic The tympaihetu fur

nishes inhibitorj fibers to the detrusor ronscle,

and motor fibers to the tngone, internal sphincter,

and the smooth muscle ol the proximal part of

the urethra ’ These fibers arise from the lumbar

* The Bympathetic also causes contraction of the
ureteral onficea and of the muscle of the seminal
vesicles, ejaculatory ducts and prostate

spinal segments and pass through the inferior

mesentenc plexus, the superior hj pogastne plems
(prcsaeral nerve) and the inferior hj-pogastnc

plexus to reach the hjTxigastnc ganglion (fig

352) Postganglionic fibers, which probably have
thar ongms in the latter ganghon, enter into the

formation of the vesical plexus, this lies m rcla

tion to the fundus of the bladder (the h> pogastnes

in some species apparently contain motor as well

as inhibitory fibers)

When the hypogastnc nerves are stimulated

electncally, a bnef contraction of the detrusor

muscle precedes the inhibitory effect (fig 35 3)

The parasi/mpathette supplies motor fibers to

the detrusor muscle (which govern the tonus and
contractile mechanisms) and inhibitory fibers to

the internal sphincter The sympathetic and para

sympathetic nerves are therefore reciprocal in

their actions The parasympathetic fibers arise

Fin 35 2 To show intiBTvatvon of the bladder
(After LearmoDtb )

A e

Fio "ISS Kvaiographic lecordv showing initial

contraction followed by inhibition of the detruw
muscle in response to faradic Btimulatio^n of the

hypogastnc nerves in a dog in which the sacral

preganglionic narasvmpathetic outflow had been

mtemipted (After Kuntz and Saccomanno

)
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from the second and third sacral spinal segments

and to some extent from the first and fourth

Thej ire coniejcd m the pchic nenes (nervi

engentes) to connect wnth ganglion cells Ijing in

clo«e relation to the bladder i\all (sec also ch 71)

According to Ilendopson and Roopke, the tonus

mechanism is chohncrgic (ch 71) but not the

phasic contractions

Both sets of autonomic nerves apparently exert

a constant influence upon the tone of the detrusor

and internal sphincter, the effect of one set being

balanced against the other Section of the aj-m

pathetic or parasympathetic causes, respectiiely,

an increase or decrease in tone of the sphincter

In pare‘»!3 of the bladder due to injurj of the

paras\Tnpathetic inneiaoition, excision of tlie prC'

sacral nerae is somotimes performed with the ob

ject of remoxang the inhibitorj influence of the

ejinpatlietic and thus enliancing the action of the

pelxicnerves loluntaij control of the detrusor is

exerted apparently through the pehne nerves

The striated muscle constituting the external

spliinctcr IS innervated through the pudendal

(pudic) nerves

The afferent paths from the bladder travel in

both petme and hypogaetnc nenes, those from the

urethra m the pudendal nerves The afferent

fibers es«ential for the reflex movements of the

bladder are contained m the pehac nenes, those

for the movements of the urethra m the puden

dais The hj^ogastne nerves contam no afferents

for any of the unportant reflex mecliamsms The
sensations set up bj distension of the bladder are

convejed in both the pelvic and hypogastric

nenes The sensation of pam travels chiefly m
the hj-pogastnes, but also in the peine nerves

Excision of the presacral nen e is practised for the

relief of vesical pain Tactile and thermal sensa

tions and the sensation of pressure or fllhog of

the bladder are conveyed mainly in the pelvic

nerv es (Learmonth)

The Nerve Ce>teks Goterm>o Micturition

Centers for mictuntion are situatedm the nud

brain, hmd brain and spinal cord The observa

tions cited in the section on the voluntary contiol

of the detrusor mxisde also indicate the existence

of a center at the cortical level, and electrical ex

citation of the premotor area causes a nse m
vesicle pressure followed by micturition Increase

in the tone of the bladder wall follows electncal

stimulation of the antenor hj potbalamic nudei,

stimulation of the posterior nuclei causes mbiEn

tion (Beatty and Kerr)

Barrington, experimenting vnth cats, found

that destruction of a small area of the hind brain

(lying ventral to the internal edge of the superior

cerebellar peduncle and extending forward from

the level of the motor nucleus of the fifth nerve

to the antenor end of the hind brain) tcmporanlj

abolished the animal's ability to empty its bladder

voluntanly Destruction of an area m tlie mid

brain extending from the v enfral part of the pos

tenor end of the cerebral aqueduct to just beyond

the mesencepbabc root of the fifth nerve, was fol

lowed by permanent loss of voluntary mictu

nlion

Tlie reflex performance of the act w as not how
ever, impaired A more extensive lesion in the

r^on of the mesencephalic root caused, in addi

lion, frequency of mictuntion Levan and Long

vvorth observed that, in cats injury to the

tegmentum of the mid brain was followedimmedi
ately by hyperactivity of the detrusor muscle to

stretch The capacity of the bladder becomes re

duced as a consequence, and rbytlimic waves of

contraction appear After a time, this increased

activity diminishes and the bladder enlarges

again

Tlie spinal centem he in the second, third and

fourth sacral segments Only the third fourth

fifth and sixth reflexes described in the section on

reflex meebamsms are earned out through the

spinal centers

The descending and ascending paths conv eying

impulses to and from the spinal centers of imc

luntion are situated in the dorsal half of the

lateral column of the cord near its periphery,

i e , in close proximity to the pyTamidal tract

The fibere of these paths show extensive crossing

in the sacral segments (Bamngton)

The Effects of Nerve Section am> of

Cord Injuries on Micturition

Section of the hypogastric (presacral) nerves

does not interfere with micturition, these nerves

contain neither efferent nor afferent fibers essen

tial for the performance of the act Incontinence

which might be expected to re«ult (since motor

fibers are conveyed by this nerve to the internal

sphincter) does not occur Indeed jncontioence

does not follow a prostatectomy operation involv

mg destruction of the internal sphincter, for the

external sphincter is capable alone of preventing

the escape of urine Frequency of mictuntion was
found by Barnogton to follow section of the hypo
gastnea in the cat, it also occurs as a temporary

effect of resection of the presacral nerv^in the

human subject The phenomenon is due appar
ently, to the lo«s of the inhibitory

sympathetic upon the tone of the detr
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impaiTinent of the abjlity of the bladder to adapt

its capacity to as large a volume of unne as usual

Section of the pudendal nerves in the human
subject IS also according to Learmonth, aitbout

any notable effect upon mictuntion, though of

course paralysis of the external sphincter results

Section of the pelvics causes paralysis of the
bladder wall The detrusor is atonic, the tone of

the internal sphincter is raised Retention of unne
oith overdistension of the bladder and overflow

—

dnbbling—occurs Barrington found that the tone

of the sphincter diminisbcd after a few days and
the animali apparently experiencing the seDsalioo

of fullness of the bladder, assumed the usual posi

tion for micturition and performed the act by a
contraction of its abdominal muscles

Severance of the posterior sacral nerve roots is

followed immediately by the loss of all the impor
tant reflexes of mictuntion since the afTerent

paths (through the pelvics and pudendals) are

interrupted, the bladder wall is flaccid and the

reMstance at the internal sphincter is increased

However, after a penod of overdistension with

overflow incontinence, the bladder may empty
automatically at intervals The sensations, except

pain of overdistension (alTerent fibers of hypo
gastncs intact) are retained

Destruction of the sacral nerves (as in lesions of

the cauda equina) or of the spinal centers will in

tcrnipt not only motor impulses to the bladder,

but also the ailerent impulses travelling by the

pelvics and pudendals The bladder is then com
pletel} isolated from central nervous control, but.

after a period of retention of unne with overflow

It ma> partially expel its contents automatically

The detrusor and internal sphincter act coordi

nstely Such an action suggests a neural mecha
msm of some sort It occurs in animals even after

the hypogastnes have been sectioned as well and

time allowed for degeneration to occur, it cannot

therefore be due to preganglionic axon reflexes

Probably, in such and other instances in which

motor imputes from the central nervous system

have been interrupted, local reflex arcs through

ganglion cells in the vesical plexus or bladder wall

are responsible for the automatic action The iat

ter 18 only a makeshift for the normal mictuntion

reflex since the bladder is not completely emptied

but alwajs retains a part of its contents (residual

urine) McLennan draw s attention to the fact that

the state of the bladder after the afferent bmb of

the reflex arc is interrupted as in tabes is different

from that, following destruction of both afferent

and efferent limbs In the former the bladder is

lax (hjpotonic; and of large capacity, whereas in

the latter it is hypertomc and of normal capacity

The reason for such a difference is obscure

After transection of the cord above the aaeral

region, normal mictuntion cannot occur Never
tbeless, after a variable penod of retention with

overflow the spinal (sacral) centers assume control

and the bladder empties at intervals automatically
(see also mass reflex, ch 63) Owing to the ab«enee
of the first and second reflexes of Barrington
which, as just mentioned, are governed bj higher
centers, the bladder does not empty itself com
pletely, but always contains a quantity of residual

Unne
Bladder sensibility is completel} lost following

section of the hypogastnes and pelvic nerves or

transection of the cord above the entrance of the

afferent fibers of the hjpogastnea Injury or dis

ease (e g , tabes) of the po^tenor columns involv
mg these fibers together snth those from the sacral

roots mil have a similar effect

Bilateral lesions of cortical areas 4 and 6 in man
abolish voluntary control of the bladder, unnary
incontinence results Incontinence is seen not un
Commonly in the aged, and may occur though no
organic lesion is apparent, it is attributed to im
pairment of voluntary control by the cortical

centers

Nocturnat enuresis, or the passage of unne dur

mg sleep, occurs id joung children up to an age

which vanes considerably, and may be attributed

to the undeveloped state of the neural mechanism
through which the act of mictuntioQis voluntarily

Inhibited But enuresis during sleep sometimes
persists beyond the usual time and even to adult

age It may then be associated with some definite

organic abnormality e g , in the lumbo sacrsl

vertebrae, e g , spina bifida occulta, but nocturnol

enuresis in the adult is usually related to some
functional neurological disorder, or to psycho

logical factors Evidence of pelvic autonomic d>s

function or psychiatric conditions in the subject s

immediate family are present in a large proportion

of Such persons In others there is definite mental

deficiency
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SECTION FIVE
Digestion

36
THE SALIVAKY GLANDS AND THE SECRETION OF SALIVA

General Description of the Digestive Glands

0/ the tnan^ secretions that are pourwl into the

ahmentarj canjl, some are /ormed b; the cells of

the mucous membrane lining the s anous hollow

organs, others are formed h\ ghnds tliat ma> be
in the submucosa or entireh outside the digestne

tube and arc connected w ith it bj means of ducts

The products of the ghnds are referred to as ex-

ternal secretions becau'e the alimcntarj canal »
considered to be an extension of the external

surface of the bod} and its contents to beactuall}
' outride’ the bodj The secreting cells are epi-

thelial celU and with the possible exception of

some of the salnarj gland cells, arc derned from

the entoderm

Secreting ceils are classified as apomne, hdio-

enne, or meroertne, according to the manner m
which the} discharge their secretion In apoenne
cells, secretory products become concentrated in

the luminal end of the cell and are discharged into

the lumen of the aJi eojus or duct along with the

portion of the cell in which thej ba^e accumu
lated Certain cells of the cat's submaxillar}

gbnd are said to secrete in tins manner In the

case of holocrme cells the entire cel! along with its

accumulated secretion is discharged mto the

lumen and forms the secretion of the gland ex-

amples ire the secreting cells of the sebaceous

glands A possible example in the gastrointestinal

tract IS the sheddmg of the mtestmal epithebum

described in chapter 40 under the head of In-

fesUnal Secretion A merocrine cell remains intact

and discharges its secretorj products through

the cell membrane, examples are the acinous cells

of the pancreas and mo^t of the other digestne

glands

The glands themsehes are classified according

to their cellular composition as—^liomocrine i e

haring secreton tubules lined with ceils of one

tjTie onl} or heterocrine, having «ceretory tubules

Imeil with Cells of more than one tjTe Mo*t of

the digestne glands are of the heterocrine t}pe

Glands haiealso been classified as monopt}cliial

of'pofj'pt) chial depending upon whether the

secreting cells are arranged in one Ia> er or la more

than one la^er The pancreatic acmi are monop-

t>chiai and the «ubmaxillar> and subUngual

glands are pobTitj chial according M> this classi-

fication

IMecbamsms of Secretion

The secretions of the digestn e glands oon«L«t

of wafer other inorganic raaterais and organic

substances The organic matter consists prmci

pallj of cnzjTnes and raucoprotem Tlie wafer

ob\iou«l} Comes from the blood b} waj of the

tissue fluid since the total dail} \oliime of the

digestir-e fecretions far exceeds the total roJuine

of the glands Unless the gland is one which se-

cretes hydrochloric acid or eodmm bicarbonate

the inorganic constituents are those that are com-

mon to the body fluids and are usually present in

approximate!} the ®ame proportions in n hich the}

occur m theee fluids The osmolar concentration

of most of the dige®ti\e secretions is considered

to be the same as that of the blood plasma wTth

the exception of «ali\a which is hj^otome Ac

cording to some observers gastne juice maj be

hvpertonie when first secreted

TSince mucus u a protem and all the enzjTnes are

protein in nature, «ecretion of organic matter by

the di^atue glands miohes e\ten«ne protem

sxnthesisf IVe recognize two stages m the produc

tion of the organic materials, a stage of

585
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sjTithesis or manufacture of the secretory prod-

ucts withm the cell and, «econd, a stage of secre-

tion in which the secretorj products are dis-

charged into the ducts, along with a certain

amount of water and inorganic salts So far as we
know at present, the first or s^Tithetie stage goes

on continuously although it may be modified by
secretory stimuli and is influenced by those en-

vironmental conditions which alter the general

metabobsm of the gland cell Presumably, pro-

tein synthesis is a reversible process and subject

to the Uw of mass action That is to say , the rate

of synthesis will be accelerated by increasing the

concentration of the raw materials or reacting

substances, amino acids chiefly, and will be re-

tarded by accumulation of the synthesized pro-

tein, provided the protein remains in solation

The situation is so complicated, however, that

such a simple scheme w-ould probably need ex-

tensive alteration before it could be applied in a

quantitative manner Actually
,
m most instances,

the symthesued material appears to be precipi-

tated within the gland m the form of secretory

granules

The formation of secretory granules « a fasci

natmg process which has been studied extensively

but 13 still only imperfectly understood Appar
ently the granules begin to form first in tbe vi-

cinity of the Golgi apparatus, where they remain

dunng tbe period of growth and maturation and

when ^]ly developed are transported toward the

apical, or luminal portion of the cell where they

lend to ttccumuUtc WTien allowed to accumulate

m sufficiently hrge numbers they may dispbcc

the nucleus of the cell toward the base and even

inv vde the protopbsra between the nucleus and

the ba-^e of the cell Secretory granules accumu

bte m resting cells, that is, cells which have not

been stimulated to discharge their secretion into

the ducts of the gland In the digestive glands

this occurs in the fasting state or in the inter-

dige'tiv e periods When the glands are stimulated

to «ecrete as the digestive glands are during di

gestion, the granular material is discharged into

the ducts of the gland usually accompanied by

w ater and morganic salts In spite of the existence

of secretory granules most of the digestive en-

zymes appear to be present m the gland m dif-

fusible form at gome time in the process of syn-

thesis At any rate mo't of them may be foundm
the blooil in raeasumble amounts, presumably

having got there by diffusion from the secretoiy

cells

In the ensp of those enzymes which have the

capacity to destroy tissue, eg, the proteolytic

enzymes, the material synthesized in the secreting

eeDs IS not the enzyme itself but a precursor

called a zymogen, for example, pep«m is syn-

thesized as pepsinogen, a proteolyiiically inactive

protein, and trypsm as trypsinogen, which is in-

active The lipases are synthesized as such but are

comparatively inactive except in tbe presence of

surface active agents such as bile which are not

normally present in the tissues Another dev ice by
w hich the gbnds that secrete proteolytic enzymes
are protected from digestion by their own secre-

tory products IS by the ebboration of antien-

zymes, for example, the pancreas contains an

antitrypsin which inactivates trypsm and un
doubtedly serves to protect the gland from diges-

tion by the small amounts of active tryp«in that

may accidentally be formed in the acinous cells

An antitry'psm is al«o secreted mto the pancreatic

juice and probably serves to prevent activation

of the trypsinogen witbin tbe ducts

Since the dige<tive gbneb secrete water and

salts as well as enzymes the secretion of these

two classes of products may be stimulated «cpa

rately, at least in some of tbe digestive glands

One of the early physiologists to tecogwize this

fact was R Heidenhain (187S), who undertook

to differentiate between the nerve fibers which,

when stimulated C3u«e secretion of organic mat-

ter and those w hich cause secretion of water and

salts tbe former he designated as trophie fibers

and the latter as $ecTelory fibers The terms are

confusing particularly since the word trophic

more properly pertains to synthesis than to dis-

charge from the cell of the organic matter m the

eccretion Furthermore, the word secretory has

become firmly fixed m the bnguage as pertammg

to the whole process of secretion (and will be used

u> that ecn<=e throughout this discussion) Babkin

has suggested that tbe adjective kydrelaiie be

used in pbee of secretory and ecbolie in pbee of

trophic Babkin’s terms, although more nearly

roirect, are not euphonious and perhaps for that

reason have not come into general use

Salivary Glands

OrHEBAL FoBM AM) MxVUTE StBUCTCSE

Hie first secretion encountered by the food is

ealtv'B This fluid is secreted by three pain of

gbnds known as the parotid, submaxiUary and

fiublmgual glands, and by numerous smaller

gbnds scattered throughout the mucous mem
bnne of the mouth and pliarynx The pirotid

gbnd, the largest of the sabvary glands, is situ-

ated at the side of the face below and in front of
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the cir nnd the nwstoad process, and in front of

tlie stemomastoid muscle A process of the gland

known as the retromandibular process, passes

mediallj behind the ramus of the mandible The
parotid gLmds are snolJen and therefore con

ipicuous m a person liaving mumps The duct of

the parotid gland, known as the parotid duct,

also called Stensen's duct, after reaching the

anterior border of the gland runs foraard, e\-

temal to the masseter muscle and crossing it,

turns around the anterior border of this muscle

and runs medialwnrd through the fat of the check,

at right angles to the first part of its course, to the

buccinator muscle which it pierces to reach the

mucous membrane of the check After running

for 'ysme distance under the mucous membrane,
it forms a small papilla through which it com
mUDJcates with the oral caaitj The opening is

oppo'ite the crown of the second upper molar

tooth

The submaxdlarj glands are next m sue to the

parotid, the} are placed in the submaxiUaiy tri-

angle medial to the mandible The postenor end

of the gUnd lies aerj close to the stemomastoid

muscle The submaxiUarj duct, also known as

RTiarton’s duct, runs from the deep surface of

the gland along the m}loh}loid muscle beneath

the floor of the mouth on the medial side of the

«ublmgual gland, to open on the floor of the

mouth at the side of the frenulum linguae, on the

summit of the soft papilla known as the caruncula

sublmgualis The sublingual glands tic immedi-

ately below the mucous membrane of the floor

of the mouth These glands pour their secretioo

Into the mouth, under the tongue, through a large

number of ducts which arise near the upper

borders of the glands and, after a short course,

open upon a series of papillae along the summits

of the pbcae sublingualis

*Two t}'pes of cellsjmucous and serous, can be

recognized m microscopic sections of the saJiiary

glands The mucous cells have large translucent

granules which readily transmit light so that m
thm sections they appear transparent The serous

cells have small granules that are more opaque
and appear darker m sections than the mucous
cells The serous cells secrete a thin, watery fluid

containing the starch splitting enzyme, ptjahn
Tlie mucou« cells secrete mucus mainljj

In the sahvary glands the cells of the glandular

tissue are aggregated into a great number of smatl

groups, with the individual cells arranged m a
single layer around a small central cavity or

ah eolus The cells are more or less w edge-shaped

with their apices convergmg toward the central

cavity and their baf=es directed outwards They
dischai^c their secretion into the alveolus which

IS drained b> a fine duct Ducts from neighboring

aivcoh join to form ducts of larger cahber which

unite again to form still larger trunks, untd

flnalt} through a succession of junctions and the

formation of channels of ever increasing size,{the

secretion flows into the mouth by a single large

duet, in the ease of the fiubmaxdlaiy and parotid

glantls, or by several of medium size in the case

of tlie subhngual^he general arrangement of the

ducts reminds one of the stem branchings of a

bunch of grapes—the rounded alveoli at the ends

of the finest channels correspondmg to the grapes

Glands shownng such a pattern are, therefore

termed raeemose The ducts ate named, in ac

cordance with their location, intralobular or in

krlebular The former drain a single alveolus or a

group of alveoli The latter he betw een the lobules

each bemg formed by the umon of a number of

mtralobubr ducts The narrowed part of the

intralobular duct lying nearer to the alveolus is

known as the uOimue, or more usually the tnfer

calary duct

In addition to the two types of secreting epi-

thelium,Qahi ary gland? have three different

types of cell? in their ducts In the mtercalary

ducts that lead directly away from the alveoli,

the epithelium is cuboidal m character In the

mtralobular ducts it is columnar and present? a
peculiar rod-sliaped appearance resembling m
this respect some of the cells of the renal tubules

In the interlobular and sublobular ducts the

epithelium is cylindrical The fact that the cells

differ m structure suggests that then functions

Hiffprpnf. The rod shaped epithelium of

the mtralobular ducts is particularly suggestive

of a secretory or reabsorptive function Evidence

presented later, under the head of eledrophysv-

©fogy, indicates that these cells reab'^orb sodium

from the saliva as it passes through the ducts

Stimulation of the sympathetic nerves to the

salivary glands sometimes causes a sudden gush

of sahva from the gland This suggests that some

previously secreted saliva i? being pressed out

of the gland or its ducts as though by contractio^

of these structures, yet neither the secreting cells

nor the duct cells hav e the structure of contractile

tissue and there is no smooth muscle in the gbnds

other than that of the blood vessels-^Tie contrac-

tileelements are probably to be <50Ughtm w hat are

known as "myoepithelial ' cells or ' basket' cells

which have been described in detail by Zinuner-

man (1927) These are flat or star-shaped cells

which he between the basal membrane and the
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Fio 36 1 Human eubmaxillary gland abowing
both mueoua and aeroua groups of cells Inseru are
vievs with oil immersion z^miogen granules are
clearly shown (After Stormont fromCoadrya
Sjiteial Cytology )

secretory cell^Thej are modified epithelial cells

and thej maj hate a contractile function al

though there is no clear evidence of such They are

dislnbuled around the aheoh and the slnaled

ducts, the latter are often somewhat dibted as

though serving a re«ervoir function

"[6lie aheoli of the parotid gbnd consist en

tirelj, of serous cells, parotid secretion, when col-

lected separately from that of the other glands,

has the characteristic waterj character of serous

secretion The submaxillar^ gland contains some

aheoli made up of mucous cells and otbera made

up of serous cells, the two types may be seen

side bj side and in about equal numbers In addi-

tion, many of the mucous aheoli ha\e clusters of

serous cells applied to their deep surface which

appear to fonn caps, these, in section, are crescen-

tic m sliape and they have, therefore, been given

the name of demilune ceEs The secretion of the^

cells is bcliev ed to reach the lumen of the alveolus

cells shown a granular structure The fine granules

of the serous cells are believed to furni«h the en-

zyme of the secretion and are called zymogen
granules The muemogen granules ol the mucous

celb provide the mucm that gives to the secre-

tion of these cells its slrnij character ^lien the

glands are m the restmg state the granules ac-

cumulate and the fine zjmogen granules maj
load the cytoplasm to such an extent that the

nucleus is almost obscured IFhen the glands enter

upon secretory activity, the granules, whether

zymogen or muemogen, become le«s numerous as

a result of their extrusion mto the alv eolar cav itj

After a prolonged period of secretion, only a few

remain, these are m the region of the cell border-

ing the cavity of the alveolus the rest havmg been

discharged along with the water and other con-

stituents of the secretion After a period of rest

they accumulate again and gradually fill the cel)

Reculatiov op Salivary Secretiov

Enough saliva is secreted continuously to keep

the mucous membrane of the mouth and pliarvTix

moist but durmg msstication and swallowing of

food the amount of secrciton is increased Also it

appears that the character of the secretion is

adapted in some degree to the type of food under-

going mastication As we shall learn later on, there

are at least two wavs of regulating the secretion

of the digestive glands one is through the ner-

vous system and the other by means of hormone*

In the case of the salivary glands it is believed

that the regulation is exclusnelv through the

nervous system At any rate all efforts to date to

find a salivatory hormone have failed

Innermtion of Salnary Glandt

TTie glands are supplied with secretorv nerves

from two sources—the bulbar and the Ihoraaco-

f«m6or divisions of the autonomic rtenous Byslem

(ch 71) The bulbar centers consist of a group of

nerve cells which runs forward from the anterior

end of the glossopharyTigeal nucleus to the sen

sory nucleus of the facial nerve The anterior

(rostral) part is termed the superior sabratory

nucleus, and governs secretion by the «ubinaxil

lary gland, the posterior (caudal) part, called the

inferior salivatory nucleus controls secretion by

the parotid gland

Ihe submanllary and sublingual glands receive

by means of small canalicuh between the mucous secretory impulses through the chorda Ijtnpam

cells lining the alveolus The sublingual glands nme These fibers have the following course

have a similar structure, except that the «€rmis aCArismg from the superior sabtalory nucleus they

elements ore less prommenQ leave the brain in the nervus inUrmediiis of H ns-

The cytoplasm of both the serous and mucous berg (ch 65) They pass without mferruption

4
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through the genicular ganglion of the facial nerve

and def-cend with the facial to the pom^wherc its

chorda bjmpanx branch la gi\en of! They enter

this nene which upon approaching the cavity of

the mouth joins the hngual nen e In the floor of

the mouth the secretory fibers' leaac the lingual

again to make connections with the nerve cells of

small ganglia From the«e, postganglionic fiber*

arise which terminate by fine arborizations around

the secretory cells (fig 36 2) Tlie ganglia fumi^
ing fibers to the submaxillary gland arc small

and numerous, and arc situated in the hilum

of the gland The sublingual gland contains no

ganglion cells, it receives its po'tganglionic fibers

from a small ganglion—the submanllary ganglion

—situated in tbe cour«e of the chorda fibers ju«t

beyond their point of «eparalion from the lingual

and before they enter the gland (sec diagram

fig 36 3)

The sj/mpafAeltc supply (postganglionic fibers)

13 denvecl from the superior cervical ganglion

The fibers reach the gbnd «a the plevuses of the

external carotid artery and its branches The pre-

ganghonic fibers arise from the upper one or two

thoracic segments of the cord Fine filaments end

in the secretory cells

The chorda tjTnpani also carries dihlar fibers

to the blood vessels of the gbnd, rasoconstnetor

)?6ers are derived from the sympathetic

(The bulbar fibers to the parotid pursue the first

part of their course m the glossopharyTigeal but

they follow a devious path before finally ter-

minating around the gbnd cells They arise m the

medulb from tbe inferior saliiatory nucleus At
tfie jugufar tbramen they separate from tfie gfosso-

pharyngeal (petrous ganglion) m its tympanic

branch {Jacobson sN), and after passmg into the

trunk of the small superficial petrosal nme arc

conveyed to the oiic ganglion There they com

Fio 362 Showing distribution of parasy'mpa
thetie secretory nerves to cells and blood vessels
of Bubmaxillary gland of rabbit (From Stormont
in Cowdry s Special Cytology

)

Fio 363 Diagram of the parasympathetic
nerve supply of the eahvsry glands 8 S N supe
nor salivatory nucleus I S N inferior eabvatory
nucleus S G submaxillarj ganglion T P tym
panic plexus

municate with ganglion cells from which post-

ganglionic fibers ari<c Tbe btter are transmitted

by the aunculo-tempcral branch of the fifth ncA e

to the gbnd cells The parotid also receives

sympathetic secretory fibers The cell stations of

the btter as in the case of the submaxilbry and

subhngual he m the superior cervical ganglion

dvb/tfv Gift’s A? tbff Mwvd i trs i si rtTih

the bulbar fibers The v’asoconstnctor fibers are

furnished by the sympathetic, and follow the

blood vessels mto the gbnd

Sttmulofton of the Secretory Nerves—
Electrophysiology

Electrical stunubtion of the nerves to the

salivary gbnds produces difierent results m dif

ferent species of anunab Stimubtion of the para-

syTDpathetic nerv es usually produces an abundant

flow of quite watery saliv a regardless of the gbnd
or species studied but stimulation of the sympa-

thetic secretoiy fibers to the eubmaxilbiy or sub-

lingual gbnds although causing an abundant se-

cretion lo the cat, causes only a scanty and very

visad •’ecretion in the dog Even in the cat m
which the secretion is fairly abundant, the com-
pooitiOQ of sympathetic saliv-a is different from

that obtamed on stimubtion of the parasympa-

thetic nerves There is no clear proof that tbe
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sjTnpathetic trunks contain secretory fibers for

the parotid gland (Babkin, 1950) StromUad
(1955) obtained onlj a scantj secretion from the

parotid gland of cats on administration of adrena-

lin or on stimulation of the sympathetic trunk in

the neck This is the more remarkable since the

other salivary glands of the cat respond well to

sjTnpathetic stimulation Stromblad suggests

that the <>ecretion ob«er\ ed on sympathetic sbinu-
lation ma^ haie been produced bj stimulation

of contractile elements in the glands, causing ex-

pression of sain a rather than a true secretion

Stimulation of the autonomic nerves to the

salivarj glands causes characteristic changes in

the electrical potentials that maj be observed by
placing electrodes in various positions on or

within the gland and connecting them to a suit-

able recording device With one electrode on the

hilum and another on the outer surface of the

submaxillary gland stimulation of either the

sjmpathetic or parasympathetic nenea causes

the hilum of the gland to become electropositive

to the outer surface, after a comparatively long

latent period The latent period is 02 to 03
seconds with the parasympathetic and somewhat
longer when the ejinpathetio is stimulated Fol-

lowing paras}'mpathetic stimulation the hilum

positivit} rapidly declines and may change to a
negative potential, there is another sharp rise in

hilum positiMty when the current is turned off

The potential caused by sympathetic stimulation

w more consistently hilum positive

Since the submaxillary gland is composed of

several different types of cell, each of which may
liave Its own electrical characteristics, it is doubt-

ful what significance should be ascribed to the

external secretory potential More precise in-

formation may be obtained from the use of nucro-

electrodes with the tip placed m the interior of a

single cell Bith these, Lundberg (1957), has ob-

tained three tyiies of response representing pre-

sumably three types of cells ah eolar cells, demi-

lune cells, and duct cells In all cases the ulterior

of the cell was electronegative to the external

medium In the case of the alveolar cells, stimu

htion of either the parasympathetic or sympa-

thetic caused a sustained increase m internal

negativity or ‘ byperpolaniatron” of the ceU

membrane This followed a time course roughly

parallel to that already described for the external

secretory potential BTien the microelectrode was

in what was believed to be a demilune cell the

parasympathetic caused hyperpolanzation but

the sympathetic caused a decrease m the iniemal

nativity of the cell (apparent depolarization)

With tiie electrode tn what was thought to be a
cell of the striated ducts both sympathetic and
parasympathetic nerves caused apparent de-

polanzation

In the sublmgual gland microelectrodes picked

up currents corresponding to those obtained from
alveolar cells of the submaxillaiy but the external

secretory potential was of a polarity opposite to

that of the submaxillary gland, that is, the hilus

became electronegative This difference was be-

lieved to be due to differences m the cellubr com-

position of the two glands and not to anv dif-

ference m the electrical response of corresponding

mdividual cells

These eleclncal phenomena are remarkable in

several respects Evidently they are not analagous

to the familiar action potentials of nerve and

muscle They appear not to be concerned w ith the

excitatory process (which must be quite different

m gland cells and m muscle cells) but are con

cemed with the functional w ork of the cell Lund
berg has presented gootl ev idence that the h> pw-
polaruation, as«ociatd with secretory activity,

IS caused by an active transport of chloride ions

through the outer cell membrane which is trig

gered by the release of a neurohormone at the

autonomic nerve endings The apparent depo-

larization, when It occurs, 13 not a self propagat

mg disturbance of the cell membtaae of the sort

we are accustomed to associate with depolanza

tion, but IS probably due to the sustained activ ity

of an ion transport mechanbm m the duct cells

opposite to that causing hv perpolarization in the

alveobr cells

As a corollary to these observations Lundberg

(195S) has suggested that secretion of water and

salt by the alveolar cells is accomplished through

the activity of an active chloride ion tnn'port

mechanism m the outer cell membrane which

‘pumps' chloride ions into the cell from the “ur

rounding interstitial fluid Electrical forces cause

sodium to accompany chloride and osmotic forces

take m water As a result of the increased hydro-

static pressure within the cell the salt and water

escape through the inner membrane (where there

may also be an ion pump) into the lumen of the

alveolus He has suggested further that the raided

epithelial cells of the duets actively absorbs so-

dium from the secretion Sodium absorption at

tha point would account for the apparent de-

polarization of tbe«e cells (decreased internal

nc^tivity) and also for the fact that sahva may

be hypotoruc with respect to the blood
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Dislnbulton 0/ Ihc Autonamic Kervea

mlkin the Glandt

The fact that stimulating different nenes

caused secretion of different tj^pes of 6ah\ a caused

R Heidenbain to elaborate his prej%ou'»l> men-

tioned theorj of the differing functions of the

autonomic noises for the digcstnc glands Since

the chorda tjanpam neiae to the submaxillaij

gland usuallj causes an abundant, naterj secre-

tion, Heidenhain bohe\ ed tliat it contained chieflj

eecretorj fibers The organic matter pre*!ent m
the sain a was, he believed, due to an admixture

of “trophic ’ fiber* The fact that, in the dog,

stimulation of the *13 mpathctic causes onlya \crj

small amount of highlj \ Lscid secretion (contam-

ing a high concentration of o^anic matter) sug-

gested that the sj mpathetic nen, es eon«ist mainly

of “trophic” fibers, particularlj m the d<^, but

with a greater admixture of “secretorj” fibers m
the cat As a corollary to this h37Mthe«M, it was

assumed that one and the same secreting cell

recened two Xinds of oene fibers,
‘ <5ecretorj”

and ' trophic "

Heidenham’s theory w-as challenged b> Langl^
and Fletcher (1890), and bter bj Carlson and his

coworkers (1907, 190S), wbo demonstrated the

importance of the blood supply to a gland m de-

termining the composition of its secretion Lang-

ley came to the conclusion that there is onlj one

kind of secretory nerve for the salivary glands

and that the changes m composition scca on
stimulating different nerves depends upon the

effect which these nerves have on the blood vc««els

of the salivary glands If stimulation of a particu-

lar nerve, for example, the s^-mpathetic, caused

not only secretion but con**triction of the blood

V essela so as to limit the blood supply of the gland,

the gland then would put out the usual amount of

solids but a ^mailer amount of water, resultmg m
a highly viscid secretion If, on the other hand,

m addition to «ecretor> fibers the nerve contained

vasodilator fibers so that an abundance of water

was available for the secretion, the gland would
put out a more watery fluid This was in ac-

cordance with the fact that the parasympathetic

nerves convej secretory and vasodilator fibers,

whereas the sj-mpathetics convey secretoi^ and
va'oconstrictor fibers to the salivaiy glands

The combined phj*5iologic3l and histological

studies of Stormont (1932), and more recently of

Rawha^on (1933, 1935) in Babkins laboratory

have supported the concept that the individual

cells of the saliv arj glands do not receiv e a double

innervation but that each t>pe of cell is inner-

vated by one or the other division of the au-

tonomic nervous sj-stem but not bj both Raw-
Lnson found, for example, that prolonged

stimulation of the chorda tjTnpani nene, with

the cervical sj-mpathetic trunk cut, caused the

mucous alv eolar cells to decrease in size and to

become irregular m shape and manj of them to

loose their abilitj to take the mucicarmme stain

whereas the alveolar lumen increased in size The
changes w ere greater the longer the stimulation of

the chorda tjTnpam and the more profuse the

secretion There were no definite or constant

changes in the demilune cells which, it will be

recalled, are serous cells Oo the other hand,

stimulation of the cervical sjTnpathetic trunk

caused no cliangss m the mucous ah eolar cells

but after prolonged stimulation the demilune

cells were diminished in size and clear vacuoles

appeared in their cj-toplasm If the ducts were

blocked the vacuotation of the demilune cells

became more pronounced indicating that it was

due to the accumulation of secretion Further

more, injection of massive doses of adrenaline

caused marked changes in the demilune (serious)

cells but had practical!} no effect on the mucous

cells These experiments strongl} suggest that

the chorda t>*mpani, which is the parasympathetic

nerv e for the submaxillar} gland in the cat, is dis-

tributed exclusive!} to the mucous cells in this

species whereas the sympathetic nerv e innervates

the demilune cells

On the basis of the«e and other experiments

performed in his laboratoiy Babkin (1950 p
S69) proposed the following functions for the

autonomic nerves to the cats submaxillar} gland

Parcuj/mpathetic nme«
1 B}drelatic effect (secretion of water and

salts) on the mucous cells

2 Eebohe effect (production of enzymes) on

the same cells

3 Vasodilator effect

Sympathetic nenes

1 H}drelatic effect on the demilune cells

2 "Motor effect on the mjoepithelial cells

3 Vasoconstrictor effect

However, recent studies of the electroph} si-

olog} of the sabvar} glands b} Swedish investi-

gators cast serious doubt on these conclusions

Lundberg (1957, 1958) found, for example, that

characteristic electrical changes could be pro-

duced m a smgle cell of the cat’s submaxillar}

gland by stimulation of either the 6}Tnpathetic or

p3ras}'mpathetic nerve Although it m^ght be

possible to explain this fact as due to
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neurohormones from adjacent ccE?, the straight-

forward and probablj correct explanation is that

both nerves mnervate one and the same cell It

has also been found (Emmehn 1955) that once

the gland is responding nmximallj to parasjTopa-

thetic stimubtion, stimulation of the sympathetic

does not augment the secretion as it would do if

it activated glandular elements not mnen ated by
the parasympathetic

It IS not possible with our present knowledge to

resolve these apparent contradictions but it

should be kept m mind that Rawlrason wa« deal

mg with what Babkin called ecbohc nerves that

13 nerves that caused discharge of organic matter

from the cells, purely hydrelatic ( secretory )

stimuli do not cause extensiv e histological changes

in secreting cells Lundberg on the other hand

was dealing iruiinly with hydrelatic phenomena
There may be a diffference in the way in which

the two tyTCS of nerves, ecbohc and hydrelatic

are distributed At present wc do not Ijiow how
the mdividual cells of the cat s submaxitlary gland

are innervated

Ltmitati^na of eleclncal etmulation It is now
possible to clarify the apparent species difference

between dogs and cats with respect to the re

sponso of the salivary glands to stimulation of the

sympathetic nerve* In both animals the sympa-

thelw conlainfl secretory fibers for the submaxil

lary and sublingual glands and it also contains

vasoconstrictor fibers for the blood vessels sup-

plying these ghnds The difference lies in the

relative effectivenes* of the vasoconstrictor ele-

ments In the cat although vasoconstriction oc-

curs, it lasts for only a short tune even though the

nerve may be continuously stimulated Conse-

quently the glands have an adequate blood sup

ply throughout the major part of the period of

stimuLition In the dog on the other hand the

vasoconstriction persists throughout the period

of stimulation so that although the secreloiy

fibers to the serous cells are activated there is an

inadequate supply of fluid to form the secretion

The result is a small amount of highly concen

trated saliva

It should be remembered that electrical stimu

lation of a nerv e trunk is highly artificial All the

fibers m the nene are stimulated even though

they may be wholly unrelated m function This is

a situation that nev er occurs under conditions of

normal reflex stimulation It may be assumed that

when the secretory fibers are stimulated refiexly,

wlicther these are sympathetic or parB*ynipa

thetic, the blood supply to the gland is adjusted

to the needs at the moment, whatever they may

be Another point that should be clarified is the

watery character of the secretion obtained on

parasympathetic stimulation, m spite of the fact

that these nerv es are believ ed to cause secretion

of mucus Undoubtedly mucus is secreted even

on artificial stimulation but «ecretion of water

and mucus in the proper proportions to produce

an ideal lubricant for the food must depend on

normal reflex stimulation

Paralylte sofiiary teeretion Claude Bernard ob
served in I6ft4 that if he cut the chorda tympani
nerve in a dog or a cat in about twenty four hours

the eubmavillary gland began to produce a scanty

secretion of thin turbid saliva the turbidity was
due to the presence of leucocytes The secretion

increased until the seventh or eighth day at which

time It reached a plateau and began to diminish

about the third week It stopped some six weeks

after the nerve was cut During this tune the gland

increased in size and no secretion could be ob
tamed on stimulation of the mouth Stimulation

of the sympathetic however produced a flow of

saliva Division of the sympathetic nerve or

extirpation of the cervical ganglion did not evoke
a paralytic secretion Bawlinson repeated these

observations in Babkin s laboratory and found on

examination of the gland that there was evidence

of secretory activity during the paraly tic secretion

not as one might suppose in the mucous cells

innervated by the chorda tympani but in tie

demilune cells Moreover these cells were more

excitable than normal on stimulation by sdren

alinc or electrical stimulation of the sympathetic

nerves Evidently cutting the chorda tympani

cau'<e8 some alteration in the gland alveoli which

greatly increases the excitability of the sympa
thelic nerve endings on the serous or demilune

cells This may be due to continuous aetivuty of

the postganglionic neurons of the chorda tympani

when it IS disconnected from its preganglionic

fibers thus causing a continuous release in small

amounts of acetylcholine in the gland The height

ened irritability of the sympathetic innervation is

thought to be due to this minute amount of neuro-

hormone Evidence of this relation«hip is seen in

another phenomenon studied extensively also in

Babkin s laboratory know n as augmented salivary

secretion

Avtmented ealnary seertUon It has long been

known that if one stimulates a secretory nerve to

one of the salivary glands a subsequent stimulus

of the same strength to the same nerve will evoke

more saliva than the first stimulus provided the

second aUmutus is applied within a few minutes

alter the first has ceased Likewise if one sVimn

lates a parasympathetic nerve and then follows

that by stimulation of the sympathetic the

sympathetic stimulation will produce more saliva

than a sympathetic stimulus of the same strength
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not preceded b> pnrasympathetre stimulation

Similarly, stimulation of the sjmpathetic aug

meats the response to parasjmpathetic stimula

tion In the case of the submaxillary gland

augmented secretion has been observed m the fol

loiiing situations bj different mvcstigatora

chorda after chorda, chorda after sympathetic,

sympathetic after chorda, and sympathetic after

sympathetic In short, augmented secretion is ob
«erved after any two succe««ive stimulations of

the «ame or of different secretory nerves of the

salivary glands provided the second stimulus is

not too long delased

The augmented secretion was studied exten

sively by Langley (18S9) and more recently by
Babkm (1050) and his coworkcra The explanation

of this phenomenon is perhaps to be found m the

interaction of the neurohormones of the para

sympathetic and syunpathetic nerves acetylcho

line and noradrenaline or adrenaline Although

these substances are considered generally to act

antagonistically it is nevertheless true that nii

nute amounts of acetylcholine increase the ex

cjtability of sympatbeticAlly loncrvated struc

tures to epinephrine or norepinephrine, likewise,

minute amounts of epinephrine or norepinephrine

increase the excitability of parasy mpathetically

innervated structures to acetylcholine In the

aalivary glands in particular, where there is reason

to believe that many cells arc activated by both
adrenergic (sympathetic) and cholinergic (para

sympathetic) nerves adrenaline or noradrenaline

and acetylcholine would appear to act eyner

gistically The augmented secretion observed on
chorda after chorda or on sympathetic after

sympathetic stimulation, would appear to be a
simple case of summation We may assume that
rrhetitsr ih^ fj’mpsii.vt.v or tko bss bees
stimulated some neurohormonc persists for a tune
after the stimulus has ceased, and this, added to

the neurohormones released by subsequent stimu
lation augments the total amount of neurohonnone
present

The Reflex Secretion of Saltta

(Arhficial Simulation)

The salivary glands can bo readily excited by
the artificial stimulation of afferent nerves sup-

plying structures m the mouth The reSexes are

brought about through the salii ary centers The
efferent bnibs of the reflex arcs—the secretory

fibers of the chorda tympani and the tympanic
branch of the glossopharjTigeal respectwely

—

have been considered above The afferent path-

ways are long fibers contained m the trunks of

the chorda tympani and glossopharyngeal nerves,

in the lingual, buccinator and palatine branches of

the fifth nerie and m the pharyngeal branch of

the xagus The fibers of the chorda tympani sub-

serving the sensation of taste are distributed to

the anterior two-thirds of the tongue They arise

from cells in the genicular ganglion, the central

processes of the ganglion cells enter the pons m
the nenui tnlermedius of Wnsherg to make con-

nections with cells in the tractus solitarius from

which impulses arc relayed to the superior salua-

tory nucleus The afferent fibers of the glosso

phaiyngeal nerve concerned in the «ali\ aty reflex,

carry sensations of taste from the po«terior third

of the tongue They arise from cells m the petrous

ganglion The central processes of these celL enter

the medulla to make connections through the

tractus solitarius with the inferior sabiatory nu

eJeus ('cofllso p 1300) The lingual fibers (cells of

origin m Gasserian ganglion) furnish the general

buccal mucosa nith common sensation—touch,

pam, etc Secretion of sain a may be mduced by
stimulation of the central end of any one of these

three groups of afferent fibers It can al‘’o be

brought about by stimulating *en«oiy nenes id

other situations For example experimental stim-

ulation of the central end of the lagus, sciatic or

indeed of practically any sensory nerve of the

body may cause salivation According to some,

stimulation of afferent nerves of the gastric

fnuco<a IS particularly likely to initiate a reflex

secretion into the mouth In di«ca«e stimuli arm

ing in the esophagus may cause profuse saliva

tion (csophago-sahvary reflex) Stimulation of

trigeminal terminals m the nasal mucosa n ill also

cv oke a secretion of saliv a (Babkm)

The Secretion of Salua under Natural Condilions

In the normal life of the animal the secretion of

saliva 13 brought about reflexly in two way®, either

through (o) the stimulation of the nerves of the

mouth by the presence therein of food or other

substances, or (b) by the stimuLation of •some or-

gan of special sen«e other than that of taste The
former type of reflex is termed unconditioned or

inAerent, the latter, conditioned or ocyuircd A re-

flex of one type does not, of course, exclude the

other, and as a matter of fact both are called into

play together under ordmary circumstances

The unconditioned salitary reflex Materials

placed m the mouth call forth, after a short latent

period (two or three seconds), a secretion of

saliva which vanes in guaniitj and qualilj with

the physical and chemical nature of the«ub®tance

mtroduced The effects which sensations of ta«te

produce upon the secretion of saliva are well

known Among eilible ®ubstances, those, generally
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speaking, hich are the most palatable or arouse

the sensation of taste ^\^th the greatest inten^itj,

are the most potent salnarj stimulants Alate-

rials that are entirely inedible will, if unpleasant

to the taste—acids especially—cause profuse

salivation In these instances the Eecrelion de-

penda mainly upon the stimulation of the taste

fibers, and the stimulus is chemical in nature

But we have seen that stimulation, not only of

the taste fibers (chorda tj-mpani and glosso-

pharyngeal) but of the fibers endowing the mu-
cosa of the mouth with common eensibUit)

(lingual nerve) as well, will produce a salivary

flow So, materials such as dry sand, mediblc

powders, whether soluble or insoluble, or any
other material which 13 capable of stimulating

these endings in a purely phj'sieal way will

evoke a secretion The mere movements of the

jaws and of the tongue over tVic mucosa of the

mouth will have such an effect, although there is

no material present m the mouth A. secretion oc-

curs when any substance is chewed, whether or

not it 13 edible or po'isesses taste The chewing of

india rubber (or gum) for instance, the manipula-

tions of the dentist, the contact of h» mstruments

with the oral mucosa or the grinding of a tooth

are familiar and potent causes of salivation

The Tomarkahle odopJobilitji ot purpox/ut thor

acter of the salivary reflect has been remarked upon
by Pavlov The physical and chemical qualities of

the juiee as well as its quantity, are adapted to

the physical or chemical characters possessed by
the particular substance initialing the reflex For
instance if clean pebbles be placed 10 a doge
mouth, they are expelled—merely allowed to drop

out of their own w eight No secretion or very little

occurs since none is required, but if the stones

are crushed and given as a powder, a profuse

watery salivation follows to nd and cleanse the

mouth of the useless material The juice in this

instance is poor in organic material and resembles

that obtained upon electrical stimulation of the

chorda tympani nerve or of the parasympathetic

fibers to the parotid Strong acid produces an

abundant saliva which according to Pavlov is

relatively rich in protein, this exerts a buffer

action which reduces or annuls the injurious effect

of the acid The salivary response to the various

foods IS also adapted to their peculiar qualities A
chunk of meat if given to a dog, is very quickly

swallowed Under the circumstances what is moat

required of saliva is a lubricant action Accord

logly, a highly VISCOUS juice rich in mucin, is

produced If the meat is first dried and powdered,

or if dry biscuit is fed to the animal the secretion

vs characteristic of parotid or chorda saliva—e g ,

watery and abundant, but poor in muciu Milk

evokes the secretion of a saliva rich in mucin, and
foods, in general, produce a saliva rich m organic

material—mucin and ferments—whereas inedible

BUi»tances tend to call forth a more watery juice

These adaptations are much less pronounced in

man

Professor Babkin (1950, p 697) in whose

laboratory at McGill University these observa

tions were confirmed and extended, mterpretated

the results as foDows ‘ It was evident from the

facts observed that a salivary gland does not

secrete as a umt, but that the different "lets of

epithelia of which the glands are composed con-

tribute different components to the secietion and

furthermore that local productivity depends on

the mtensity of the excitation received from the

salivary center The salivary center may be re-

garded as a compound structure consisting of

several parts Each penpheral stimulus, trans-

mitted through the appropriate taste and other

sensory nerves of the mouth cavity, acts on dif-

ferent parts of the salivary center and the«e in

their turn excite reflexly and selectively the vari-

ous epithelial groups m the saliv ary glands Slore-

over It must not be forgotten that the bram
possesses not one but two salivary centers

—

parasympathetic and sympathetic Tlie parts of

these centers innervating different epithelial

groups may be stimulated reflexly m various

combinations and this will be reflected in the

compooition of the saliv a secreted
”

TbE COVPmONED OB ACOmRED RErLEX The

secretion which flow s into the empty mouth w hen
‘ the mouth waters is the result of a conditioned

reflex The stimulus which initiates such a reflex

13 not applied to the nerves of the mouth but is

received by one or other of the organs of special

sense particularly those of sight and smell A
conditioned reflex may also be elicited through the

sense of hearing or through sensory impressions

arising from stimuli applied to the skin In brief,

a conditioned reflex is one in which the cerebral

centers play an essential part, and in which train-

mg and experience are the basis for the develop-

ment of the reflex process Conthtioned reflexes

are taken up in detail in chapter CS

The Reactiov, QcAvrnr avd Cohpositiov

or Saliva

Human mixed saliva according to the investiga

tionx of btarr, is slightly acid in reaction In 80

per cent of a large senes of normal persons the plj_

was found to vary between 6.35 and 6.Sa fhe

f

To»C« bll fouhcl'was ^7a and the bigbeit 703

Salivary reaction is dependedt m^nly upon tne
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relative coDcentrotJons of free and combined COi

,

that IS, upon the ratio lIIiCOil/INaHCO*) So,

in order that the true pH value be obtained the

juice must be collected without loss of CO^ The
older figures in the literature are too high u 50 to

800) since this precaution was not taV.cn

hydrogen ion concentration of the eahva was

found to vary directly with the COj content of

the blood This means that when the COi tension

in the blood is high, more COi finds its waj into

the salivary secretion to lower its pH, and vice

versa Forced breathing causes a lessened amount
of COt in the saliva, and consequently a ri«e m its

pH On the other band, conditions associated with

a retention of COi in the blood increase the )o«3 of

the gas m the saliva Ingestion of NaHCOi , al

though it reduces the acidity of the urine, increases

that of the saliva, since a nse in the CO» tension

in the blood result^ -
In man the amount of saliva secreted in 21 hours

amounts to from 1000 ec tolSOOcc
,
but the output

of the resting gland is only about 0 25 ce per

minut^ The cow secretes some 60 liters daily

^rdiaarj mixed saliva contains about 03A per

cent of water and 0 5 per cent total solids It has

aspecific gravity between 1 002 and 1 012 Its mam
constituents are as follows

I Salts (approximate!) 0 2 per cent)

Sodium and potassium chloride

Sodium bicarbonate

Acid and alkaline sodium phosphates

Calcium carbonate and calcium phosphate

Potassium sulphocyanale

II Gases

Carbon dioxide, oxygen and nitrogen

III Organic substances

Ptyalin (salivary amylase), maltase and
JyjuwyjBf

Serum albumin and globulin

Urea,une acid, creatine and ammo acids

Mucin, mainly in the submaxillary and sub
hngual secretions

Glucose 13 absent, normally, and even in diabetes,

none or only small amounts are foundm the saliva

Qrhe btcarbonates and to some extent the ph^s

phates act as ‘ buffers " The buffenng action of

saliva is such that its pH remains constant tmder
all ordinary condition^and even though relatively

strong solutions of acids or alkalis are introduced

into the mouth, the reaction, except for a short

period, IS not altered The “acid mouth,” so ^ibly

spoken of in dentifrice advertisements as an ab
normal condition, and the possibility of altering

the reaction of the oral secretions ate figments of

the imagination Attempts to change the pH of

the saliva experimentally by fiooding the month
with acid or alkaline solutions are followed by
contrary effects upon the salivary te&ctioa Aeid

solutions Cause a use in pH, alkaline solutions a

fall The changes last for about 10 minutes, the

reaction then returns to normal

CJhe chlorides are necessary for the activatJon of

the amylase^The calcium salts which are solublem
acid but insoluble in alkaline media tend to be
thrown out of solution when the pH rises (^be
carbonate and phosphate of calcium may be de

posited in the form of concretions (talttarj^ cafcuIO

within the ducts or, in combination with organic

material, may be laid down upon the teeth as

"tartarJjA high salivary pS and a juice nch in

mucio arc believed to bo conducive to tartar de
position and the development of calculi ThcQio
tassium sulphoej/anale (KSCN) is an excretory

product and is probably formed w^thln the body
from CN radicals derived from the metabolism of

protein Its production and excretion are thought

to represent a detoxicating mechanism It is said

to be in excess in the saliva of habitual smoker^
and has been shown by Sullivan and Dawson to be

noticeably reduced during the course of pellagra,

but returns to normal value during convalescence

from this disease

T!^e bacteriocidal ensyise known as lysaeyme

has a destructive action upon etaphylooocci,

etreptoeeee ii-metHftgoeeeei -and-ether microor

ganism^ It is also present in the lacrimal secretion

and IS wide!) distributed in animal tissues and in

egg white ID which it is closely associated with the

protein avidio (p 93S) It has a mueolvtio action

resembling that of hyaluronidase (Ch 23) and
probably owes its fi niib«ciPTi!»i tn |ta

ability to dissolve the polysacchanda m the

capsule of the miCTonrgftru^on

The Ftrwcrrrovs of Saliva

1 Preparation oj food far svallomng This is

one of f&e mostnnpordaaf foaedrum?ofsahm •TSw

food 19 moistened, thus enabling it to be rolled

into a plastic mass, and given a lubricating coat-

ing of mucust Claude Bernard showed that a

hors: with a parotid fistula had the utmost diffi-

cult) in Swallowing dry hay or oats

2 £torcA digestion [The starch molecule is

acted upon by sahvarj am)Ia«e and ultimately

split into molecules of the dissachande maltose)

The rapid passage of food through the mouth
predudes the possibditj that it la acted upon

there to any great extent by the saliva Whether

the starchy food, after its thorough impregnation

with saliva, undergoes any significant degree of

digestion in the stomach, has been debated (The

salivary am) lose requires for its activity an

alkalme, neutral, or but famtly acid medium,

therefore, it was thought that the highly acid

gastric juice would prevent, or soon teminate

sabvary digestion It has been shown, however,

that the latter part of the meal, which usually
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con«ists of carbohydrate, may remain in the

fundus of the stomach, protected for some time

from the acidifjmg action of the gastric juice,^
^ la\'er of food ingested pro lously For example,

alter Uanhon (19U), noted tliat in cat stom-

achs that ivere carefully remo\ed and frozen at

%arious times after a meal, the inner lasers of

food in the carduic end remained neutral or

neakly alkaline for hours and only the outer

lajers were slightly acidified For this reason it is

Iikeli that under favorable circumstances con-

siderable digestion of starch la-accompUshed dur-

ing this period Bergheim found that 76 per cent

oTilie siarcTrof mashed potatoes was transformed

mto maltose in the human stomach

'When boiled starch is placed in a test tube in

mixed human ealiv a and kept at body tempera-

ture, a slow conversion of the starch mto maltose

takes place The chemical changes occur m a

senes of stages which maj be distinguished b> the

manner in which the product of each reacts with

iodine Iodine gives a characteristic blue color

with boiled starch A short time after the sshva

has commenced to act a ph^-sical change may be

seen to have occurred in the starch, it loses its

opalescent appearance and becomes soluble but

It still gives a blue color with iodine Presently,

however, the starch begins to break don-n and la

partially converted into a dextrin which now

gives a red color with lodme and on this account

IS know'll as erj-throdextrin Small amounts of

maltose may also be detected Still bter no color

reactioQ occurs upon the addition of iodine, a

colorless achroodextrm has been formed In the

body, starch is entirely converted into maltose

and i®omaltose w hich are later digested by maltose

in the intestine and yield gluco’se In the first

stages, traces of glucose may aho appear due to

the presence in the saliva of maltose m low con-

centration /rhe follownng scheme illustrates thc«c

changes

Coiled starch

I

Soluble starch

Erythrodextnn Alaltcwe

Achroodextrm Maltose

Maltose Isomaltosc

^Iivaiy amylase has no action upon cellulose

and for this reason starch for human consumption

must be cooked m order that the cellulose en-

velopes surrounding the starch grams may be

broken Boiling also causes hydration of the

starch molecule and renders it more easily di-

gested by amy las^
3 Se^tenl aefton Taste is a chemical sen«e,

consequently, all swallowed substances, if they

are to stimulate the taste buds, mu«t be dissolved

in saliva or other fluid

4 CUanting aelton The constant flow of

saliva exerts a very necessary cleansmg effect on

the mouth and teeth which are rinsed and kept

comparatively free from food residues, shed

epithelial cells, foreign particles, etc In this way

ealiv'a inhibits the growth of bacteria by remov mg
material which may serve as culture medm One

has but to consider the foul condition of the

mouth ID certain fevers when the salivary secre-

tion IS suppressed/m order to realize how impor-

tant are its cleansing and bactericidal properties

Under these conditions decomposmg organic

material, swarming with bacteria (sordes), col

lects upon the teeth and lips and must be removed

by artificial means

5 Moii(min<;andlubncatiTigaclu>n The saliva,

by moistening and lubricating tlie soft parts of the

mouth, phsrynx, and esophagus, keeps them

pliable and resilient this action on the mouth

and lips aids in articulation Frequent sips of

of water are almost essential for some public

speakers in whom, as a result of evaporation

from the mouth, during speech, the supply of

saliva IS insufficient

6 Excretory function Alany substances, both

organic and inorganic, are excreted m the saliva

Drugs such as mercury potas«ium iodide, lead,

etc when introduced into the body, are excreted

m part m the saliva Severe mflammation of the

oral mucous membrane (stomatitis) may be

caused by the excretion of excessive amounts of

mcrcuiy by this route The blue line on the gum
mstgins in lead poisoning is due to the metal

having been excreted m the saliva and deposited

as aulfide, sulfur is provided by organic materials

contained m the tartar formed on the ba«es of the

teeth, for this reason discoloration of the gums

does not occur where teeth are absent In chronic

nephritis saliva contains a lugh percentage of

urea, sugar sometimes appears m the saliva in

severe diabetes In parathyToid overdosage the

calcium concentration of saliva is elevatcfj Sev-

eral types of microorganisms, some intensely
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Tirulent, for instance the ^ iruses of hjdrophobia

and anterior poliomjehtis, arc excreted in the

saliva The Latter di«ca<=e has been reproduced m
monke>'8 by injecting the saliva of on infected

person In this connection, it mai be added that

mumps, which is iisuall> looked upon as a specific

inflammation of the parotid gland, is more likelj

a general disease smee other organs, for example,

the ovary, testicle, cerebral incngmcff, etc, un-

connected with the salivary glands, arc often

seriously affected The parotid inflammation may
be incidental and result from the passage of the

infectious Agent through the gland into the saliva

It should not be inferred that merely because

the salivary glands are able to excrete certain

substances when these are present in the blood

that they provide an e^ential or important ave-

nue of excretion Doubtless all the excretory func-

tions of the body could be earned on effectively

m the ab'ence of the excretory function of salivary

glands

7 The role ployed by the sahiari/ fflands in the

reffulalion of lAe uxiter balance 0/ 1/ie body INTicti

the water content of the body is adequate the

saliva IS secreted continuously IMien, however,

large quantities of fluid are lost from the body

,

either through sweat, the bowels, the kidneys,

evaporation from the lungs, loss of blood, or

when the water intake is curtailed, the salivary

glands in common with the other tissues are sub-

jected to the dehydrating effect Injection into

the veins or mge«tioo of strong salt solution has

a similar effect Sahvary secretion 13 suppressed,

drying c! the ora] isueous raembranes and fJio

con'^tant stunulation of afferent nerves in the

mouth and pharynx arouse the sensation of thirst

(ch 43) Thirst may be looked upon os an essen

tial part of a protectiv e mechanism against the

depletion of body fluid It serves to warn the

individual that the body’s water suppbes require

to be replenished

The Actions or Drugs and Chemicals upon
Salivabt Secretion

Serous secretion is stimulated by adrenaline and
ephednne, acetylcholine, muscarine, pilocarpine,

physostigmine (esenne), and histamine increase

the mucus secretion Atropine which antagonuea
acetvlcholine and ergotainine which paralyzes

sympathetic effects inhibit secretion Quinine
paralyzes the effects of both nerves

Disturbances of Salivary Secretion

Permanent suppression of the salivarv ‘'Ccre

tion

—

teroftomui or aptyaliem as it la termed—is

an unusual condition, little is known regarding

the mode of its production Temporary suppres-

sion of sahvary eecretion is more common amj

occurs in emotional states and in fevers, or ag

already mentioned, when the winter content of

tlie tissues IS lowered Excessive salivation or

plyalism is not unusual and is often particularly

troublesome in pregnancy
,
its cause m the latter

state IS unknown, it is possibly of reflex origin,

or due to “ome metabolic product acting m a
druglike manner upon the gland cells or the secre-

tory nerves

As a result of irritation of the gastric mucosa,

m duodenal ulcer, or m lesions of the esophagus,

<uch as carcinoma or spa«m of the cardiac sphinc-

ter, laltv ation occurs as a reflex phenomenon, and

may be pronounced (esophago-salivary reflex)

The btter reflex is usually readily ehcited m a

normal person by the passage of a stomach tube

or an esophageal sound Since the glands respond

to medianic-il stimuli, painful or otherwise, the

salivation associated with abnormal conditions in

the mouth, e g , a carious tooth, caremoma of the

tongue etc is not surpnsmg

When the reflex secretion is the result of stimuli

arising in the stomach, esophagus or duodenum,

and IS excessive, the “sliva may without the m-
dniduals knowledge pavs down the e'ophagus

and collect abov e the cardiac sphincter The secre-

tion occurs as a rule shortly after a meal and a

short time later a large quantity of fluid may
hare accumulated, it may then be brought mto

the mouth m one or two gushes without any

vomiting effort or even nausea The condition is

spoken of as icaler-brasb
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GASTRIC DIGESTION

Secretion of Gastric Juice

Structure of the Mucosa

The stomach is lined with mucous membrane
which IS separated from the outer gastric rcall bj

the muscularis mucosae and a supporting stronui

of connectne tissue TlTien the stomach is emptj

the mucous membrane is throw n mto numerous

longitudinal folds called rugae, these tend to dis-

appear when the stomach is distended The sur-

face of the mucous membrane is marked b> slight

Imear depressions, into «maU pobgonal areas

called orrae ^rutneae, gn ing the surface a mam-
milated appearance, the areas measure /ram I to

6 mm m diameter Tlie surface laj er of the mu-
cous membrane is made up of tall columnar cells

which secrete mucus The surface is constantl}

co\ cred b} a thick laj er of tough tenacious mucus
secreted b> these celU The er of mucus \ arics

in thickness from mm to 21^ mm Beneath
the surtice la^er are sarwus t>-pes of tubular

gbnds which differ m structure and m the com-
position of their secretion m different parts of

the stomach When the mucus is removed the

gsstnc crypts maj be seen TJje«e depressions la

the mucous membrane are just too small to be
seen readilj with the naked eje but are readily

seen on moderate magnification The mouths of

the gastric gbnds open into the bottoms of the

ciypts

The ga'tric mucosa can be divided into several

areas, each of which contams a particubr tj-pe

of gbnd In the narrow zone suTToundmg the
cardiac orifice, known as the cardiac area, the

gbnds are made up mostl> of mucous cells, al-

though a few pepsinogen cells are also present

Simibr gbnds minus the pepsmogen cells are

found m the e'MDphagus Between this area and
the pjlonc area is the zone of the fundus and
corpus which contains the gastric gbnds proper,

®o called because thej secrete the major constit-

uents of the gastric juice The lower limit of this

area is marked bj the incisura angubris on the

le««er curvature, and a corresponding notch on
the greater curvature Between this limit and the

pjlorusarc the pjlone gbnds which resemble the

cardiac glands and secrete mucus, although a

small amount of pcp«in is constantlj present m
their secretions

The Gaslne Glands Proper

The gastric gbnds are made up of three t}'pes

of cclb, mucous cells, pepsinogen or chief cells

and parietal cells, the mucous cells maj be further

divided mto isthmus cells and neck ceUs The

gbnd as a whole consists of three parts an

isthmus, a neck, and the bod> of the gbnd (fig

37 1) The isthmus connects the gbnd with the

gastric erj-pt. ^he neck joins the isthmus to the

bod> ,
the

,
which reaches nearl> to the mus-

eubris mucorae, ends bbndb and is club shaped

or branched Tbc total number of glands has been

estimated at 35 000 000

Although the isthmus celb are of the mucous

t>'pe thej probablj secrete ver> httle mucus in-

asmuch as thej cootau little of the granubr

material commonl} considered to be converted

into mucus The celb of the neck are true mucus

secreting cells but thej secrete a different tj-pe

ofmocas from that of ths surface epithelial cells

The mucu« of the neck cells is soluble and con

stitutes a part of the soluble mucus of gastric

juice An important characteristic of the isthmus

and neck celb is their frequent mitoses It is

believed that after birth these celb maj develop

mto pepsinogen celb and thus repbee chief celb

that maj hav e died or been destroj ed Js o mito'es

are seen in the chief celb In the neck region also

are a great many parietal celb These celb do not

form part of the gbnd wall but appear to lie

outside, giv mg the gbnd a nodubr appearance

(fig 37 1) ‘ITiey can be distinguished from

their neighbors not only bj their location but bj

their staining reactions

Most observers believe that the parietal celb

secrete the hjdrochloric acid and mo«t of the

water of the gastric juice and on this account

thej are also known as the “oxjTitic” or acid

secratmg celb Among the several observations

which point to this conclusion is the direct corre-
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Fiq 37 1 A, gland from the fundus of the
stomach I crjpt or foreolson theraucoussurfsce
connected to the neck (2) b> the isthmus, 2 neck
of gland containing mucin secreting cells 3 chief

cells, 4, parietal cells B enlarged drawing show
ing intercellular and intracellular canalicuh

lation between the number of the parietal cells

and the titratable aciditj and total chloride con-

tent of different regions of the gastric mocosa

durmg secretion Although separated from the

lumen of tlie tubules bj the chief or pepsinogen

cells, the parietal cells transmit their secretion

into the lumen through delicate canalicuh lying

between tlie cluef cells These canaliculi are ex-

tensions of a sj'stem of exquisitelj fine canals

which he within the protoplasm of the parietal

cells and posses definite walls Coarse, trans

parent granules are «ecn m the protoplasm of the

cdls during rest Depletion of this granular ma
tenal occurs during actinty

The of the gland, which makes up the

remainder of the tubule, is composed prmcipall}

of pepsmogen cells, called chief cells Parietal cells

are also present but in duumishing numbers as

the fundus of the tubule is approached In addi-

tion to pepsinogen the chief cells probably pro-

duce reomn which coagubtes milk and is be-

]ie\ed to be produced only in joung animals, and

a special gebtin sphtting enzyme known as

gebtinase, which liquifies gelatin at a rate 450

tunes that of pepsin It b not known whether

each of these enzymies is produced by a different

type of chief cell of whether they are produced

by one and the same cell Since the chief cells

appear to be morphologically identical there la

no anatomical e\ idence for assuming that they

differ from one another in them secretory prod-

ucts

Orioiv anu Composition or Gastric Jpice

The major constituents of gastric jmeo are

water, hydrochloric acid, enzymes and \ariou8

types of mucus In addition to the enzymes pro-

vjou<)y mentioned, the gastnc juice contains a

STuaU amount o! lipase Additional inorgamc

constituents are the cations sodium, potassium,

and calcium, and the anions phosphate and sul-

fate

Ifftdroehlorv: Aacf and A’cidrof Chlcmde

The coDCcntratioa of hydrochloric acid m pure

gastric juice \aries from 0 to IW m eq or more

per Jifer Other things being equal, the concen-

tration of acid increases with increasing rates of

eecretion, up to a maximum of about 160 m eq

per liter A small part of the chloride of gastric

juice IS balanced agamst metallic ions, principally

Borltum This constitutes the go-called neutral

chloride Smee the concentration of other nega-

tive ions in the juice is negligible, its osmotic

activity 13 primarily due to the acid, plus the

neutral chloride Since gastric jihce is practically

isotonic with blood, the ionic concentration of

total chloride in the gastric juice differs but little

from that of tlie total base of the blood, for

example, m some experiments of Gilman and

Cowgill (1933) the gastric chloride was 168 m eq

per liter and the total base of the blood 1 60 m eq

per liter

In highly acid gastric juice the neutral chloride

13 present only m small amounts but in a less
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acid secretion it maj constitute a major portion

of the total chloride Wien it is present in such

large quantities its source becomes a matter of

considerable interest The source of the neutral

chloride has been a matter of widespread discus-

sion and contro\crs> but current thinking tends

to the Mew that it is secreted bj the nonpanctal

cells, (mucous cells of the surface cpithebum and

chief cells of the gastric glands), along n-itli the

organic materials secreted bj these cells, and
that a certain amount, perhaps a smaller amount,

enters the gastric contents b> diffusion from the

interstitial fluid In impure gastric juice a large

part of the neutral chforide represents swalfowed

ealu a and regurgitated duodenal contents, or per-

haps e\en salt taken with the food

IVe mechavjsji of sfcketjov op ntnno-
CHLORIC ACID BY TIIE GASTRIC GLANDS The pTC-

ci«e manner m wluch the ga'tric muco^ secretes

hjdrochloric acid is still unknown, however, the

following facts ha\ e been C8tabh«hed which, taken

together, pomt in a general waj to the processes

wluch must be mvohcd m the secretion

Pir^t, it IS gcnerallj
,
although not universally,

agreed that the acid is formed bj the parietal

cells of the gastric glands (Davies, 1951, for a
dissenting opinion see Rehm and Dcddis, 1057)

It la not believed to be produced m the proto-

plasm of thc^ cells but to appear first m the

secretory canuliculi which communicate with the

lumen of the gland This conclusion is based on
the ob^rvation that the parietal cell shows on
alkalme reaction while secreting acid

Second, the acid as secreted by the parietal cell,

has a uniform concentration of approxunately

0 17 molar The theory of the constancy of the

concentration of hydrochloric acid as secreted by
the parietal cells w as first put forward by Pavlov
and has since been supported by many investi-

gators, including Hollander and CowgiU (1931)

This theory is mainlj based on the observation

that the nearer one approaches to a pure parietal

secretion, the nearer the concentration of hydro
chloric acid approaches 0 17 molar ITie aenbty

when plotted against the neutral chloride gives

a straight Ime expressmg the mverse relationslup

between them ^Tien extrapolated this line comes
to a point representmg a zero value for neutral

chloride and an acidity of around 170 zn eq per
liter Since neutral chloride and acid chloride are

inversely related, the total chloride tends to re-

main relatively constant However, since some
of the nonpantal secretion contams relatively

little chloride, the total chloride increases some-

what with mcreasmg rate of parietal secretion

and therefore with mcreasmg total acidit> (figs

372, 37 3 ami 37 4)

A somewhat different opinion was expressed

by Fisher and Hunt (1050) w ho made a studj of

the exten«ive data of Ihre (1938) on gastric secre-

tion m human subjects They tested mathemati-

cally various assumptions regarding the composi

tion of parietal secretion m the gastric juice and

eonclu<lcd that the most probable concentration

of hydrochloric acid in human parietal secretion

Fio 37 2 Showing neutral chloride as a fimc
tion of acidity (After Hollander )

TOTAL ACID

Fio 37 3 Total chloride as a function of acid
ity (After Hollander

)

170

160

150

HO
120

120

no
90

Fio 37 4 Total chloride as a function of time
(After Hollander, redrawn )
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13 160 m eq per bter and that the secretion con-

tains, w addition, 10 m cq per liter of neutral

chloride This docs not necessarily mean that

human parietal secretion differs from that of ex-

perimental animals but merely that different

methods of estimation gi%e different results The
precise %alues are, of course, not known

Third, the secretion of hidrochloric acid m-
vohes expenditure of energy, that is to saj, no
simple chemical reaction '(vluch could proceed

spontaneously can explain the formation of hy-

drochloric acid by the gastric glands One esti

male is that the secretion of one giam molecular

equivalent of hydrochloric acid requires expendi-

ture of 10,000 grara-calories of energy

Fourth, the energy is demed from oxidation,

probablj of glucose, and requires the activity of

the enzjTnes ordinaril} actiie m such oxidation

Fifth, for everj hydrogen ion produced, a bi-

carbonate ion is released into the interstitial fluid

and ultimately into the blood This requires a
contmuous supply of carbon dioxide The carbon

dioxide may be denied from the metabolism of

the parietal cell itself if the secretory rate is low

but at higher rates of secretion the metabolic

carbon dioxide has to be supplemented with

carbon dioxide derived from the circubtiog blood

The need for carbon dioxide arises from the fact

that, whatever the reacting 8}'stem may be, re-

moval of hydrogen ions results m accumulation

of an excess of h}drox>l tons, if these were not

neutralized the resultmg alkalinity would soon

destroj the secreting cells The fact that secretion

of hydrochloric acid into the gastric juice results

in secretion of an equivalent amount of bicar-

bonate into the blood explains the alkabne tide,

so-called, seen m the urme during digestion

(Bence^ones, IMV)
Sixth, carbomc anhjdrase (ch 13 and 29) is

present m high concentration in the panetal cells

(Davenport, 1939) and participates in theocralJ

process, though probably not directly m secre-

tion of hydrogen ions Its function apparently is

to aid in the hydration of carbon dioxide to pro-

duce the carbonic acid that is utilized in neutraliz-

ing the hydroxyl ions produced during secretion

Secretion of hydrochloric acid is greatly depressed

and in some subjects totally inhibited by the ad-

ministration of large do«es of Diamox, which is

an inhibitor of carbonic anhydrase (Janowitz et

al
, 1957) Although excised frog gastnc mucosa

will secrete in the absence of carbon dioxade, the

tissue 13 destroyed by the alkalmity resulting

from the loss of hydrogen ions (Davies and

Longmuir, 1948) In the Iivmg animal, at least

in mammals, some mechanism apparently exists

to prevent secretion under these circumstances

and thus protects the secreting tissue from self

destruction

Seienth, the over-all reaction can be summa-
rized in the following equation

CO, -j- H.O + NaCl za na -t- NaHCO,

This equation is not intended to describe the

chemicsd reactions m detail but merely to mdi-

cate the beginmng and end products and their

quantitative relationships It indicates that the

ultimate source of the hydrogen ion is water, and

the uitmiate source of the chlonde ions is the salt

of the blood Also that for each mole of hydro-

chlonc acid produced a mole of sodium bicar-

bonate has to be formed The mtennediate steps,

the source or sources of the energy, and the en-

zyrnies and substrates concerned m the mlerme-

dtate reactions, all of which constitute the real

problem of the secretion of hy drochlorie acid, are

not even suggested The well known fact that

the reactions of this equation would ordinarily

prepress to the left is a simple quabtative proof

of the fact that energy is requir^ for the secre-

tion of hydrochloric ocid

Rehm (1950) and his coworkers have shown

that there is a natural, mamtained potential

difference across the gastric mucosa, the secretory

surface being negative in an external circuit to

the nutrient surface BTien the two sides of the

mucosa are connected electrically a continuous

current can be mamtamed representmg about 10

per cent of the metabolic energy The natural

potential decreases with the onset of acid secre-

tion Tbe rate of acid secretion can be increased

or decrea^d by passing an electric current from

atiatteiy through the mucosa so as to increase or

decrease respectively the potential difference

across the tissue Experiments with metabolic in-

hibitors show that most of the pathways of

aerobic metabolism and the related phosphory la-

lions are required to maintain the potential

difference and the acid secretion The facts

prompted Rehm (1949, 1950) to propose a theoiy

of acid secretion in which it is assumed that

electnea! energy is utilized in the separation of

hydrogen ions during the secretion of hydro-

chloric acid It seems more likely that here, as

elsewhere, the potential difference is the result of

—^rather than the cause of—the activity

As to the intermediate steps between carbon

dioxide and water at one end of the reaction, and

hydix^n ions and bicarbonate at the other end

Davies (1951), after reviewing the lustory of re-
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search in this field from Claude Bernard a time

until 1951, had this to say ‘ The a\ailable evi-

dence shows that two related mechanisms of acid

secretion are possible In mechanism 1, the meta-

bolic hjdrogen atoms from glucose and water,

which are transported bj the deliydrogcnascs,

become oxidized to hjdrogen ions at the cyto-

chrome Ie\e!, and the electrons react with oxjgen

and water to form, first hjdroxjl ions, and then

bicarbonate ions bj further reactions with carbon

dioxide. Tim process uses the oxidation reduction

energj from the le\el of atmospheric O'^gen to

that of the cjtochroroes In mechanism 2, phos-

phate bond energj, generated bj reactions at

lower oxidation reduction le\els is utilized to con-

centrate hj drogen ions, formed bj ionization from

water, m an electron ejcle mechanism in which

hjiirogen ions are reduced to coialent hidrogen

atoms, transported bj a carrier ej-^tem and

oxidized to hjdrogen ions at high concentration

as a r«ult of coupled phosphorjlation Kinetic

and thermodjTiarmc considerations show that the

hjdrogen carrier and electron transport ej stems

could be oxaloacetate-malate and cytochrome 5,

or perhaps fumarate-eucemate and cj'tochrome

c Both mechanisms require a spatial army of

enzymes m the paracanaUcular zone of the oxjm-

tic cells, and in both cases chlonde ions move in

the opposite du'ection to, and as a result of, the

movements of the electrons carried by the cyto-

chromes ”

Daienport (1957), imtiag six j'ears later, had

this to saj “In agreement with Conwaj ” (1953)

“and manj others, I suspect that the secretory

process it«elf is a cyclic oxidation and reduction

A carrier molecule within the cell combines with

high energj phosphate The product is oxidized

and the energj contained within it is dissipated

in transporting the newly rele-ascd proton" (hj-

drogen ion) “agam-st a concentration gradient into

the gastric juice Then the earner is reduced by
substrate and is readj to reenter the cycle. Two
mmor problems remain For e-ach proton secreted

an electron must be taken up by oxjgen, and the

pH of the cell must be kept down by intracellular

neutralization usmg the carbon dioxide mecha-

nism" ' Carbonic anhjdmse which occupies a

peripheral position is m\ oh ed, an enzjTne beha% -

ing hke succinoxidose is there, and it ls likely

that some sulfhjdrjl compound is essential”

Da\cnport, hke Davies recognizes the need for

assuming appropriate orientation of the rarious

components invohcdm the reaction (Dr Daxen-

port 8 concept is illustrated m figure 37 5

)

Dsmcs (1951) considers that, the rate of trans-

port of water bj the oxyntic cells is so enormous

that It could not be handled molecule bj mole-

cule bj anj knoirn enzjme sjatems The water

must be mo\ed m bulk, and probablj flows os-

moticallj as a result of the secretion of the hj

drogen and chloride ions bj the oxyntic cells
”

CO,— H,CO,

Oxygen —

—

ffCOT + OH’

Reduced
High Energy.

Precursor

Substrates
ond Oxygen

Reduced
'VP + Low Energy

Precursor

Oxidized
Low Energy
Precursor

Oxidized Reduced
Intermediate Intermediote

Reduced Substrote * Oxidi:ized Substrate

Tia 37 5 Schema of a possible mechamsm of gsstne acid eecretion sbowing the four e^’^entiai parts

a) generation of high energy phosphate bounds from substrate and oxjeen, b) cjelic oxidation and re

duction generating nydroeen Ions, c) removal of electrons to oxjgen, and d) intracellular neutralization
by carbon dioxide From Davenport, 1957 (Courtesy of University of Wisconsin Press )
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Regulatiov or Gastric Secretiov

Methods of Study

Studies of the regulation of gastric secretion

offer some difHcultj because of the fact that gas-

tric juice is secreted in only small amounts m the

fasting stomach and that secreted during diges-

tion i-j alwaj-s contaminated w ith food This difli-

cult) 'wasovercoinebj Pavlov (1910) •who demised

a method for collecting pure gastric juice from

the fed atiirtial This is accomplished by mahing

an incompletely separated pouch of part of the

stomach, now known as a Pavlov pouch The
stomach is di\ ided by an incomplete mcision into

a larger and smaller portion The mucous mem-
brane IS complctelj divided but an isthmus of

the muscular wall is retamed to connect the two

parts and sene as a pathna> for the vagus nerve

fibers that supph the gastric glands The cut

edges of each part are then stitched together so

as to restore the continuity of the mam stomach

wall and to make a clo^d cavit> out of the emallec

portion, or pouch except for a small outlet that

u brought out through the abdominal nail to

provide drainage for the pouch secretions (fig

37 6) Tlie pouch usually consists of a part of the

VA0U3

Fio 37 6 The Pavlov pouch Upper drawing

Bhotts lino of incision to form a flip C earoisc

part of stomach Loner drawing shows the com
pleted operation S, pooch, the mucous membrane
has been reflected to form a partition between the

mam cavitj of the stomach and the miniature

stomach A, A, abdominal wall (after Pavlov)

bod> and fundus of the stomach Numerous modi-

fications of the Pavlov pouch have been devised,

most of them designed to retain a greater portion

of the nerve supply to the pouch than did the

original operation devised by Pavlov A Pavlov

pouch, or any one of its modifications, responds

to all the nerv ous and humoral stunuh that affect

the mam stomach and makes possible the collec-

t«Jiv of pure gastric jutce which can then be

analyzed to determine the influence of various

stunuli upon the volume and composition of the

juice Although a gastric pouch gives information

regarding the secretorj activity of only that

particular portion of the stomach from which it

IS excised pouches maj be prepared from any

region of the stomach, consequent!} the method
makes possible investigation of the function of

anj part of the gastric mucous membrane
If a pouch IS completel} separated from the

main stomach b> dividing the isthmus between

the two, leaving onl} the blood suppi} intact, it

IS knon n as a Heidenhain pouch The Ileidenhatn

pouch IS useful for mvestigatmg the secretion of

a vagall} denervated portion of the stomach, it

continues to receive a sjTnpatbetic nerve eupplj

through the periarterial nerve plexuses If an at-

tempt i« made to cut the sj’mpathetic fibers as

neU b> stripping the arteries, the pouch is known
AS a Bickel pouch (Bickel and KaUch, 1912)

Farrell and Iv} (1926) prepared a completely

denervated pouch of the stomach b} transplant-

ing a portion of the stomach of a dog into the

subcutaneous tissue of the animals abdominal

waU After the pouch had established a new blood

supply, they severed its connections with the

original nerve and blood supplj of the stomach

Such s preparation resjionds only to humoral

stimulation and )ias been of fundamental im-

portance in demonstrating the chemical nature

of man} of the stunuh which affect the stomach

“Pouches’ have also been made of the entire

stomach (the Fremont pouch, Pavlov, 1910), by

cutting the stomach off from the esophagus and

duodenum and connecting the«e two organs b}

means of an end to end anastomosis The cut

ends of the stomach are closed with sutures and

a fistulous openmg made from some part of the

stomach through the abdominal wall

In the human gastric juice can be collected

through a stomach tube, the secretion ma} lie

stimubtcd by means of a test meal or by use of

one of the gastric secretagogues such as hista-

mine Similar methods can be used m unoperateil

aounaLs but it is simpler and just as satisfactor}

for most purposes to prepare the animal with a
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gastric fistula and m this way a%oid the u«e of a
stomach tube

Another of Pa\ Io\ 's de\ ices for tho studj of

gnstnc secretion is esophsgostomj In this opera-

tion the esophagus is divided bi a transverse in-

cision and the cut ends brought to the outside

through a wound m the neck (fig 37 7) After

healmg, aU the food vv Inch the animal cats escapes

from the lower end of the upper segment of the

esophagus and the animal can be fed bj placing

food in the lower segment through its exposctl

upper end The maneuv er of feeding such an ani-

mal with the consequent loss of food is known as

sham feeding The animal is able to CYperience

all the 'en^ations of eating w ithout getting anj

food into its stomach

The INXERVATIOS OT THE OASmiC OLANDS

Stimulation of the vTigus nerve causes tho secre-

tion of juice high on peptic power and strongly

acid This action is medwted through acetylcho-

line According to AUej and Babkin the glands

of the lesser curvature respond more readily to

vagal stimulatioQ than do those of the greater

curvature, and secrete a stronger juice Tins fact

ina> be of significance in the dev elopment of gas-

tric ulcer (p 621) Baxter has shown lliat stimu-

lation of the sympathetic cau«c3 the secretion,

mainlj from the pyloric glands, of an alkaline

mucoid juice which is verj low m peptic power,

this secretion is unalTected b> atropmo but is an

nulled by ergotamine (which paralj zes motor and

secretory sj-mpathetic fibers) Vineberg’s results

indicate that the vagus controls the secretion of

mucin by the mucous Joeck ceU? and the eurJbre

epithelium of the gastric mucosa The influence

exerted by the sympathetic upon the peptic and
oxyntic cells of the gastric body is not definitely

known According to some observers its effect

upon the®e elements is mhibitorj

The qtiestion of the coNTiNtrocs or intbb-

oiGESTm; secretion or gastric juice Pavlov
found that the secretion of gastnc juice in dogs

was mtermittent, bejond the secretion of some
alkaline mucus the gastric glands m the absence

of food or psychic influences (see below) remained

at rest This conclusion has been confirmed by the

recent experiments of Babkm But m man, juice

IS secreted contmuously m fairly large amounts,

though this fact does not necessarily indicate a

fundamental difference between the activ ities of

the glands of the human and canine stomachs

Tlie shorter intervals between meals, and psychic

influences which are impossible to eliminste m
the case of the human subject, are probably re-

sponsible for the contmuous and apparentlj spon

Fto 37 7 A two stage operation for making au
esophageal fistula 1 First stage, showing eso

S

ihagus extenonted 2 Second stage, performed
our or five dajs later, showing excision of el

liptical segment of anterior esophageal wall 3
C»mplctcif operation, lateral wew (After Drag
stedt and associates

)

taneous secretion This secretion is increased dur-

ing sleep

The Phases of Gastric Secretion

Ccphcltc or Imlial Refiez Phase

The fact that there can be an abundant secre-

tion of gastric juice even though there is no food

Mj the pfnmarh as addy dpjjjonstrated bymeans
of sham feeding When an animal provided with

an csophagostomy is sham fed secretion of gastnc

juice begins mthjn 6 minutes and may continue

for 03 long as hours If the vagus nerves have

been prenou’ily cut, sham feeding has no effect

on the gastric secretion, proving that secretion

in this instance w the result of reflexes for winch

the vagus serves ns the efferent pathway By
coUectmg the juice from an innervated pouch,

Pavlov was able to show that it contains a very

high concentmtion of both hydrochlonc acid and

pepsm A Bimilar type of gastnc juice is secreted

by the empty stomach on electncal stimulation

of the vagus nerves The phase of gastnc secretion

which results from the 'ight, smell or taste of food

or from the act of eatmg and which is prevented

by section of the vagus nerves is known as the

upkahe, or imfwf reflex phase If the secretion

results from the sight or smell of food without the

food making actual contact with the mouth it is

referred to as psj chic secretion Pavlov referred
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to the secretion produced during the initial reflex

phase as “appetite juice
”

The ps\ckic secretion ix max In nmn, the

cephalic pha'e causes the secretion of from 50 to

150 cc within 20 minutes (Ivy) Riehet (1878) ob-

served long ago that in a subject who had suffered

esophageal stneture and into whose stomach an

artificial opening (fistula) had been made lor

feeding purposes, the secretion of gastric juice

occurred when food was taken into the mouth
Within more recent j ears Carlson has carried out

extended ob'^rvations upon a subject who had

had a similar operation performed on account of

an obstructed esophagus resulting from the inges-

tion of a corrosive in childhood This subject

therefore was alreadj prepared, like Pavlov’s

dogs, for sham feeding, the onlj difference being

that there was no opening m the neck, it being

necessarj to spit out the food after chewing it

All the findings of Pavlov were, m the mam, con-

firmed m the ca«e of this subject The influence

of appetite or the desue for the food was particu-

brly well brought out The subject e«peciallj en

jojed the de^'iert, and the curve of gastric secre-

tion showed the mo«t pronounced rise when

sweets or fruit, such os oranges, were chewed

The secretion, however, did not last for as long

os m Pavlov’s expenments, but commenced to

decline as soon as the stimubtion of the taste

buds had ceased (fig 37 8) Nor did the mere

sight or smell of food (conditioned stimulus)

ev oke a response except when in one instance the

subject was sent from the bboratory to select

his meal from a nearbj cafeteria In this instance

there was a very definite response to the sight

and smell of the food Several other observers

have reported the existence of definite condi-

tioned reflexes for gastric secretion m man

The psychic effect upon gastric secretion has

been demonstrated also by Bennett and Venables

Fio 37 8 Typical curve of secretion of gastnc

juice collected at 5 minute intervals dunng rte

mastication of palatable food for 20 minutes The
n*e in secretion during the last 5 minutes of

mastication is due to chewing the des«ert ^ruit)

for which the person had an especial lononesa

(After Cailson

)

(1920) upon subjects during hypncBis A sugges-

tion made to the subject that he was eating a

eavoty food called for a secretion of juice The
mere suggestion of nauseating substances inhib

ited secretion (see below) In experiments upon

medical students Hawk and his associates (1920)

showed that a meal which had a disgusting ap

pcarance and a foul smell (indol was scattered

over a dirty table-cloth) retarded digestion

The application of these experimental results

to dietetics is obv lous Foods agreeably flavored

and attractive in appearance, impressions re-

ceived from a meal prepared m a pleasing way,

and, probably also, sensations aroused by the

aiKTOUJiduigs but not directly concerned with the

food Itself, have all an effect upon gastric secre-

tion The impulse which guides the gourmet is

sounder physiologically than that which impels

the glutton The question of calories and the

relative digestibilities of the various foodstuffs

should not be allowed to obscure the psychic ele-

ment entirely in these matters, for the “delights

of the table” have true digestive value The«e

facts are expressed in the words of Pav lov ‘ appe-

tite spells gastric juice” or in the hospitable

words of Macbeth Now good digestion wait on

appetite and health on both ” Good gaslronorm-

cal custom seems guided by this truth, for it has

decreed lliat the meal shall begin and end with

the more strongly flavored and appetizing dishc<

the Chcmicol Phoees oj Oastnc Secrelwn

TnE GASTRIC PHASE Pav lov also observed that

if food were placed in the stomach without allow

mg the animal to smell or taste it, there was also

a secretion of gastric juice beginning about 15

itaftfcAes idtur Vrie looi Yiafi k<wm nAmiacEfi xe>Q-

ally this required that the ammal be fed through

a gastnc fistula while asleep This, Pavlov con-

sidered to be the gastric phase of gastric secretion

It has more recently been described by Babkin

(1950) as part of the second, or chemical, pliase

of secretion The mechanism of stimulation in the

second phase was at first thought to involve local

reflexes within the gastric wall, smee it occurred

in the absence of extrinsic innervation, but after

Bayliss and Starling discovered secretin Edkins

(1900) suggested that a similar excitant for gas-

tnc secretion might be produced by contact of

food with the gastric mucosa Extracts of the

pylonc mucous membrane prepared by Edkin"*

did indeed stimulate secretion of gastric juice

He propo‘=ed that the stimulating substance be

known as gastnn

j
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Gastrm was long believed to be a nonspecific

tissue extract and to orie its actnitj to htsto-

mine (Sacks el al

,

1932), a common constituent

of such extracts, but recent nork haa made it

seem highU probablj that it is a true hormone,

«omewhat similar m composition to eecretm It

IS ebborated bj the pjlonc mucous membrane

of the stomach, and is absorbed and carried in

the blood to the gastric glands, stimulating tliem

to secrete (Komarov, 10-12) The e\ idence on this

point consists of the fact that extracts ha\e been

prepared in a number of laboratories both in

America and in Europe nhich stimulate gastric

secretion but do not depress blood pressure as

histamine does rurthermore, tbeactiiitj ofaucb

preparations is not destrojed bj lustammase, an

enzjTne xilucb inactiTOtes lustamme Actne ma-
terial is obtained on)} from the pjJorie portion

of the «!tomach, and, m lesser amounts, from the

duodenum None is obtained from the fundus or

the bod> of the stomach, or from other tissues

The controxersy oxer the nature of gastrm b
reminiscent of the efforts of Popileski durmg the

earb part of the centurj to prox e that secretin

IS a nonspecific tissue extract Ite did, m fact,

come to the conclusion that sccretm is identical

xnth histamine Although mistaken m his opin-

ion, his efforts were not fruitless for the> resulted

m discox erj of the gastnc secretagogue action of

hiatamme, a fact which has been of great «eTMCe

to phjsiology and medicine (Popileski, 1920)

Secretion formed bj pure gastrin stimulation,

excluding the nerxes, contains less pepsm than

that secreted during the initial reflex phase and
resembles the secretion produced m response to

histamine Indeed the action on the gastric glands

of the most highl> purified preparations of gastrm

so clo'^eb resembles the action of histamine as to

suggest a close relationship between the two sub-

stances Babkm (193S, 1950) has suggested that

histamine is liberated in the x icinitv of the pa-

rietal cells by vagus stimulation Linde (1950)

has gone ex-en farther and concluded on the

basis of his experiments with an antihistamme,

that gastrin as well as vagal stimulation acts by
liberating histamine According to this concept,

both acetjichohne and gastrin po<«ess the capac-

itj to liberate histamme m the vicmitj of the

parietal cell the histamine then acting as a
stimulus to secretion of vrater and acid Whetber
or not this is the correct explanation, the recent

work of Ix^ and his coworkers leaves htlle doubt

that histamine or something xerj similar to it is

mvohed in some waj in the secretion of hydro-

chloric acid bj the stomach (Ix’j and Schajer,

1957, Schajer and Ixj, 1957, 1958)

The effectix e stimulus for the normal gastric

phase of gastric «ecretion is the presence of food

in the antrum In addition to the chemical sub-

stances in the food, such as meat extractixes,

products of protein digestion and soaps, which

excite gastnc secretion when pre^nt m the an-

trum, mechxnic'il stimulation of the pyloric por

tion 13 a highly effectix e stimulus Simple di'sten-

sion with a balloon causes release of gastrm as

does the presence of «ohd objects such as bone

chips, or even brass or steel sliaxmgs It is prob-

able that the harmful effect of a coarse diet m
peptic ulcer disease is caused more by the mechan-

ical stimulation of the antrum bj mdigcstible food

particles than it is bj irritation of the ulcer sur

face Itself

Considerable ex idence lias accumulated m re-

cent jears mdicating that the gastric phase of

gastric secretion is not a pure chemical pliasc

but tliat Its full functioning is dependent m some

waj upon the nervous system Also (JxnSs (1942)

and Linde (1050) m Sweden, Lave brought for-

ward evidence suggestmg that efficient function

mg of the reflex phase is dependent to some

extent on the presence of gastrm Different mxes-

tigators hax e suggested that (1) gastrm is released

bj stimulation of the xaigus nen’es, (2) that

gastrm is necesrarj for the 'ecretorj effect of

the vagus nerxes on the gastric glands, (3) that

a certain amount of xogal actixitj is nece»«arj

for the secretorj effect of gastrm on the gastric

glands, (4) that gastrm is released bj a local

reflex mechanism involving the presence of

chobnergic nerve endings m the antral muco=a

Only the last is supported by enough experimen

tal evidence to be considered a fact (Robertson

et at

,

1950, Gregory and Ivj ,
1941 Zeljony and

Saxnch, 1911) Thomas (1952) after reviewing the

experimental evidence came to the following con-

clu'uons

1 Gastrm is released from the pyloric mucosa

by local mechanical and chemical stimuli acting

though a chohnergic nervous mecham^m that

probably comprises Meissners plexus and its

local and central connection®

2 Stimulation of the vagi facilitates the nerv-

ous mechanism involved m the release of gastrm

and may cause the release of some gastrin in the

absence of specific local stimuli

3 Iseither gastrm alone, nor vagus stimulation

alone, can cause maximal stimulation of the gas

tncgiandstosecrstehydrochloricacid Abundant
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fecretion is obtainable onlj when nervous and
hormonal stimuli act simultaneouclj

The importance of the«e considerations lies in

the light they shed on the effect® of the operations

of vagotom>
,
on the one hand, and of subtotal

gastnc resection on the other If the nervous and
hormonal mechanisms of stimulation were inde-

pendent of each other, we should expect that

cutting the vagus nerves would influence onlv

the initial reflex pliase of gastric secretion and
leav'e the gastric phase in full effect This is not

the re«ult observed, all pliases of gastric secretion

are profoundly depressed bi vagotomj and in a
certain percentage of patients permanent achlor-

h}dria results Likewise, resection of the antrum,

or subtotal gastric resection should affect only

the gastnc phase Experience proves, however,

that the cephalic phase is also profoundly in-

fluenced

A fact first noted by Pavlov and since con-

firmed by many investigators (TVhIhelmj el at,

1036, Dragstedt el al , ISol , Oberbelman et al
,

1052} IS that the pj lone mucosa not only has the

capacity to stimulate gastric secretion but also

to inhibit it Pav lov described the phenomenon

aa follows "with the same dogs we also discov-

ered a new form of autorcgulation on the part of

the stomach, which concerns the secretion of

h)drochloric aad It appears that acid prevents

the further secretion of gastric juice when it has

accumulated m an} considerable quantit} within

the CSV it} of the organ ” Dragstedt showed that

hydrochloric acid m the stomach has to be in

contact with the pyloric mucosa in order to pro-

duce inhibition IMiether it releases an inhibitory

hormone or merely stops the production of gastrin

b} the pjloric mucosa is still unknown Acid in

the duodenum also inlubits gastnc secretion

OVilhelmj et al
, 1931, Uvnas et al

, 1956) pto-

V ided the pH of the duodenal contents is low ered

to 2 5 or below (Pmeus et al
, 1942)

The intestinal phase The t/iAiftitory e^ect of

fat Pavlov observed also that the presence of

certam food substances in the email intestine

stimulated gastric secretion This so-called mtes-

tinal phase has been extensively investigated by

Babkin (1928, 1950) and his coworkers and

others The following substances have been

found capable of exciting gastnc secretion when

placed m the small intestine water, extractive

substances of meat, products of protein digestion,

(for example, peptone and ammo acids), milk,

alcohol, histamine, saponin, adrenaline, I 10 nor-

mal liy drocldoric acid, lO per cent glycerine solu-

tion and magnesium sulfate The mtestinal phase

IS P^rded as being quantitatively unimportant

and IS somewhat temperamental, being present

only under certain conditions For example, in

the experunents of Beamer et al (1944), mtro-

duction of a peptone solution mto the intestine

caused no gastric secretion unless bile was pres-

ent In the presence of bile it caused a flow of

gsstric juice after a latent period of about 2 hours

The long latent period is also characteristic of

the intestinal phase described by Webster and

Armour (1932)

Most experiments on the intestinal phase of

gastric secretion have been done, for obvious

reasons, on animals in the fasting state with the

stomach empty The results may be quite differ-

ent when the intestinal phase occurs in its proper

sequence following a cephalic and a gastric phase

The known tendency of stimuli of different sorts

to act 8} nergistically m the gastrointestmal tract

suggests, but does not prove, that the stimuh

normally causing an intestinal phase ma} be

much more effective m the presence of the resid-

ual stunub of the cephalic and gastric phases

The cause of the intestinal phase is unknown,

except that it is due to chemical stunub The
evidence on this point is due to the uigemous

experiments of Gregory and Iv-j (1941) who used

a denervated pouch of the tjTie described bj

Farrell and Ivy This completely denervated

gastric pouch secreted when food was placed m
the intestine, proving that it was secreting in

response to some chemical substance circulating

in the blood The stimulus may be a hormone or

it may be eecretagogues absorbed with the food

from the intestine, as suggested by Babkin

(1950)

Pcrliaps one reason for the somewhat erratic

‘behavior of the mtestinal phase of gastric secre-

tion IS the ease with which inhibition of secretion

may be induced by placing certain substances m
the intestme The inhibitory effect of acid has

already been mentioned Although acid in certam

concentrations may stimulate gastric secretion,

if the intestinal pH is lowered to 2 5 or below it

acts as an inhibitor The most potent inhibitor

of gastric secretion is fat in the intestine Fat in

the stomach is williout inhibitory effects but as

soon as it passes the pylorus gastnc secretion

b^ms to dimmish and, if the quantity of fat is

large, may cease all together The inhibition lasts

as long as the fat remains m the mtestmc but

after the fat is absorbed the mhibition is follow ed

by a pronounced mcrease m gastric secretion, the

stHxillcd rebound phase of fat inhibition The

inhibition and subsequent stimubtion of secretion
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b> fat IS known as the ?np/»asic effect of fat The

stage of increased secretion which foHoR-a the

inhibition is believed to be due to release of gas*

trm bj the soaps which have regurgitated into

the stomach from the mtestme durmg digestion

of the fat Were it not for the rebound pha«c, fat

would be a most u«eful substance for controUmg

gastric secretion, even so, it can be u’sed succcs-

full3 if given in small amounts at frequent inter-

vala over a long period of time The u*=c of cream

m this waj is the basis of one form of treatment

of peptic ulcer

EnterogaBlrone Tlie mechanism of inhibition of

gastric secretion bj fat was elucidated bj lam

(1033, see also Ko«aka and Lim, 1330), who
showed that if the intestinal mucous membrane
was exposed to fat, and then extracted, the ex-

tract caused inhibition of gastric secretion wlien

given mtravenouslj Kosaka and Lim suggested

tliat the inhibitorj substance be called “entero-

gastrone ’ Tlie substance has since been studied

e\ten«neJ3 bj Iv} and lua students in Chicago

and it IS to their work that wc owe most of our

knowledge of its chemical and phj-siological prop-

erties, as well as the first demonstration of (he

humoral nature of the inlubitorj effect of fat on
gastric molility (Farrell and Ivj, 1920, see ol«o

Ivj and Graj, 1937) Entcrogaatrone has never

been obtained in pure form, hence, its chemical

composition is unlmown Smee it inhibits motility

as well as secretion and the relative effect on the

two functions differs in different preparations, it

13 probable that more than one substance is m-
V olv ed Enterogastrone or some simibr substance

IS excreted m the urine and is given the name
' uroga'trone ”

Reguhlion of Gastric Acidity

As we have seen, the hjdrochlonc acid of the

gastric juice is probablj secreted at a constant

concentration of approtiroately 170 mcq per

hter Ordinary gastnc juice, however, is consid

erably less acid than this and after a meal the gas

tnc contents are still less acid In dogs aftera meal
of raw meat, which is a powerful stimulas to

tnc secretion in these animals, the contents of the

bodj and fundus of the stomach usuaBj have a

pH between 1 and 2 and the contents of the

pjlonc portion between 2 and 3 The decrease in

aciditj IS undoubtedly due to a combmatum of

factors winch maj be classified for comeDient

discussion as intragastnc and extragastnc Per-

haps the first intragastnc factor to become
effcctiv e IS exchange of hj drogen ions for sodium

lonsbj diffusion through the gastric mucosa This

factor has been empliasized particularlj by
Tcorell (1947) There is no doubt that such diffu-

sion takes place but its relative importance m
n^Iatmg gastric aciditj has never been deter

mined Another intragastnc factor is the non-

panetal secretion of the gastnc glands, includmg

the fundic and pjlonc glands and the surface

epithelium of the stomach All tlie cells, other

than the parietal cells, secrete a fluid which is

cither neutral or alkaline The neutral secretions

dilute the acid, and the alkaline secretions par-

ticularlj those containing mucin, tend to neu

tmhzc some of it In both cases the effect is to

lower the aciditj Even though the nonparietal

elements of the gastric glands, particular!} the

chief cells, maj secrete vorj little water thej do

secrete protein which is an excellent buffermg

agent

Among c-xtragastnc factors we recognize swal

lowed saliva and regurgitated duodenal contents

as lending to reduce the nciditj of the gastnc

contents Ver} considerable quantities of saliva

are swallowed with the food and although it maj
not he alkaline in reaction it docs contain con

sidersble quantities of mucm and other protein

substances and so will tend not onlj to dilute but

to buffer the gastric contents Regurgitation of

duodenal contents mto the stomach occurs regu-

larlj after a fat meal and m the presence of high

gastric aciditj It occurs at irregular and unpre-

dictable intervals under other circumstances The
mechamsm of duodenal regurgitation will be

discussed m connection with gastnc emptj-mg m
chapter 41 Smee the regurgitated mtestinal con-

tents contain slkolme secretions from the pan-

creas and the intestinal mucosa thej can exert a

considerable mfluence on gastric aciditj

Undoubtedly the most important factor m low-

ermg the acidity of the gastnc contents after a

meal is the food it«elf Native protein, being an

amphoteric substance, is an excellent buffer and

as digestion progresses the number of ammo
groups available for neutralizing acid increases

enormouslj As the food becomes liquid and mixes

with the gastric juice it also has a diluting effect

60 that during digestion of a normal meal the

gastnc mucosa is well protected from excess acid

ity It maj also be mentioned in this connection

that the tough lajer of mucus which adheres to

the surface epithelial cells serves to protect these

cells from the action of hjdrochlonc acid as well

as from the mechanical trauma to which thej

might be subjected bj coarse food or other swal-

lowed substances
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Fia 37 9 Reconstructed curves to show the Approximate distribution between the severs! phases
of the gsetne secretion in a doz after a meal of 300 zrams of meat I Cephalic or initial reflex phase,
II Qs/itne or pylonc phase lit Intestinal phase Thomas and Fnedman 1951 (CouiteayofW B
Saunders Co Philadelphia)

The Normal Course oj Gaslnc Secretion

With the above facts in mind »e may consider

the sequence of otents affecting the secretion of

gastric juice following a normal meal First, there

IS tile Bight and smell, and the taste of food which,

if agreeable and if the individual has an appetite,

will initiate the psychic or cephalic phase of

gastric secretion This phase is augmented when
the food 13 actually chewed and swallowed The
first juice secreted lias powerful digestive action,

particularly upon the protein constituents of the

food, and releases from the food chemical excit-

ants for the second or chemical phase of secretion

The«D, along mth the mechanical action of such

food p-wticles as enter the pyloiic antrum, cause

the release of gastrin which augments and pro-

longs the secretion due to the cephalic phase and

initiates the gastric phase The gastnc phase of

secretion continues as long as food remains in

the stomach As soon as the stomach is empty and

the buffering substances present during digestion

are no longer available the pH of the antrum or

duodenum falls to a point at wluch the inhsbitoo

effect of acid becomes evident and that period of

gastric secretion is brought to an end If there is

some defect in the mechanism that regulates tlie

flow of hj drochlonc acid so that it continues after

the stomach is empty, a condition of hypersecre-

tion or continuous secretion is said to be present,

and this may lead to ulceration of the gastric or

duodenal mucous membrane
The relative importance of the several phases

of gastnc secretion is mdicated m figure 37 9
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Applied Physiology

Gastric Analtsis

Study of gastric «ecretion m the human sub-

ject requires u«e of a gastric tube unle^ one is

fortunate enough to ha\e access to a patunt with

a gastric fistula, such as AIcnis St Martin, who
was studied by Beaumont St \fartm was in

jured by the accidental discharge of a shotgun,

the shot tore a hole in his side and earned awaj

a part of lus stomach On recovenng from this

wound he was left with a permanent pistnc

fistula and much of our elementary knowledge of

gastnc function ne owe to the careful ob«crva

tions that William Beaumont, t\ho was at the

tunc a militerj surgeon in the United States

Army, made on tus patient Other studies on
gastnc fistula patients have since been made in

physiolc^ical laboratones A J Carlson (1023)

had three such subjects aiailabie m his Iabora>

tory at the XJmversitj of Chicago More recently.

Wolf and A\olff (1043) ha%e reported their ob-

servations on the now famous Tom Little

A great vanety of stomach tubes ha\e been

used from time to tune, the tendency in recent

years being toward tubes of smaller size, Dumber
12 French gage is a common size Very recently

plastic tubes have come mto use, they ha\e the

advantage over rubber tubes that the wall can be
thinner and the size of the lumen greater for a
given out<ude diameter Since they are cheap they

need not be re-used and hence are thrown anay
and not reetenlized If the patient is unconscious

or, for any other reason unable to swalloa the

tube, it may be passed through the nose Passage

of the tube through the nose has certain ad
vantages particularly if the tube has to remain

m place for a long period of time A tube jn tiie

nose i%t11 cau®e less discomfort over a period of

tune than one in the mouth and is less likely to

be bitten or otherwise damaged by the patient

The tube is usually passed when the stomach

IS empty, the patient bemg fasted for this pur

pose The volume and acidity of the fasting

gastnc contents vary a great deal m normal m

divnduals, but it is rare m the human to find the

stomach completely empty or entirely devoid of

hydrochlonc acid From 20 to 40 cc of gastnc

juice are commonly found m the fasting human
stomach and the acidity of the fasting secretion

will ordinanly mnge from 0 to 20 or 30 clmical

umta (m cq per liter) of so-called free hydro-

chtonc acid After the stomach has been emptied

It IS customary to give the patient a small meal

called a test meal of which a great variety are m
u«e Tyincal test meals arc 300 ml of oatmeal

gruel, a piece of dry toast and a cup of tea, a

shredded wheat biscuit or a piece of toa«t with

350 to 400 ml of water, two shces of bread with

out the crusts, arrowroot biscuits with tea or

water, (Machclia, 1951)

Fraciicrnal Gastnc Analysts

Fractional gastnc analy'sis was introduced by

Keh/u«3 (1924) ond his associates and is aon in

common use wherever gastric analyse is done

Beginning about 30 minutes after the test meal

has been eaten, samples (usually 10 ml ) of

gastnc contents are removed from the stomach

through the tube by suction at mtervals which

may be 15 or 30 minutes Each sample is placed

in a small fiask and set aside for subsequent

analysis Taking of samples is contmued for 2}i

hours at the end of which time the stomach

IS completely emptied through the tube The

samples are then analyzed for free and total

acidity and for peptic activity Other teats may

be done as indicated

The words free acid, total acid and combined

aad were corned at a time when we had Uttic

understanding of the nature of acidity and bttle

knowledge of ionization and the nature of buffers

They were based on the concept that a certam

fraction of the hydrochlonc acid evists free m
solution, a certain other fraction exists m com
biaation with protein or other acid absorbing

substances and that these fractions could be

distinguished by the use of indicators We realize

now that the indicators merely tell ns when the

solution has reached a certam pH

613
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It IS customarj to titrate the gactnc contents

first to pH 3 5 using (Umethylamino'azobcnsme

as an indicator This indicator changes from red

to 3 ellon somen here betn ecu pH 3 and 3 5 The
amount of acid indicated b3 titration to this Ie\el

IS spoken of as free h3 drochlonc acid Free acid

may be defined as the acid equivalent of the

amount of standard alkab noce^ry to bring the

pH of the solution to 3 5 It is evprc'^ed m clinical

units (nhich is the number of milliliters of 0 1

normal ba«c needed to titrate 100 ml of gastric

contents to the de«<ired pH) Another sample is

titrated mth phenolphthalem as the indicator

This indicator changes to a pink color between

pH S and 9 The amount of standard alkab

needed to titrate to this pH is a measure of the

total acidit} also evpre^d in climcal units The
difference between free and total acidity is the

combined acid The combined acid is, of cour*!c

a measure of the buSenng capacity of the gastnc

contents and mil be influenced by the type of

food and the amount of mucus and other buffers

that happen to be present Sometimes the acidity

of the gastnc contents is expressed in pH units,

this is a u«eful notation when the acidity is tow,

but gucs less mfomuition than the conventional

notation when free acid (so-called) is present

(James, I0o7)

If no free acid appears m the gastnc contents

after a test meal it does not necessarily prov e that

the subject is achlorhvdnc, that is, one who
secretes no hydrochloric acid To detect true

achlorhydria it is necessary to u«e a more power-

ful secretory stimubnt such as histamine or one

of its analogs

The HisTAsnxB Test

As a test of gastric secretion the parenteral ad-

ministration of histamine has certain very definite

advantages over the ordinary test meal (a)

Histamine ev okes a maximum secretory response

and IS often able to evoke a response when the

test meal fads to do so (see below) It is thus of

value m distinguishing false from true anaciditj

<b) The rreponse is not affected by conditions

such as appetite and other psychic factors which

influence the response to the lest meal (c) The
test meal and sabvary secretion (the latter can

not be measured) add to the volume of the con-

tents, it is therefore impossible to determine

accurately thequantityofjuicesecretcd {d)SwaI

lowed saliva and the test meal itself partly neu-

tralize the acid (e) In the histamine test the

glands respond promptly
,
maximal acidity bemg

reached within 20 or 30 minutes, therefore, al-

most pure juice is obtained for analysis and neu

tralizatioD factors and gastnc evacuation exert a

mtmmum influence The test is usually performed

the first thing m the morning with the subject

fasting In a subject of av erage w eight about 0 25

mg ismjcctcd

The Iso-Secbetobt ob Normvl Curves

or GasTBic Acidity

Ifm a norma] person the free and total acidities

of the gastnc contents are determined every 16

mmutes for a period of from 2 to 3 hours after

the ingestion of a test meal, the results plotted

against time along the ba«c hoe with HCl per

centages or clinical units m the vertical axis,

a curve is obtamed as shown m figure 38 I The

^ ce.
BCl NeOH

Tio 3S1 Normal curves of gastnc acidily Wlowing a test meal (Uedraww from Maclcao )
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cunc for total acuhtj commences to n^c a ^ll0^t

time after the meal, and about I liour later reaches

a mavimum n hich t ancs from 35 to 70m diffCTcnt

persons Tlie iur\e maintains its rnoMmal height

for half an hour or less and then commences to

decline reaching the resting le\cl again in from

2H to 3 hours after the ingestion of the test meal

The cun, e of free aciditj runs parallel to, but at a
lower le^el than that for tlie total acidil), the

\alucs ranging in different normal persons be-

tween 20 and 40 (0 07 to 0 I5ix.r cent) Values arc

much lugher after foods, "such as meals, uhich

stimulate gaetnc secretion more powerfullj,

aieragmg from SO to 120 for total and from CO to

JOO for free acidit>

The figures given above represent the range of

the great bulk of normal persons, but the gastne

acidities show verj wide mdmdual variations m
health, bemg mfluenced markedlj bj age and sox

The average free and total aciditjcs (after a test

meal) m j ounghealthy males are about 40 and C5,

respcctivelj (see fig« 38 2 and 33 3) Thoj are

'«omcwhat lower in females The> are aUo lower in

children, the adult level bemg reached at about

the age of 20 3 ears In men after 30 jears and in

women after 60 jears a progre««ivc decline in

acidities (total and free) occurs and the incidence

of anacidity and of subacidit> increases sharply

A high normal v'sluc for gastne aadtt> is re

garded by some as an index of pbj'sical fitness,

the level tcudmg to be low, it is said, m persons of

Sedentary habits and poor muscular dev clopment

HYPOcnLORBTDmA (Sttbaciditt) and
AcsLonnYDSii (AyAciorrr)

\Mien the stomach contents give values per

sistentlj below 20 ' cluneal units’ (0 03 per cent)

for free HCl after test meals the condition 13

spoken of as hypochUfrkydna or subacidity The
complete absence of free HCl is referred to as

achlorhydria or anacidily Bennett and Rjle m a
study of 100 healthy male subjects (medical stu

dents) found aeUorhj dna present in 4 0 per cent

In the general run of hospital cases without ffistnc

disease or permcious anemia 14 to 20 per cent

show anaciditj It has already been pomted out

that the absence of free hydrochloric acid from the
stomach contents ina> be simply the result of

excessive neutralization and not 0/ the suppres-

sion of acid secretion Agam, there may be no
secretion of acid after a test meal 3 et the glands

respond to the more powerful stimulus of hista--

mine, anaciditj of this character is called /alte or

apparent anacidily The failure of acid to appear

after the injection of histamme is referred to as

FiQ 3S2 Normal standards The shaded areas
represent the limits withm which lav SO per cent
of the data for free and total acid at the different

ages The hcavj lines represent modes (After

Vanzaot Alvarez and associates )

Fio 3S3 Percentage decline of mean gastne
sciditv with advancing jears (males) (After Pol
land )

true anactdtCy The figures given above as re-

ported by Bennett and Ryle for anacidity in

healthy subjects as well as tho«e giv en for hospital

coses do not permit a distinction to be drawn be-

tween the two tjTJes of the condition smee test

meals irere used m the investigations It is there-

fore impossible to say m what proportion of the

cases true aoaciditj existed The incidence of

true aaaciditj appears howev er, to be less than 1

per cent m young healthj male subjects and not

more than 1 or 2 per cent in the case of young

healthj females

In cases of anaciditj the peptic concentration

of the gastne juice though usuailj low is m some

eases not far below the normal v alue—further evi-

dence that the secretion of acid and of pepsm are

governed bj independent mechanisms Complete
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absence of both acid and pcpsm from the gastnc

contents is called achylia gastrica

The incidence of anatiditj, both apparent and

true, shows a definite increase with advancing

jears up to the sixth decade Vaniant Aharez,

and a<i®ociates, in an mv estigation of a large senes

of patients without gastric disea«e, found it pres-

ent m from 25 to 35 per cent between the ages of

GO and 70 j ears Females showed a higher inci-

dence than males After the sixth decade aome re-

duction in the frequency of the condition was

observ ed (“ice figs 3S 2 and 3S 4)

Anaciditj in the majority of instances gives nsc

to no gastric symptoms and is compatible with

perfect health In some cases it is associated mlh
flatulent di’spepsia and occasionallj a persistent

diarrhea (gastrogonous diarrhea) which is relieved

by the adinimstration of acid

The following are the chief pathological condi

tions associated with anacidity,

(a) Pernictova anemia Achlorhydria is a eon

stant phenomenon Pepsin is al«o u'ualiy absent

Histamine is ineffective

(b) Caranomaoftheilomach There is anacidity

m o\ cr CO per cent of cases It is due to the chronic

gastritis and atrophy of glandular tissue This, it

is believed, precedes bj a vanabic period the de-

velopment of the growth The anaciditj may be

cither false or true

(c) Chronic gastnlis causes a gradual depression

of the secretory function and may lead finally to

its complete suppression

(d) Hypochlorhydria or achlorhydria may also

occur during acide fecerg, in malnulnlion gall-

Fio 3S 4 Curves showinc the relation betaeen
the incidence of nchlorhvdna and age (After

5 anzant, Alvarez, and associates )

ladder dmaae, Addum'g disease, sprue, acne rosa-

tea and cAronic arthnlxs

HyPERaiLonHYDBIA AND HTPERSECRETIO^

"There is no disease known capable of inducmg

true ©i«tnc hyperacidity” (A J Carlson, 1923)

"The concept of hyperacidity unquestionably

lacks actual foundation” (B Ihre, 193S) Never

theless "hyperacidity” is a clinical entity and

should be defined In clinical hyperacidity the

free acid has a value of from 60 to 90 after a

standard test meal, and may, mstead of decbnmg

in the second hour, remam high or continue to

nse The high acidity of the gastnc contents does

not mean that the juice as secreted by the gastnc

glands 13 excessively acid So far as is known the

normal maximum of from 0 5 to 0 6 jier cent of

hy drochlonc acid m the gastnc secretion is nev cr

exceeded The high acidity of the gastnc contents

13 due either to the secretion of an abnormally

bige quantity of juice (hypersecretion) or to im

pairraent of the factors rcgulatmg gastnc acidity

(p 609), c g , failure of the secretion rate to be-

come reduced dunog the second hour, or delayed

gastnc evacuation

Acute episodes of hyperacidity may be caused

by dietary errors or alcohol The worst offenders

among the foods are the fats, smee the secondary

hypersecretion which they cause is apt to occur

after most of the buffenng agents have left the

stomach Dilute alcohol introduced into the

gastrointestinal tract by any route of administra-

tion stimulates secretion of highly and gastnc

juice (Bcazell and Ivy
,

1 940) Strong solutions are

said to stimulate mamlj secretion of mucus (Bab-

kin, 1950) Since alcohol has no capacity to buffer

acid, it IS very likely to cause some degree of

hyperacidity unless taken with food or other

bufleni^ agents Excessive use of coffee may also

cause hyperacidity since caffeine has been shown

to elunulate Bccretion of gastnc juice (Roth and

Ivy, 1944)

A tnuidi more eenous problem is the chronic

bypcrwcretion frequently associated with duo-

denal ulcer disease which is particularly evident

when the gastnc secretion is collected during the

night (Kitsner et al , 1959) The cause of con-

tinucHis ga«tnc secretion in the absence of food is

one of the great unsoh ed problems of medicine

In general there are two mam jjomts of vaew,

each with numerous variations One is that hyper

secretion is the result of duodenal imtation,

either by a chronic ulcer or by some condition that

may ultimately lead to ulcer (Ivy and Bachrach,

1940, Grossman, 1951) It has been suggested
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that <)uodcnal irntation ma} cau'f* rtJoa^ of

lustnmine which, when carried bj the blood to

the stomach c\citcs the parietal cells as does exog-

enous lustamine Opposed to this view is the

evidence that m manj ulcer patients hj pcrsocre-

tion is evident even when the ulcer is “inactive,”

that IS, not causing symptoms

A much more widch hold thcorj is that the

hypersecretion is primarj and the duodenal ir-

ritation or ulceration, if it occurs, is secondary to

the chronic hyperacidity (Dragstedt, 1044) In

support of this Mcw is the well known fact that

duodenal ulcers heal only after the liy pcracidity

has been corrected Tlie argument is weakened

ly thefsci ikii gisjtfne

ally associated with hy^poacidity and could not,

therefore, be due to primary hyperacidity al

though they are, like duodenal ulcers, favorably

influenced bv antacid treatment (Atkin'^n and

Henley, 1955)

Among the possible causes of primary gastric

hypersecretion, CNcc'Sivt u«c of tobacco, coffee

or alcohol have l>ccn suggested (Ivy et ol , 1955)

Proof of a “igmAcant association of thc^ agents

with chrome hypersecretion is lacking Excessive

use of coffee, tobacco or alcohol is often indicative

of a state of nervous tension or anuety which, of

itself, may cause hypersecretion Since they un-

doubtedly aggravate the disease in susceptible

persona, limitation of their u»c is generally con-

sidered necessary m the treatment of di«ca'es as-

sociated with so called hyperacidity

Although the caus« of pnraary hypersecretion

are unknown, tlimking in recent years lias tended

to crystalhze on the concept that it represents a
continuation of the replialic or reflex phase of

secretion into the mterdigestive period (Drag-

stedt, 1942) This concept focuses attention on the

central nervous system and its relations to the

autonomic nerves From this we derive the

psychosomatic theory of gastric hypereecretion

and ulcer disease, discussed m a later section

The neutralization teal This test is of value in

investigating the acid regulating mechanism in

duodenal ulcer, especially in determining the

success or failure of an operation performed for

its cure Instead of stimulating gastric secretion

by a test meal or lustamine injection, 300 cc of

0 5 per cent hydrochloric acid solution are intro

duced through a rubber tube into the fasting

stomach after its contents have been removed by
aspiration Samples of the acid solution are with

drawn from time to time as in the ordinary method
Srjirttojisi gsisijjc Analysua and the total aeid

ities determined The results are plotted and the

curve compared mth a normal standard curve In

the normal subject the total acidity falls from a

value of 130 at the beginning of the test to around
40 within an hour or so In cases of duodenal ulcer

the total acidity falls more slowly and may be 70

or more after the lapse of 3 or 4 hours

Estimation of Pfptic Power

The earliest method of determining the peptic

activity of a sample of gastric juice was intro

duced by Melt in 1SS9 Egg white is drawn into a

glass tube of 1 mm bore and a few inches long

The albumin is coagulated by placing the tubes m
water at a temperature of S5®C and leaving them
until the water has cooled The tubes are then

hri>kej> mlo ssfcUoas jibout sn }j>ch )osg jtnd

mersed in the gastric jmee diluted 1 to 15 with

N/20 HCl and incubated at a temperature of 37°C
for 24 hours After this time the length of the

column of digested albumin at each end of the

tubes is measured m millimeters under the low

power of the microscope and the average of a

number of measurements taken The peptic power

of the sample is expressed in accordance with

Schulz’s law which states that the amount of

proteolytic enzyme present is proportional to the

square of the number of millimeters of digested

albumin Therefore if the average length of the

digested columns is 2 5 mm the peptic pow er of the

undiluted juice will be 2 5* X 16 — 100 0 This

IS the average normal value

Anson and Mirsky s method utilizes hemoglobin

as the substrate After the juice has acted upon
the hemoglobin for 10 minutes the undigested

protein is precipitated with trichloracetic acid and
removed by filtration The quantity of protein

split products, which is a measure of peptic ac

tivity , IS estimated colonmetncally after the addi

tion of phenol reagent

The Effects of Various Chemicals and Drugs

UPON Gastric Secretion

m general have been held to exert a

depressmg effect upon the secretion of gastric

juice Sodium bicarbonate, for instance, a fa-

vonte ingredient of digestivemixtures was investi-

gated by Pavlov in dogs and found to be definitely

inhibitory This observation has been confirmed

by Farrell, though, others find that the mhibitoiy

effect does not occur unless the dose is excessive,

and that in small repeated doses it augments the

secretion (Boyd) This seems to be true also of

other alkalis, large doses depress but small doses,

especially if repeated, may augment the flow of

juice Nor does the inhibitory effect of large doses

persist after their discontinuance on the contrary,

hypersecretion not uncommonly follows (“acid

rebound ’) The value of alkalis m gastric disor-
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ders depends chiefij, hoT^ever, npon thar aotaod
properties, » e , upon their ability to neutralize

or buffer the acidity of the gastnc contents rather

than to depress secretion For this purpose the un-

absorbable alkalis, such as aluminum hydronde

and magnesium silicate are preferable to such

substances as sodium bicaTbonate and ralcium

carbonate which can be absorbed from the rntes-

tme In the doses necessary to exert an appreci-

able effect on gastnc aeiditj the soluble alkalis

can cause profound changes in the acid base bal

ance of the body and have been known to produce

sex ere alkalosis The insoluble antacids do not

affect the acid base balance of the body , and be-

cause of their slower and more prolonged action

they are le«s likely to cause an acid rebound m
the stomach Incidentally, the acid rebound effect

13 now believed to be due to the temporaTy ab-

sence of the inhibitory effect of acid m the antrum

following neutralization of the gastnc contents by
the alkala

The lanous preparations of bitters are without

any appreciable effect upon secretion unless they

eontam alcohol Acids depress gastnc secretion

w hich IS completely inlubited by the introduction

into the stomach of a 1 per cent solution of hydrth

chloric acid (p 600) Acid al<o exerts an inhibitory

effect from the intestine upon gsstnc secretion

hca introduced into the dog’s intestine gastnc

secretion from a Pavlov pouch is inhibited Con

dimenU have little direct effect, but act indirectly

m adding flavor to the food, stimulating the taste

buds and thus encouraging the psy chic secretion

I/utcmtne is one of the nio«t powerful stimulants

of gastnc secretion Histamine Lbcrated mthm
the body, eg, in dermographism or even by

the immersion of the hand in cold water at

cA WC vc.va(» ?. ’l&'AifaSdA,

secretory Tc«pon?c within 15 minutes Gastnc

secretion is not inhibited by such antihistamine

drugs as neoanlergen and benadryl, and most other

agents of the same class, of the few which arc

anbsccrelory the dose required must be mordi-

natcly large Caffeine and ofcoftof are strong secre-

tory stimulants The latter has a pronounced

secretogogue action, causmg the secretion of a

juice of high acidity and neh in mucin It is pos-

sible that alcohol ewrts its secretory action

through the liberation of histamine, for it has

been shown that the histamine output of the per-

fu«cd lung of the gumea pig is increased by the

addition oi alcohol (2 to 6 per cent) to the per-

{u«ion fluid Lu<T exlTocl, mcot, and ivpetoHe n-
Iracls generally porrerful excitants of the

gastnc glands, an action which they owe to the

presence of secretagogues Jnsuhn (through its

hypoglycemic effect on the vagus center), acebjU

cAoftne (usually), meeholyl (acetyl-^ melhylchohne

Ahnde), pilocarpine and nicotine are secretory

stimulants, whereas belladonna or its alkaloids

atropine and hyosane,and hyoscyamus or its alka

loid hyoseyomxne are secretory depressants Atro-

pine or vagus section depresses or abolishes the

(lepbalic secretion, the drug reduces somewhat,

but dots not suppress, secretion due to histamme,

alcohol, or caffeme

Atropine, although it depresses gastnc secre-

tion, is not a practical drug to use for control of

gastnc acidity becau'te, in the doses required to

have an appreciable effect on the secretion of

gastnc juice, it has intolerable side actions such

as acceleration of the heart, dilation of the pupil,

paralysis of accommodation etc Recently anum-
ber of synthetic drugs w ith actions on the stomach

similar to those of atropine hav e become available

commercially Many of these possess a greater

action on gastnc secretion and motility and have

le*s effect on other peripheral structures than

atropine so that their use for regulation of gastnc

secretion becomes feasible These drugs are known
generaUy as parasympatholytic drugs

There is a widespread clinical impression that

smoking tobacco increases gastnc secretion and

gastnc acidity but the expenmental evidence is

not convincing Conflicting results have been re-

ported by equally competent mvestigators but

the avaibble evidence suggests that smoking one

or two cigaretles increases gastnc acidity m a

majonty of pereons w hereaa smoking several ciga-

rettes or smoking for a long time depresses gastnc

secretion Such a result would be in accord with

the known fact that nicotine in small doses

etoanci'aAsw WiVcarwnoc gaug'aa w’rreitsft Vm¥;«

doBca cause depression The immediate effect of

morphme is to depress gastric secretion but it

causes gastnc retention and hence tends to pro-

long the gastnc phase and thus to mcrease the

total secretion Adrenergic blocking agents do not

affect gastnc secretion

Invluevce or Vitamins and Hormoves
ov Gastric Secretiov

Vitamin*

Zattle 13 known of the effect of vitamins, or

vitamm deficiency
,
on gastnc secretion Achlor-

hydria has been observed m severe thiamine de-

ficiency (ben-ben) and the claim has been made

that achlorhvdna can be cured by administration

of vitamin A (Foldes and Vajda, 1941, SchSdt,
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1934, 1935) Howc\er, Dyer and Roe (1041)

found that acute or chrome \itamm A deficiency

had no effect on the ability of rats to secrete hy-

drochlonc acid or mucin in their gastric juice

when the amount of secretion was expressed in

terms of bodj weight Babkm and his associates

(1940) found that vitamin D in cxccssne doses

depressed gastric secretion but this was ap-

parentlj due to the considerable increase m blo^
calcium concentration which resulted from ad-

muustration of the vitarain. In their expenments

only the reflex pha«e of secretion v-as effected by

the hypercalcemia Other studies on the effecta of

the blood calcium level on gastric secretion indi-

cate that the normal blood calcium level of lOmg
per cent is optimum for secretion of gastric juice,

any considerable change in this level whether in

the direction of mcrca'c or a decrease depresses

gastric secretion

Hormones

The effect of changes in blood calcium on

gastric secretion has already been mentioned,

these changes can be induced by administration

of Parathormone as well as by administration of

vitemm D and with the same results Hj pophy-

eectomy causes characteristic changes m the chief

cells of the gastric glands consisting of a decrease

m the size of the nucleus, and loss of most of the

pepsmogen granules Adrenalectomy also causes

mvoIutioQ of the zymogen cells and dumiushes

the output of pepsin in the gastnc secretion

(Baker and Abrams, 1954) Gastnc acidity is

diminished following adrenalectomy ,
mdecd m

human subjects adrenalectomy results m a very

low level of gastnc secretion (Gray, 195S) Secre-

tion of hydrochlonc acid is also reduced by hy-

pophysectomy in rats (Jones and Harkins, 1958)

Great mterest is attached to the possible effects

of adrenocorticotrophic hormone (ACTH) and the

adrenal steroids and the vanous synthetics that

simulate the action of the steroids, on gastnc

secretion Since these agents have come into gen-

eral use and some instances of exacerbation of

duodenal ulcers have been reported following

their use, it is assumed that the ulcere are aggra-

vated by an increase m the volume, acidity, or

peptic activity or of all three m the gastnc juice

The stimulatmg effect of these agents on gastnc

secretion has been emphasized by Gray and his

associates (1955) They have noted particularly

an mcrease m the output of uropepsin m circum

stances m which it may be assumed that adrenal

cortical activity is mcreased either through natu

ral stimuh such as are involved m stress or

through the administration of ACTH or of the

steroids thcrasoh cs, or of their synthetic counter-

parts Gray and others have also reported an
mcrcaee in gastric acid secretion under similar

cucumstanccs but negativ e results hav e also been

reported Although the evudence is conflicting it

appears that, when given m sufficiently large

doses over a considerable penod of time, these

agents can, and do increase the hy droclilonc acid

and pepsin secretion by the gastnc glands and

that in some cn«cs at least this has been a factor

in the aggravation of duodenal ulcer disease

Serotonin is a subtance, po^ibly a hormone,

secreted by certain cnterochromaffin cells found

principally m the intestinal muco«a which greatly

augments mtestinal motility when given intra

vcnously Among its numerous physiological ac

tions it appears to exert an inhibitory effect on

gastnc secretion, particularly that produced by
reflex stimulation or through the action of drugs

that resemblo acetylcholine The effect of serot-

omo 13 of mterest in connection with the action

of reserpiDC which has been used as a tranquilizer

and in the treatment of high blood pressure A1

though therapeutic doses of re«erpme are said not

to influence gastnc secretion large do°es given

for a considerable time do increase the acid out-

put of the gastnc glands and it has been suggested

that this might be due to serotonin the produc-

tion of which IS increased by reserpme, evidently

however, since serotonin mhibits gastnc secretion,

some other /actor is operative in the reserpiaized

subject (Haverback ct al
,
1957)

Insulm may be considered with the hormones

although its effect on gastnc secretion is not

Blnctly a hormonal influence on the stomach

Insulin, in a dosage sufficient to lower the blood

sugar to about 50 mg per cent, has an effect on

the gastnc glands similar to that of stimulation

of the vagus nerves, that is the output of acid

and pepsin is mcreased The effect is due to the

rapid decrea'« in blood sugar concentration

which, through some mcchamsm not understood

at present, has a stimulating action on autonomic

centers of the brain stem The effect on the stem

ach IS due to stimulation of the vagus centers

but sympathetic as well as parasyTnpatbetic cen-

ters are stunulated by the change m blood sugar

The well known insulin conviusions are merely a

further manifestation of this general excitatory

effect of rapidly induced hypoglycemia

Smee the effect of insuIm on gastnc secretion

IS dependent upon the mtegnty of the vagus

nerves, the ‘insuhn test” has been used as a

means of determining the completeness of thera-
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peutic vagotomj in human subjects (Hollander,

1946) A positi\c insulin test 13 proof of the pres-

ence of intact \agus fibers but a negatne result

13 less conclusive since some subjects with intact

vagi fail to secrete m response to insubn The
test has, nevertheless, been of great value in the

surgical control of duodenal ulcer

The inhibitory effect of enterogastronc on gas-

tric secretion has already been referred to It may
be mentioned here that commercial preparations

of enterogastrone have not been successful in the

control of gastric hypersecretion m peptic ulcer

disease This may be due to the lack of a suitable

commercial preparation or it may be that the

hjpcrsecretion of ulcer disease is a sign of the

failure of the gastric glands to respond to nornial

inhibitory mechanisms of which enterogastrone

is one Enterogastrone is effective mamly against

the chemical phases of gastric secretion It has

little influence on the initial reflex phase, as we
shall see later on it la precisely the initial re-

flex pha'so which is beheved to be prolonged

and augmented m duodenal ulcer disease

Loss OF Gastric Juice frosi the Body

IVhen abnormally large quantities of gastric

juice are lost frCm the body as m pylonc obstruc-

tion with persistent vomiting or in intestinal ob-

struction a profound effect upon the acid base

balance of the body is produced There is a fall

m blood chloride leading to a state of compen-

sated or uncompensated alkalosis Because cal-

cium salts are less soluble m alkaline body fluids,

tetany due to calcium deficiencj may occur

m uncompensated alkalosis (ch 13) Dragstodt

and Ellis (1930) have shown that, in animals,

dramage jif the gastric juice to the extenor,

through a fistu^ results ui a reduction of blood

chionde and alkalosis, marked deb> diation and a
nscTn'nonprotcintiitrogcn m the blood, leading

fb sev ere depression and death

Effeut of Emotionvi/ States on

Gastric Becrction

The effect of emotional experience on visceral

function was discussed m popular vein by Walter

B Cannon in his book on ' Bodily Changes in

Pam, Hunger, Fear and Rage,” (1915) Hefocu'ied

lus attention on the inhibitory effects of acute

emotions such as sudden fear and anger and for

a long tune this was con«idered to be the roam

effect of emotional states on gastnc function The

fact that certain tj pes of emotional disluibances

could stimulate gastnc function, specifically could

mcrease secretion of hjdrochlonc acid, was

first demonstrated by Wolf and Wolff (1943) m
their studies on their modern Alexis St Martin,

known as Tom Tom had a gastric fistula which

made it possible to observe changes in the gastric

mucosa and to note mcreascs and decreases m the

secretion of hydrochloric acid MTien exposed to

sudden fear or pauj, Tom’s stomach became pale

and ceased tosecretohydrochloric acid, in accord-

ance with the concept popularized by Cannon,

how ever, when a situation developedwhich caused

prolonged resentment or deep seated chronic

anger the opposite effects were observed, the

^stne mucosa became congested and the secre-

tion of hydrochloric acid was increased Sub‘=e-

quently, similar results have been observed by a

number of investigators on human subjects and

on animals Although there are individual vana
lions, the weight of evidence indicates that

chronic anxiety, anger, resentment and fear, if

sufficiently prolonged, tend to produce effects on

gastric function cbarnctcristic of increased ac

tmly of the parasympathetic division of the

autonomic system tscludmg increased secretion

of hydrochloric acid by the stomach

The central mechanism for these effects is

doubtless situated partly m the hypotlnlamus

This portion of the bram has been shown repeat-

edly to be a center for the coordination of

impulses involved m emotional expression (Bard,

1923, 1929, Fulton, 1929) Clark (1933) refers to

the hypothalamus as a vnseeral correlation center

and Hess (1947) considers tliat ' m the dicneeph-

alon the functions of the various autonomic

organs ore synthesized into coojierative action
"

MacDonald (1951), citing the work of Hess, con

eludes that the hypothalamus is “the head gan

gbon of the autonoimc system ”

It has long been know n that stimulation of the

postenoT portion of the hypothalamus brings

about visceral responses characteristic of the ac-

tivityof thesympathetic division of theautonomic

nervous system Evidence that the v agi or other

patasympathetic nerves could be activated from

the hypothalamus has not been so abundant but

it IS becoming increasingly apparent that para-

^Tnpathetic effects can be obtained from various

regions of the hypothalamus by appropriate stim

ulatmg techniques (Strom and Uvnas, 19o0)

Thus we sec that mechanisms exist for the altera-

tion erf visceral function, presumably including

gastnc secretion, as a part of the general

phenomena aasociated with emotional expression

Emotional feeling, as distinguished from emo-

tional expression, mv olves the cortex widespread

nmncctions between various parts of the cerebral
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cortex and the hjpothalamus are also known
Connections ^ ith the rhinencephalon arc partial*

larly abundant and are, no doubt, more deeply

involved m our \i«ceral responses to consaous

experiences than are most of tlie other parts of

the bram (MacLcan, 1949) Since these areas ore

believed to be primarily concerned with emo-

tional experience the} ma} bo of fundamental

importance in visceral responses to emotional

stunuh The tracts that connect the h}pothaIa-

tnus directly or b} wa} of the thalamus with

the neopalbum have been anal} red m detail by

Murphj and Gellhorn (1945) who studied the

distribution of action potentials resulting from

the local application of strjchmne to vanous

pomts m the cortex, thalamus and hj-pothala*

mus In discu'smg their results thej state that

certam of the conduchng paths that they dem-
onstrated may be said to be tracts of preferen-

tial discharge of low resistance These were

paths from the hjpothalamus to the cortex and
from the cortex to the hj^wthalamus, both by
way of the thalamus, also included were two-

way paths between the hypothalamus and the

thalamus The authors suggest that lhe<e

two-wa} conduction paths between cortex and

hypothakmus may constitute, under some cir-

cumstances, “reverberating circuits" bj which

they mean closed chains of neurons over which

impulses ma} continue to circulate long after the

exciting stimulus has subsided

Canoxic Gastiuc and Duodenal Ulcer
(PEpnc Ulcer.)

Epigastric pain coming on usually m from a
half to one and a half hours after a meal and

voimtmg are the chief clinical features of gastnc

ulcer In a certain proportion (about 20 per cent)

of cases blood appearsm the vomitus (hemateme-

sis)

In duodenal ulcer, pam occurs usually within

from 2 to 3 hours after a meal, that is, when the

stomach is nearl} emptl} The onset of the pam
IS therefore earlier after a light than after a heavy

meal The pam is reliev ed by takmg food

Palhogenesu

It is generally agreed that the dominant factor

m the development of gastnc and of duodenal

ulcer 13 the action of the pepsin h} drochlonc acid

of the gastnc ;uice The term peptic ulcer is there-

fore well chosen The importance of this factor is

evidenced by the following facts

(1) Apart from the ulcerations caused b} some

specific disease, e g ,
tuberculosis, 8}'philis, car-

cinoma, etc
,
ulcer of the gastrointestinal tract is

confined to those regions which are exposed to

tlie action of acid (a) Gastnc ulcers in the great

majonty of cares involve the p}!onc part of the

stomach, they are most frequent)} situated on

the lerecr curvature near the incisura angulans

oron the anterior or postenor wall m close proxim

ity to this limited area They are nev er seen m
tlie dome of the fundus and rarely on the upper

part of the greater curvature
,
there regions it will

be noted, arc not in contact with acid for any

length of time (b) The lower part of the crepba

gus into which highly acid juice frequently re-

gurgitates, and the adjacent part of tlie stomach

wall, I e
,
the cardia, arc sometimes the site of

ulceration (e) Duodenal ulcer occurs practically

exclusively nitlun the first inch or less of the

duodenal cap (p 692), and nearly always upon

its anterior or postenor will, that is, where the

chyme before it lias been neutralized by the alVa

line juices of the duodenum comes into contact

with the muco«a (d) After gastrojejunostomy

the so-called stomal ulcer may occur in the jejunal

mucosa m the region of the anastomosis i e

,

where the gastnc juicc first impmges (c) In a

MeeXeJ’s dnertieuJum which contains ectopic

gastnc glands on ulcer occa»ionally forma Tbe

ulcer's site is cither m that part of the mucosa of

the diverticulum, winch docs not itself contain

acid reerctmg glands or m the ileum at the point

where the diverticulum opens into it Matthews

and Dragstedt (1932), expenmentmg with dogs

produced an "artificial Metkel’s dn’erticuJum by

trsitsf^atiiTSs o! the gsstne fns!} istcf the

ilcum, an ulcer developed m the ileum just be-

yond the transplant in every experiment These

obrervations n the

common^gt. BlhiatmT^g nr ill,.n,- •ara-r.nf in ftift-mii

cosa winch secretes the acid, but in npighhoang

parte which norroallv secrete a neutral or alkaline

fluid—^the pylonc region, duodenal cap, cardiac

region, esophagus jejunum or ileum The pylonc

type of gland extends farther up the lesser curva-

ture than up the greater curvature (fig 3S5) It

has even been suggested that the occurrence of

ulcers in the body of the stomach, i e , in the acid

secreting part of the mucosa, is actually depend

enl upon the presence of patches of aberrant py-

lonc glands (f) Mann and illiamson, employing

d^s, excised the duodenum and transplanted it

into the ileum thus diverting its alkaline juices

away from the region of the pylorus The cut end

of the jejunum was anastomosed to the pylorus

Fourteen out of sixteen animals upon which this

operation was performed develojied chrome ulcers
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Fia 3S 5 Diagram showing the distribution of
the parietal (acid secreting) cells in the human
stomach In the black area the proportion of
parietal cells was maximal and was taken as 100
per cent, in the cross hatched area on lesser curva
ture the percentage of parietal cells was 7S per
cent, in the shaded area at the fundus 50 per cent
and in the w hite area 0 to 1 per cent (After Berger,
Amer J Anat

, 1934 54, 87)

in the jejunum just beyond the pjlorus However,

Tawley and Iv’y found that this operation, if

combined with excision of the fundus, or if the

alkaline secretions are drained into the stomach,

does not cau«e a jejunal ulcer

Ulcere hate also been produced by inducing

continuous secretion of hydrochloric acid by un*

planting histamine in beeswax under the skin

Tlus results m the continuous absorption of his-

tamine and consequent continuous stimulation

of the acid secreting cells of the stomach Ulcers

also occur m the duodenum True peptic ulcer

does not detelop m the absence of hydrochloric

ncid Although a small acute or subacute ulcer

may sometimes develop m the absence of acid a
large chronic ulcer of the duodenum is almost

never seen with anacidity, as for example, in

pernicious anemia

Tnereis a dehnite tendency toward hyper

secretion in most duodenal ulcer patients, though

not in patients vnth gastric ulcer The evidence

on this point has been nicely summarized by

Grossman (1051) ns follows ' Patients with ^s-

tne ulcer show a distinct difference from those

with duodenal ulcer in Ibis regard In gastnc ulcer

patients there is little or no tendency to aecrele

excissive amounts of acid, whereas this tendency

IS distinctly present m duodenal ulcer patients

Thus, both experimentally and climeally, the

ulcer associated wvth hypersecretion of acid w
duodenal in location This hy persccretion of duo-

denal ulcer patients manifests itself m all types

of gastric secretory studios, whether these studies

are on the interdigestis-e secretion during the day
or night, or on the secretion m response either to

a meal or to drugs such as histamine, losulm or

caffeine The difference between normal persons

and duodenal ulcer patients la greatest in studies

on the basal or interdigestive secretion and in the

response to caffeine The response of the ulcer

patient to caffeine deserves special mention be-

cause it 13 characterized by being abnormally

prolonged as w cll as elev ated

“There is no sharp dividing line between the

secretory level of duoilenal ulcer patients and

normal persons Some duodenal ulcer patients

secrete no more acid than the average normal

person, some normal persons secrete as much acid

as the average duodenal ulcer patient Only a

small percentage of duodenal ulcer patients se-

crete acid at rates higher than the highest level

encountered in normal subjects The difference

between the acid secretory rates in normal persons

and patients with duodenal ulcers is a statistical

phenomenon
, the aierage secretory rate of normal

persons 13 distinctly below the at ero^e for patients

with duodenal ulcer The difference is statistically

highly significant, that is the probability of its

having occurred by chance or random sampling

error is low ”

In duodena] ulcer the typical findings upon

gastric analysis arc a fasting juice of greater

volume than normal and of high acidity
,
and a

curve of gastric acidity alter a test meal which

rises well above (20 units or more) the normal

maximum In some cases the stomach empties

more rapidly than usual as a result of exaggerated

gnstnc motility and the curve of acidity after

reaching its maximum value falls steeply again

In other instances the stomach empties in the

usual time but the curve of acidity is mamtamed
at its maximum as a result of continued gastnc

secretion—the plateau type of eune In still other

instances the emptying ol the stomach is delayed

as a result of pylorospasm or acliala«ia («ee

below), and the curve of gastnc acidity instead

of falling at the usual time continues to nse—the

so-called chmluTip nine (fig 386) High gastric

acidity 13 lc*>3 commonly associated with gastnc

ulcer, according toVanzant the acidity is actually

a httle below the normal av erage True anacidity,

however, is rarely, if ever, found

Atkinson and Henley (1955) also found the

acidity m gastnc ulcer patients to be below the

average of normal subjects but Ihre (1938) found

it to be essentuilly normal Tlie rcbtivelj low

gastnc acidities found m gastnc ulcer are prob-

ably the result of an associated gastntis and do

not ncccssanly indicate that hypcrchlorhjdna

did not precede the development of the ulcer

(3) Stimulation of gastric secretion, as by the



Chapter S8 GASTRIC DIGESTION—contjnucd 623

» i tbf It H 2hr2t2i 3hr 3*.

i
~

r m ~
KmKams
mBmaaa

«(•!«,

Bmma
1 u IBmm
u a ma

aot-i® d1 fl
HI nm

jiiuj,naa
nN«OH n

|-&«rea { ! •>&&»*} I^CSe

V«hi«a «f najair Jale» • >

Pro 3S6 Chart showing “climbing' type of curve of gastric aciditj (After Rjle )

continued administration ol Viislamme or of c&f*

feme (p 618), is one of themo't effctlitccxpori'

nicnfa! means of producing gastric ulcer Al*

fhoug/i gastric ufccrs arc produced c’cpenmcntaHy

bj means of a constant drip otcr the gastric

mucosa of a solution of hj drochlortc acid, some
pepsin must be furnished b^ the stomach itself

Irrigation of a loop of jejunum nith acid alone

wiJI not cause ulceration but this is readily pro-

duced by the addition of pep'in to the perfusion

Quid

(4) Measures directed toward the prevention

of excessive gastric «iocretion and toward the neu-

tralization of the acidity of the gastric contents

are of outstandmg ^afue m encouraging the heal-

ing of the ulcer

'Though the importance of acid in the produc-

tion of ulcer cannot be denied this factor cannot

be solely concerned For one thing, many persons

who show hj perchlorhydria do not develop ulcer

“^Vhy m these instances is the gastnc mucosa

immune to the action of the pepsin hydrochlonc

acid?” Indeed, the question has often been ashed,

“Why does not the pepsin hj drochlonc aad of

even normal gastric juice digest the gastnc or

duodenal mucosa’” It is also an extraordinarj’

fact, finnij established by several workers, that

the tissue of other parts of the intestinal tract or

of other organs, though susceptible to the action

of acid in tbcir normal situations, are not digested

when transplanted into the wall of the normal

stomach Dragstedt and Vaughn, for example,

remosod areas from the gastnc wall of dogs and

then sutured portions of the duodenum, ileum,

jejunum, colon, spleen or kidnej into the gaps

In no ease was the transplanted tissue digested

In the case of the kulnej and spleen their gastnc

surfaces became co%ered mth a lajer of gastric

epithelium Sections of transplanted intestinal

mucosa were found to be pcrfectlj normal after a

period of mne months

On the other hand, as shown jears ago by
Cbude Bernard (1859), the mtact leg of a luing

frog is digested when introduced through a fistula

into the stomach of a dog Pai-j (1923) showed

the same thing lor the rabbit’s car and Dragstedt

and Vaughn have demonstrated that the intact

limb of a live frog pbced in an e\tract of frogs

gastric mucosa is digested

Until comparatnejj recentlj there lias been no

convincing or even \ery plausible answer to the

question of wh> the stomach does not digest its

own wall One e\pbnation offered was that the

greater alkalinity of the blood coursing through

the vessels of the gastnc tubules as a result of

the loss ol U ions served to neutralize the effect

of the acid juice Others suggested that tlie im-

munity of the gastric mucosa to autodigestion is

due to its containing an antipepsin A possible

expbnation is the presence of ammonia m the

gastnc wall produced by the action of urease on

urea

Urea unfiASEi-AMiioMA mechanism The pres-

ence of ammonia in the gastnc contents was ob-

served manj years ago (1852) by Bidder and

Schmidt, but httle significance was attached to

the finding until Luck and Seth demonstrated its

production in gastnc tissue by the action of urease

upon urea (urea + urease —• NH| 4- COj), and

pomted out the possible role of this mechanism
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in neutralizing gastnc acid A rise in bliiod urea

as in renal insufBciency, or after the oral adminis-

tration of urea is followed by a corresponding

increase in the urea + ammonia in the gastnc

wall, and a nse in the ammonia concentration of

the gastnc juice In the gastnc mucosa the con-

centration of urease is higher than in any other

tissue, it IS found in greatest amounts in the cells

of the surface epithelium FitzGerald and his as-

sociates have made an extended study of this

mechamsm Hastings and Ins colleagues found

that the total urea content of the body (as deter-

mined bj urea tagged with C* and an anaftsis

of the expired air for C“Oi) was 10 per cent per

hour, this was reduced after gastrectomy

Another factor which may be even more im-

portant IS the presence of the protectne layer of

mucus which normally coxers the entire gastric

mucosa Hollander (1951) has pomted out that

the mutua "adheres to the underlying tissue with

great tenacity, is capable of mamtaming a consid-

erable thichncss instead of flowing oB rapidly as

the acid secretion does, is generally impermeable

to destructive chemical agents because of its co-

hcBivcness and a impermeable to pepsin because

of its absorptix e properties " Hollander also calb

attention to the reraarhable capacity of the sur

face layers of the gastric mucosa to regenerate

and to secrete a fresh layer of mucus, should the

mucous barrier be broken down at any point

A COVStDEBATlOV OF OTHER FlCrORS COV-

CERViD IN THE pRODUcnov OF CUTER Boelmol

infeclion, and interference with the blood tupply

to the mucosa, either as a result of emboli or

thrombosis haxe been thought by some to be re-

sponsible for ulcer production Except pcrfiaps m
rare instances, these areno longer believed to play

a role Tobaoco omohny baa been thought la some

instances at any rate, to encourage ulcer forma

tion. or to mterfere with the healing of an ulcer

already formed, however, if smoking is conducive

to gastnc or duodenal ulceration the manner jn

which it acts is not clear Trauma, although not

essential to the production of ulcer is probably

often a contributory factor It is not difficult to

believe that in the presence of other causative

factors, rubbing of fo^ against the gastnc mucosa

or the passage of coarse indigestible matena! into

the duodenal cap, will encourage the production

of ulcer, or retard the healing of an existing one

Mann and BoIIman point out that the site of

duodenal ulcer corresponds to the area of mucosa

upon which the gastnc contents impinge, and,

when the gastnc movements are energetic, this

may occur with considerable force They found

that the experimental production of ulcer was
considerably delayed if the propulsive force of

the stomach w as reduced by making an hour-glass

coDstnctioD m the prepylonc region Ivy and his

associates have also shown that in the rabbit

coarse food retards the healing of an area of the

stomach wall from which the mucosa has been

denuded.

The possible effect of trauma upon the blood

supply of the gastnc mucosa is referred to

ebewh^e
The role of street tn the etiology of peptic ulcer—

Ptychonsceral disease As our knowledge of the

control of visceral function has mcreased it has

become more and more evident that experiences

witha high emotional content can adversely affect

visceral function to the extent of causing organic

disease WTicther or not this takes place depends

as much upon the individual and his reaction to

his experiences as upon the experiences them-

selves, but in any case the emotional factor is

predominant Disease traceable to the individual s

reactions to his environment, particularly bis

emotional reactions, are known as psychoxomstic

disease They might better be called psycho-

visceral diseases (Thomas, 1955) because they

generally affect some part of the viscera rather

than the external body structures

The fact that emotional states have an influ

cnce on gastnc secretion has already been men
tioned The possibiLty u suggested that vanous

forms of stress can, through this mechanism, cause

gastric hypersecretion and thus promote the de-

velopment of gastnc or duodenal ulcers In this

connection some observ ations of Hamiy Cushii^

(1932) are significant He reported three casrs of

acute perforated ulcers with death followmg re-

moial of cerebellar tumors which possibly had

caused injury to the hypothalamus He concluded

that there was a parasympathetic center m the

dienceplialon, apparently situated near the tuber

cinereum from which fibers passed backward to

the medulla for relay to the vagus and other

autonomic centers He noted that experimental

lesions anywhere in the intracranial course of

these fibers were prone to cause gastnc erosions,

perforaUoR, or ulcers Similar observations have

been reported by Keller (1933-1934) and his as-

sociates It may also be recalled that the stimula-

tion of the hy^pothalamus m the region of the

tuber cinereum is followed by increased move-

ments of the stomach and that hypersecretion

and giKtnc hypertonus are frequently features of

duodenal ulcers That emotional stress is fre-

quently associated with duodenal ulcer is well
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knoivn Dragotcdt Bays "fora number of jears

manj m\ c«ligators ha% e commented on the high

incidence of ulcers in tho‘=e persons whose occupa-

tions m%ol\e unusual anxioU, stress and strain

and on the tendenej for healed ulcers to recur

during penods of groat emotional tension *’ “On
the ba«is of a\ailable experimental evidence on

the genesis of ulcers—it scorns most probable that

the central nervous svstem phi's an undoubted

role in causing the disease through increasing the

volume of ga«tnc luice
"

Reference should be made also to the probable

role of the pituitarj and adrenal hormones in the

response of the viscera to env ironmcntal stimuli

These ghnds arc surolj involved m reactions of

the bod} as a whole to 8tre«s Specific effects on
the gastrointestinal organs of the hormones that

are probabl} released in these reactions are little

known or understood, but it is knovvn that acute

gastrointestinal ulceration and rouco^3l hemor-

rliagcs are common occurrences m severe non-

specific tjpes of stress Although thc«e liavc

generally been interpreted as being due to activa-

tion of autonomic nerves, the work of Gra} and

his associates (1935) indicates tlut the adrenal

hormones secreted in response to corticotrophm

(ch 58) tna} cause increased ga«tnc secretion

and thus play a part in causing duodenal ulcera-

tion

Tlie role of emotional factors (particuhrfv emo>

bonallj induced hypersecretion) m gastric ulcer

IS not so evident although Dragstedt and asso-

ciates (1954) believe that gastne stasis, which

tends to cau'^e a prolonged gastric phase of secre-

tion, ma} be a factor m the production of ga«tnc

ulcers There is no a«5ur3Dee that the etiologj of

gastne ulcer is the same as that of duodenal ulcer

Indeed there is reason to believe that the two

ma} have quite different causations smee gastne

ulcer IS about as common in women os in men
whereas duodenal ulcer occurs with a much higher

frequency (about 85%) in males

The Cause o/ Pain in Duodenal Ulcer

As mentioned previously duodenal ulcer is

characterised b} pain which appears •several hours

after a meal, most commonl} at night or in the

earl} morning The pain 13 of a bumii^ character

and 13 usuallv felt somewhere in the epigastnum

Although it IS evident that the pain appears at a

tune when the ulcerated surface is exposed to

unneutrahzed acid from the stomach and, indeed,

can be mduced expenmentall} b} introducmg

acid into the stomach or duodenum, the xneeb-

anism of its production is obscure The viscera

are not supplied with pain fibers which can be

demonstrated in the health} subject b\ an} of

tlie ordmar} methods of producing pam The
mtestines can be cut, burned, or pinched without

causmg an} other sensation than that due to

contraction of the smooth mu»!clc m the wall of

the gut Mu'^clc spa'm or stretching of the wall

causes a characteristic t}pe of pam which is diff-

erent from that of ulcer pain

One suggestion as to the cause of ulcer pain is

that contact of acid with the ulcerated surface

stimulates local reflex mechanisms which initiate

muscle spasm m the «mooth musclem the vicinit}

of the ulcer Tlie difference m the quahtv of ulcer

pam from ordmar} muscle cramp mav be due to

the greater cxcitabiht} of the «ensor} nen es in

duced b} the inflaminator} process Another ex

planation utilizes this mcrea'sed excitabiht} and

presumes tliat the threshold has been lowered

sufficicnll} «o that direct chemical trauma is

capable of causing the sensation of pain, the pain

m this instance being attributed to the action of

acid on the exposed nerve endings or none fibers

IQ the ulcer One argument m favor of the direct

acid irritation thcor} is that the pain is continu-

ous and not mtenmttent as is the pam of muscle

«pa«ra, for example, intestinal or bihar} colic

There is little to be urged agamst the direct acid

imliation thcoiy except the seeming impossibiht}

of the mechanism

The pam is rcliev ed b} the admuustration of

alkali and b} such drugs as dimmish the secretion

or mofilit} of the stomach, these are the bella-

donna alkaloids and the numerous sinthetic

para3}inpathol} tic drugs The pam is also re-

lieved by ^mpathectom} or vagotomy The
former operation is effective because the visceral

afferent fibers mcludmg the pam fibers, from the

abdominal organs accompany the sympathetic

nerves The latter has an effect like the parasym-

patholytic drugs, it diminishes gastne secretion

and motilitv It is mteresting that pam can be

mduced m a vagotomized subject by mtroduemg

a laige volume of acid into the stomach Pre-

sumably the acid overflows mto the duodenum

and initiates the usual mechanism of ulcer pam
The success of this experiment is a strong argu-

ment m fav or of the direct acid imtation theory

,

but it does not absolutely rule out spasm of the

duodenal mu'scle as a cause of pain, smee the

vagi do not have a profound influence on the

smooth muscle of the small mtestme which may
still respond by contraction to local imfation

A point m favor of the muscle spasm theory is

the fact that the para«ympatbolytic dnigsjeheve
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the pain of ulcer even irhen they fail to suppress

greatly the secretion of acid However this effect

as well as the immediate effect of vagotomy maj
be due to the delayed emptying of the stomach

which both induce, thus causing the acid to re-

main m the stomach where it docs not make con-

tact with the ulcer

Physiological Pnnaples in Treaiment

0/ Pephe Ufccr

The treatment of peptic ulcer la directed toward

the relief of pain, reduction of the acidity in the

gastnc and duodenal contents, protection of the

ulcerated surface from mechanical trauma, and
so far as possible elimination of enviroomental

stress Unless severe hemorrhage is a presenting

symptom it 19 customary at present to use medical

treatment firet Surgery is resorted to if the ulcer

bleeds or if complications such ns obstruction or

perforation develop, it is also used in intractable

cases that do not yield to medical treatment

Rebef of pain and reduction of acidity are ac-

complished by administration of alkalis or other

antacids such as lon-evchangc resins The para-

8j mpatholytic drugs aro also effective The judi-

cious use of food can accomplish the same result

All protein containing foods act as antacids and
the fat in milk inhibits gastnc secretion One
difficulty 18 that any effective antaad is bkely to

be followed by an acid rebound, that is to say,

when the effect of the antacid has passed off the

gastnc acidity lends to nsc above its former level

For this reason, food, especially milk is given in

small amounts at frequent intervals The same
principle applies to the use of antacids, indeed

these are sometimes given by contmuous mtra-

gastne drip (IMnkelstein, 1951)

^'nc fiidi tor tJicw piAierfis is •wrtn tfuo

idea of reducing so far as possible stimulation of

gastnc secretion and mechamcal irritation of the

ulcer Slimuhition of the cephalic phase of secre-

tion 13 avoided by eliminating highly spiccd foods

and foods which make a strong appeal to the

appetite such as broiled steaks, stunulntion of the

gastnc phase as well a mechanical irntation of

the ulcer is avoided by cUminating coaxso and

mdigestiblefood such as raw vegetables andfnnt

The u«c of tobacco and alcohol in moderation is

permitted by some phj sicians and forbidden by

others On physiological pnnciplcs they ^ould

both be eliminated Rest and a placid way of life

are desirable but cannot always be achieved

Tw 0 different surgical approaches to the reduo*

tion of gastnc acidity are m current uv The
older method, known as subtotal gastnc resection

in which the pylonc portion and a large part

of the body and fundus of the stomach are re-

moved, 19 aimed primarily at the gastnc phase of

gastnc secretion Smee evpenence has shown that

removal of the antrum alone does not effect an
adequate reduction in gastnc acidity it is the

custom now to take out a large part of the body

and fundus of the stomach as well Mote recently

the operation of double vagotomy or vagectomy

has come into use (Dragstedt, 1944, 1945, 1946)

In this operation an attempt is made to sever

completely the v agus nerves immediately above

or below the diaphragm and to remove enough of

the vagus trunks to prevent regeneration The
objective is to eliminate the cephalic phase of

secretion which Dragstedt beheves to be responsi

ble for the hypersecretion in duodenal ulcer pa-

tients The operation is not recommended for

gastnc ulcere

Double vagotomyresults in profound depression

of gastnc motility as well as secretion and the

resultmg gastric stasis proved to be a double

bazard to the patient, there was danger of over

distention and atony of the stomach and the re-

tained food, acting in the antrum as a stimulus to

the release of gastnn increased the gastnc phase

of secretion These problems have been met by
performing, at the same tune as the vagotomy, a

gastnc dreioage operation Usually a gastro-

enterostomy 18 doQ» m which an opening is made

between the stomach and jejunum This fscili

tales gastric emptying and encourages regurgita-

tion of mtestioal conteats uto the stomach thus

tending further to lower gastnc acidity Although

the two Burgneal approaches to the problem of

peptic ulcer are based on quite different philoso-

phies they are about equally effective, probably

this 13 'decause of the interdependence oi tiie

gastnc and cephahe phasca of secretion men-

tioned ID chapter 37
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PANCREAS, LIVER AND BILIARY SYSTEM

Secretion of Pancreatic Juice

Structure or the Pascre-^s

The pancreas is an elongated gland winch

extends from the duodenum obbquclj upward
behmd the stomach, across the postenor ab-

dominal wall to the spleen at the le\el of the

first and second lumbar xertebrac It develops

from two outgroivths of the primitive gut, one
arising from the ventral and the other from the

dorsal gut wall immediately below the primitive

<tomacli As a result of the rotation of the gut
and its me^entenes and the growth of the nidi

ments themselves the two portions of the pan-

creas come into contact at the left of the duo-

denum and eventually fuse The duct of the

ventral pancreas joins the duct of the dorsal por-

tion somewhere along the course of tlie latter,

usually near its ongm, and the two subsequently

form a contmuous channel which constitutes the

major pancreatic duct (ductus pancreatus or

duct of Tllrsung) In keeping wnth the fact that

(he proximal portion of this duct was developed

m conjunction with the Uver bud, the duct of

'Wirsung in the adult enters the duodenum in

close association with the common bile duct That
portion of the duct of the dorsal rudiment which

lies between the duodenum and the pomt of

anastomosis with the ventral duct is normally

retarded m subsequent development and becomes
the accessory duct (ductus pancreaticus occes-

Eonus or duct of Santomu)
For de'criptive purposes the adult pancreas is

divnded into a head body and tail The most
massive portion of the gland is the bead, it is

flattened dorsoventrally and lies within the con-

cavity of the duodenum to which it is attached

by numerous blood vessels the pancreatic duct

and loose connective tissue The uncinate process

IS a hooklike medial projection from the lower

part of the head The body of the pancreas makes
up the major portion of the remainder of the

gland, it 13 somewhat prismatic m shape and

presents an anterior, a postenor and an mfenor

surface The tail is the pomted, tonguelike left

end of the gland wluch hes m contact with the

spleen

k\licn studied microscopically
,
the pancreas is

seen to be made up chiefly of groups of cells

forming acini which tend to be sphencal or ov oid

in general contour, in the closely packed tissue

of the pancreas they are actually polygonal

Groups of acmi form primary lobules also poh g
onal in contour, which are imperfectly separated

from other primary lobules by lacompletc con

nective tissue septa Numerous adjacent pnmary

lobules form a secondary lobule, the sccondao

lobules are completely surrounded by connectiv c

tissue and can be dissected out as separate struc-

tures connected to the rest of the gland by ducts

nerve fibers, lymphatic vessels and blood vessels

The pancreatic tissue proper is composed of

acmous cells, islet cells (described in chapter 4S)

and duct cells Tbe acmous cells, owing to tlie

spherical shape of the acim, tend to be pyTamidal

with the truncated apex of the pyTamid directed

toward the lumen of the acmus, they are large

cells with a well developed nucleus and abundant

granular cy toplasm The granules, called zymogen

granula, vary in number and position m the

cclb depending on the state of activity of tbe

gland but tend to be more abundant in tbe apical

region of the cell which is adjacent to the lumen

of the acinus

The microscopic appearance of the pancreatic

acmous cells changes considerably durmg func-

tional activity In the resting gland, i e
,
the one

that has not been stimulated to secrete for many

houiB, the cells are filled with granules that are

large and closely packed and may displace the

nucleus toward the base of the cell When the

pancreas is made to secrete, either by food or

by drugs, the followmg changes can be observed

first, the entire cell is reduced in size, second, the

granular, inner or apical zone is diminished m
size more than the outer zone, the latter, though

smaller, now occupies relativ ely more of the cell

volume, tbe zymogen granules of tbe inner zone

are smaller m size and fewer m number than m
the resting cell, and those that remam are con
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giTgatwl near tVie apical border of the cell (R
Heidenham, 1883) The changes in appearance

of the acinous cell during secretion haw been

taken as indicating that the pancreas has been

secreting enzjmes Secretion of pancreatic juice

containing little or no enzjinatic material causes

correspondingly little change in the appearance of

the acinous cell

M interesting feature of the duct sjstem of

the pancreas is the manner in ^.hich the small or

terminal intralobular ducts end in relation to the

acinus Cells, corresponding m structure to the

colls of the terminal ducts, may be seen in micro-

scopic sections mthm the acini These are called

ccntroacinar cells, most inicstigators have con-

cluded that the terminal ducts extend into the

lumen of the aemi where they form a sort of lining

PA^CREAT^C JmCE

The pancreas secretes a colorless, odorle««,

alkaline fluid of low viscositj, tasting strongly of

sodium bicarbonate Some specimens have been

described as having a famt straw color Excep-

tional specimens haxing a high concentration of

enzjTnes may be \iscous and maj even jell at

low temperatures Pure pancreatic juice collected

from dogs without loss of carbon dioxide has a pH
between 8 and 8 3 and an extreme range of specific

grant} of 1 007 to 1 043, the usual values being

between 1 010 and 1 018 The osmolar concen-

tration of the juice is the same as that of the

blood when the two are collected simultaneous!}

from the •<ame animal ItTien the osmolar con

ccntration of the blood is altered expcnmcntally

the pancreatic juice shows a corresponding

change

The distinguishing chcnucal characteristic of

the juice 13 its high bicarbonate content This is

in contrast to the strongl} acid character of the

gastric juice which is secreted at the same tune

1 he fact that the pancreas secretes base while the

stomach is secreting acid is a factor in mamtam-
ing the acid base balance of the rest of the bod}

Likewise, tlie fact that the two accretions are

mixed m the intestine helps to maintain the nor-

mal pH of the intestinal contents The fact h
now well established that the bicarbonate and

chloride concentrations of pancreatic jiucc varj

man ciprocal manner so that the sum of the two

expressed in milliequivaicnts is approximate!}

constant, and nearly the same os the total base

of the blood plasma Also, that witlun pb}s:o-

logical limits, the bicarbonate concentration in-

creases and the chloride concentration decreases

with increasing rates of secretion This rriation-

holds ov cr a wide range of secretorj rates and

19 such that a straight line ^(^sults when the

logarithm of the bicarbonate concentration in

m eq per liter is plotted against the reciprocal of

the rate of secretion expressed as cubic centi

metera of secretion per kilogram of bod} weight

per mmute, the slope indicates an inverse rela

tion The rate of increase in bicarbonate concen

tration wnth the rate of increase m the rate of

secretion varies with different animals so that

the rate of secretion cannot be estimated from

the bicarbonate concentration of an unknown

sample, however, it is possible to sa} that if the

bicarbonate concentration is high the pancreatic

juice was secreted at a rapid rate, or a rate that

was rapid for that particular animal The maxi

mum bicarbonate concentration m juice collected

from different dogs ranges between 135 and I4S

m eq per liter and the maximum rate of sccre

lion IS about 0 1 cc per kg per minute, or about

Ice perminutcforalO-kg dog, higher ratesthan

this are occasionally seen In addition to chloride

and bicarbonate the pancreatic juice contains a

small amount of phosphate, but less than that

occumng in blood plasma

The principal bases of pancreatic juice are

sodium potassium, and calcium The concen

trations of sodium and potasswitn are approxi

mately equivalent to those of the blood plasma

but the calcium concentration is onl} 3 or 4 mg
per cent as compared to about 10 mg per cent

for blood The low calcium concentration com

pared to that of the blood is attributed to the

fact that much of the blood calcium is combined

with protein and is not in a diffusible state

The protein content of pancreatic juice vanes

over a wade range but m an orderl} manner with

the conditions governing secretion In 200 sam

pies of dog’s pancreatic juice collected under

different conditions, the protein content in differ-

ent samples varied between 0 1 per cent and 10

per cent Concentrations found in human pan

creatic juice collected through accidental or

surgical fistulas are nearer the lower extreme,

ranging from 0 1 to 0 3 per cent The protein m
thejuicc consists mainl} of enzjmes Using dec

trophoresa, a method b} which the proteins in

a mixture can be separated b} means of their

different mobihties in an electneal field, it has

been possible to determine that there arc at least

teadistmct proteins in pancreatic juice, \nth the

pcKsibility of still others that fail to separate out

in the tunc during which the electrical ficlil is

mamtauied (Grossberg, Komarov, and Shay,

1952) This method of separatmg the protems of
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pincrcatic juice al«o separates the enzymatic

acti\ ity, proteolj tie activity is found in one com-

ponent, lipolytic actnitj in another, and amylo-

lytic activity m another, a fact which confinna

the belief that the proteins dealt with in the

electrophoretic procedure are the actual enzymes

of the juice It is interesting that when different

methods were u'^d to stimulate secretion of the

juice the electrophoretic patterns differ, depend-

ing upon the method used, for example, a meat

meal produces pancreatic juice having a different

electrophoretic pattern and therefore a different

protein composition from that secreted in re-

sponse to stimulation by means of urochobne and

secretm This suggests that the rclati\ e concen-

tration of the different cnzjTnes in the juice can

bo made to aarj by u'smg different stimuli to

cause secretion

The enzjTncs of pancreatic, juice arc capable of

digesting all three types of foodstuff, that is, the

juice contains proteolytic, amjlolytic and lipo-

lytic enzymes The proteolytic enzj mos as they

occur m the pancreatic tissue and freshly secreted

pancreatic juice possess no protcoljtic activity

and are referred to m that state as zymogens In

the older bteraturo the protooljtic activity was

attributed to trypsin, the corresponding zymogen

being trypsinogcn Kunitz and Nortlirup (1934)

have shown that what was called trypsm or

trypsmogen consists of at least two components,

for one of which thej retained the name trypnn

and for the other they corned the name chymth

trypsin The zymogen of chymotrypsm is known
as chymotrypsmogen Tliese several substances

ha\e been isolated and obtained in crystalline

form and many of their properties determined by
Kumtz and Northrup

Trypsm and trypsmogen have a molecular

weight of 34 000 As an enzyme trypsm hydro-

lyzes native protein, produemg proteoses and

peptides It accelerates coagulation of the blood,

m which it acts as a thrombokmase, but has only

a feeble action m clottmg milk Its optimum pH
for digestion of casern hes between pH 8 and 9
When pure, it is re\ersibly inactivated by beat

m acid solution, it slowly decomposes m alkalme

solution Trypsmogen is mdistmguishable on
chemical analysis from trypsm, but has different

solubilities and a different crystalline form, it

exhibits no proteolytic activity In solution it

changes spontaneously to active trypsm but the

change is accelerated by acid or by exposure to

concentrated magnesium sulfate, calcium chlo-

ride, active trypsm or to certain activating en

zymes called kinases The effectiveness of trypsm

m the activation of tiypsmogen is of great impor-

tance because such autocataly tic reactions pro-

gress with great rapidity once they arc started and
require only minute amounts of activating agents

to set them going Spontaneous activation of

trypsmogen is suppressed m crude extracts, and
doubtless also in living pancreas, by the presence

of an inhibitor which inactivates small amounts

of tryiKm The trypsmogen as secreted in the

living animal is activated on contact with the

intestinal mucosa by means of an enzyme m the

muco^ called entcrokinase Enterokmase does

not appear m the intestinal secretion m the ab-

sence of pancreatic juice but is present m mtes

tinal mucosal extracts A similar substance is

present in pancreatic extracts Kunitz has ob-

served that certain common molds (peniciUium)

produce an enzyme capable of activating tryjj-

siRogen

Chymotry psinogen has a molecular weight of

23,000, It « conv erted to chy motrypsia by active

trypsin only but mdirect activation can be accom
plishod by entcrokinase if trypsmogen is also

present If chymotry psmosen is activated rapidly

by fairly large amounts of trypsm, Trehymo-

trypsin is formed which then changes spontane-

ously to {-chymotrypsm, as a result of the t-

chymolrypsm acting upon itself If smaller

amounts of trypsm are used the major products

arc ot
, ^ ,

and y-chy motry p«m which appear to

have essentially the same molecular weight as

chymotrypsmogen and r- and {chymotrypsm
A sixth tyj>e, known as chymotrypsm (and

chymotry pcinogen) has also been isolated

Alpha chymotrypsm is the active enzyme first

cryslalbzed by Kunitz and Northrup The nature

of the structural differences among the vanous

chy motry psins, other than m their crystal form

is unclear The activity of chyTnotrypsm is com
parable to that of trypsin but it has different

specificities, for example, it coagulates milk but

not blood Chymotrypsm digests casern somew hat

more rapidly than does trypsm but the digestion

13 earned much further by a mixture of the two

enzymes than by either alone, a fact which mdi

cates that the two enzymes attack different

linkages m the protein molecule Like trypsm,

chyTnotrypsm is reversibly mactivatcd by boilmg

in acid solution Its optimum activity occurs m
the same pH range as that of trypsm, i e

,
8 to 9

for casern digestion

The peptides resultmg from protein digestion

by trypsin and chyTnotrypsm are further digested

by enzymes known as peptidases, most of thes^e

come from the intestinal mucosa but one has been
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identified and isolated from pancreatic jmee, an
enzjine known as carbo’fj peptidase which splits

off the end amino acid containing a free carboxyl

group from polj peptides In fresh pancreas it

occurs m an mactne form, procarboxj peptidase

and, like chjTnotrypsmogen, it is actuated by
ttypsm

The ability of pancreatic luiee to emuLufy and
hydrolyze fats is probably due to a single enzyme
called pancreatic hpase This enzymie is known
principally through its activity and has not been

isolated in a pure state or cry stallized Pancreatic

lipasc hydrolyzes fat only m the presence of bile

salts or other substances with similar properties,

for example, some of the synthetic detergents

Bile salts in high concentration mhibit the action

of lipase as do salts of certam heavy metals, e g

,

copper, uoD and cobalt, it is also inhibited by the

halogens, fluorine iodine and bromine The pH
at ohich pancreatic hpase exhibits its optimum
actinty vanes uith the substrate, but is always

on the alkalmo side of neutrality

The amylolytie activity of pancreatic juice is

due to poncrcafic amylase which may be one or

tvio cniymcs The finding of amylolytie actiNily

m tno components of the juice ohich can bo

separated elcctrophoretically (Grossberg H al

,

1952) and the fact that different methods of

measuring amylase activity gu’e different results

m the same sample of pancreatic juice (Waldron,

lOol) indicates that there may be more than one

enzyme mvolvcd in the digestion of carbohydrate

by the pancreas and that these two enzymes have

someuhat different activity Pancreatic amylase

IS secreted in active form but becomes inactive

if dialyzed agamst distilled nater owing to the

reraoial of neutral salts which are thus proved

ba be ossewtial far the aeUvity of the eotyTOft,

the most efficient actuating ion is chlonde The
optimum pll for activity of pancreatic amylase

vanes between 6 5 and 7 2 depending upon the

kind and concentration of neutral salts present in

the oolution The enzyme dige«ts glycogen as well

as starch Under favorable conditions the end

product in both instances is maltose The pan

creatic juice is said also to contam maltose and

sucrose and under certam conditions, lactase

Pancreatic juice also conlams nbonucleasc and

desoxyTibonuclease which partially hydrolyze the

corresponding nucleic acids into mononucleotides

The action of these enzymes lias not been clearly

characterized The optimum pll for de«oxyn

bonuclcase is in the neighborhood of 7

The importance of the pancreatic enzymes m
N. digestion 13 evidenced by that fact that when

pancreatic jutcc is excluded from the inte«tme

by pancreatectomy or ligation of the ducts there

IS senouB impairment of digestion and absorption

of the various foodstuffs This is most pronounced

m the case of fat and protein, unabsorbed fat

particularly appearing in bige amounts m the

stools, this condition is known as ttealorrhea

The bicarbonate of the juice also serves to neu-

tralize the gastric juice as it enters the intestine

and to establish in the intestme a pH more favor

able for intestinal digestion than would otherwise

be the case

Methods or Cou.EcnNO Pancreatic Jeice

In order to obtain pancreatic juice for study it

IS necessary to make some kmd of pancreatic

fistula that is some sort of preparation through

which the pancreatic juice, instead of flowmg into

the intestine as it does normally, is brought to

the outside of the body where it may be collected

The first such fistula was desenbed by Regner de

Graaf in IGGi He cannulated the pancreatic duct

of a dog with a quill from a wild duck which he

selected because that kind of bird hath longer

and IbinncT (quiils) than all others " The cannula

was brought out through the abdominal wall and

the pancreatic juice collected m a small vessel

attached to its outer end Of great butoncal

interest is tlic permanent fistula devised by

Pavlov in 1879 (see Pavlov, IDIO) Pavlov cut out

a rhomboid portion of the duodena) wall sur

rounding the opening of the major pancreatic

duct and after repairing the duodenum, trans-

planted the excis^ papilla, with the duct at

tached into the skm of the abdominal wall It is

now customary to collect pancreatic juice from

auunals through a duodenal fistula which is pro-

vided T.vtb a metal cfr plastic tube that xaw be

closed when the fistula la not in use (Thomas

19ol) The ojiemng of the duct can be seen

through the fistulous opening into the duodenum

and a glass or metal cannula inserted into the

duct If the accessory duct is tied at the tune the

fistula IS made the total secretion of the pancreas

can be collected m this manner over a period of

hours

Pancreatic FisnmA

Hie digestive disturbances that follow ligation

of the ducts or removal of the pancreas are also

observed when the pancreatic juice is dixerled

from the intestine through a complete fistula

Such fistulas however, give nse to other, more

senous compbcations which tend to obscure the

digestive disturbances iVithin a few days after
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the fistula has been made the secretion become
continuous and increases m amount, and its

competition changes The concentration of total

sohds falls to 1 or 2 per cent, eVnefij ovemg to the

almost complete absence of protein (Babhin,

192S) These changes arc associated with changes

m the microscopic appearance of the pancreas

(Ileidcnhain, 1SS3), the acinous cells decrease in

«ize and lo'« most of their granules The animal

loses weight rapidly, refuses to cat and dies

In animals with complete fistulas Johnston and

Ball (1930) found a decrease in chloride and an

equivalent incrca'^ in the bicarbonate concen-

tration of the pancreatic juice as drainage pro-

gre«'ed TTie increase in bicarbonate is not a con-

stant finding since Heidenhain obtained some
‘'pccimcns of juice which did not effervesce on
addition of acid and some samples collected bj

Johnston, and Ball Ind a pH as low as 7 IC The
total ba«o of the juice remains normal or nearly

so and because of this and the hj pcrvicretion

there is a substantial loss of base (Na, K, Ca) from

the body which gives nse to changes in the blood

that ultimately prov c fatal

The most important blood cliangos are lowered

pla«ina volume (dehydration), decrease in chlo-

ride, decrease m bicarbonate and a decrease in

total base (Elman and TilcCaughan 1927, Cam
ble and MoTver, 1928, Dragstedt ct al, 1930)

The pH of the blood may mcrcasc or decrease,

probably dependmg on the relative amounts of

chloride and bicarbonate lost, excessive vomiting

13 common and this tends to mcrease the lo*« of

chloride Hy pcrsecretion of the stomach has been

ob'icrvcd m pancreatic fistula and this would add
to the chloride loss when vomiting is present It

may also account for the hypersecretion of the

pancreas when HCI from the stomach enters the

intestme In one group of animals studied by
McCaughan (1929) the blood chcmistiy remained

approximately normal, the animals, nevertheless,

died wilhm 5 to 8 days (the usual survival time)

apparently because of dehy dration Changes m
blood chemistry corresponding to those seen m
experimental animals, but usually less severe,

have txicn observed in human patients with pan-

creatic fistula (Miller and ^ iper 1944)

Administration of sodium chloride or sodium

bicarbonate intravenously or by mouth prolongs

the life of experimental animals with pancreatic

fistula, sometimes indefinitely
,
but the ideal

treatment is return of the secreted juice to the

gastrointestma! tract For animals with an m-
complctc fistula of the Pav lov ty pc the adminis-

tration of sodium bicarbonate and a diet that

docs not stimulate excessive secretion sucb as

bread and milk miy be all that is required

A summary of the results observ cd m expen

mental pancreatic insufijciency is presented in

tables 39 I and 39 2

IlEODtXTlOV OF PA^CREATIC SeCHETIOV

Cbude Bernard believed that the pancreas

secretes only when stimulated as, for example,

during digestion Heidenham noted, however,

that the secretion was continuous in herbivorous

animals but he agreed with Bernard that in the

dog and cat and other carnivora there was no
secretion without stimulation Proof has smee

been obtained that secretion is contmuous m rab-

bits, white rat? white mice, guinea pigs and

frogs Baxter (1931) found that secretion m the

rabbit continued even after removal of the small

intestine and after decapitation The idea that

TABLE 39 1

Functional dislurbanees tn experimental pancrealto insufficiency

Fund nnni dsogrt

Abwrpt OB deficit Puodesal ulcer Fatly liver

Pancreatectomy 100% of animals (seventy

variable)

Rare 92% (Dragstedt)

Ligation of ducts 100% of animals (seventy

vanable)
33% (Dragstedt) 50% (Dragstedt)

Total fistula 100% of animals (seventy

vanable)

Limited by early death,

otherwise probably 100%
(Dragstedt)

None

Mann Williamson

operation

Some deficit (oo exact

data)

90-100% No data
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TABLE 39 2

Blood change* m expenmental pancrealie insvffiaency

1 Blood Cbuiges

1

Eazynies
' SoltiuidWouf

1

Sugar Fat

Pancreatectomy No change
1

No change
i
Hypergly cemia Hypolipemia

Ligation of ducts
j

1

Increa«e in blood

amylase (‘ dias

ta<e’

)

No change

1

No change—hyper

glycetnta possible

late effect I

Hypolipemia in 50

per cent

Total fistula No change Decrease in total

base, decrease in

Cl, decrease in

nCOi dehydra

tion, pH van
able

No change

1

No change

the pancreas of the fasting dog docs not Bccretc

unlc‘>a stimulated by means of food or other

external agents has had to be modified m the

light of subsequent work BoId>Teff (1916) ob-

served pancreatic secretion at intervals lo fasting

anunala, associated with periods of secretory and

motor activity in other organs of digestion which

we now recognue as hunger periods This periodic

secretion was studied thoroughly b> Scott and

his coworkers (1940, 1941) and they found that

although periodic secretion did occur it was asso-

ciated wi^ hunger activity of the stomach only

about half the tune Continuous secretion is the

rule in human patients with pancreatic fistulas

and McClure (1937) states that pancreatic cn-

zjTnea arc altvajs found m the intestinal contents

collected bj intubation of normal subjects

"Whether continuous or intermittent, the

amount of secretion is always increased after

meals This occurs m response to specific stimuli

associated either with the act of eating or the

presence of food in the gastromtestinal tract

Proof that the act of eating terves as a ^imulus

to the pancreas was obtained in Pavlov’s labora-

tory (later confirmed by Ivy, 1926) by m^ns of

sham feeding (ch 37) that is feeding a dog

provided with an esophagostomj so that the

food did not reach tlic stomach In these circuin-

stanees the pancreas begins to secrete withm one

to one and a haff minutes after feeding and con-

tinues for 12 to 20 muiutes The volume secreted

13 small but the concentration of entymes is

increased over the fasting secretion. The short

latent penod as well as direct expenmental evi-

dence lias sen cd to proi o that the secretion is not

due to gastric hj droeWone acid entenng the du(h

)

denum (Tonkish, 1924) The response is abolished

by cutting the vagus nerves Food and food prod-

ucts in the stomach do not, apparently, hav e any

direct stimulating effect on the pancreas, how-

ever, they become effective stimuli when the

gastric contents enter the mtestine

AU the major constituents of the gastnc chyme

influence the secretory activity of the pancreas

in one way or another alter they have entered

the intestine these include water, hydrochlono

acid, products of protein digestion, fats, fatty

acids, soaps and products of starch digestion

Each of these substances has a different effect on

the pancreas, producing a characteristic type of

pancreatic juice Hydrochloric acid produces an

abundant secretion of dilute alkaline fluid con

laming a minimum amount of enzymes Fatty

acids and soaps, although produemg an abundant

secretion, increase the concentration of enzymes,

whereas the products of protein digestion when

used m the absence of other stimuli produce only

a small amount of secretion which is highly con

centrated m enzymes, fats are said to act m a

simibr manner

iSecretm and Pancrcozimiin

The meebamsm through which the vanous

stimuli act on the pancreas to promote secretion

has been under investigation for more than half

a century The discovery of secretin in 1902 by

Bayliss and Starling was an event of great his-

torical significance inasmuch as secretin was the

first chemical substance known to be secreted

into the blood and act as a stimulus to an organ

ata distance from the site of its formation Recog

juzing this fact, Baybss and Starlmg coined the
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word hormone to charactenzc this and similar

substances Before the disco\ ery of secretm it was
known that acid in the intestine induced secre-

tion of pancreatic juice in animals m which all

the ncr%es to the pancreas and to the intestine

bad been severed \Mii!e workers in Pavlov’s

laboratorj in St Petorsburgnorcbusilj searching

for the unknown nervous pathwajs which, they

supposed, convejed impulses to the pancreas

after all the known fibers had been cut, Bayhss

and Starhng in England did the simple evpen-

ment of making an acid extract of the mucous
membrane of the intestme and injecting it into

an animal Tins cau«od the pancreas of the in-

jected anunal to secrete The excitement m
Starling’s laborator3 can well be unagmed A
"chemical reflex” had been discovered, something

hitherto unknown in physiologj Tliej called the

new substance sccreltn The response m Pavlov's

laboratory was less enthusiastic, the idea that

something other than the nervous sj stem could

regulate body function was not m keopmg wnlh

Pavlov’s philosophy, iievertheIo«s he ultimately

accepted the fact with good grace

Although it IS probably true that the pancreatic

response to Bayhss and Starling’s cvtract was as

much due to impuntics as to the secretm that it

contained, subsequent research has shown that

such extracts do contam an activ e principle which,

nhen highlj purified, has a powerful «ccretory

effect on the pancreas The purest secretm avail-

able Btimulates only the pancreas and hver, m
both organs it causes a dilute, watery secretion

and has little or no influence on the secretion of

organic solids Secretm is probably a polypeptide

with a molecular weight of about 5,000 It has

been obtained m a highly purified state by Ham-
marsten and his coworkers (1923, 1933) and by
many others subsequently Jorpes and Mutt

(1956), of the Karolmska Institute m Stockholm

have made a preparation of which 0 1 mg contams

70 “climcal units’ * or an amount that will cause

the human pancreas to secrete at a rapid rate for

an hour or more Since one clinical unit is equal to

sixteen cat units, less than 0 0001 mg of the prep

oration should cause detectable secretion in a
cat Greengard, Stem and Ivy have shown that

secretin is destroyed by an enzyme found in the

blood and unne, which they called secrehna$e

‘ A clinical unit of secretm is equal to 1 dog unit

(Ivy ct nl
, 1930) or 16 cat units (Wilander and

Agren 1932) A dog unit is the amount that mil
increase the rate of secretion m a 10 to 12 kg dog
by 10 drops m 10 minutes A cat unit is the least

amount that will cause detectable secretion in a
cat

The crude extract prepared by Bayhss and

Starling caused the pancreas to secrete enzymies as

well 08 water and bicarbonates Since purified

Bccrctin seemed to stimulate only the output of

water and bicarbonate a search was made by

Harper and Raper (1943) for the material in the

extracts which stimulated secretion o/ enzymes
They succeeded m separating a fraction which

did not increase the volume of pancreatic juice

but did greatly increase the enzymie concentra

tion This substance they called pancreozymin

Their observations were quickly confirmed by
Greengard and others (1944)

It bas long been known that hydrochloric acid

in the intestme Uberates secretm mto the blood

thus causmg the pancreas to secrete It was not

knowTi whether other pancreatic stimuh bberated

secretm or pancreozymin or depended on some

other mechanism for their effect In 1951, Wang
and Grossman succeeded in prepanng a function-

ing, nene-frec transplant of the canine pancreas

They imbedded a portion of the pancreas m the

tissue of the mammary gland leaving its nerve

and blood supply intact for the tune being After

It bad establish^ a new blood supply m its new
locatioo the onginal nerves and blood vessels were

cut, leaving a piece of pancreas who^ activity

could be mfluenced only through chemical sub-

stances reaching it by way of the blood stream

It was found that the flow of pancreatic juice from

this transplant was increased by all the common
pancreatic stimuli mcluding distilled water,

hydrochloric acid, soaps, and peptones The en-

zyme concentration was also mcreased by these

same stimuli, thus provmg that both secretm and

pancrcozymm ore released by all the ordmary

stimuh used to excite pancreatic secretion

The Secretory Nenes of the PorKTCos

The pancreas receives an abundant nerve

supply from both the vagi and splancbmc nervre

Accordmg to Ricbms (1945) who made his studies

on cats by strictly morphological methods, the

entire extrinsic nerve supply to the pancreas

passes through the cehac plexus and reaches the

gland by way of the nerve plexus surroundmg the

arterKS, chiefly the supenor pancreaticoduodenal

ilrtcry The vagus fibers end m the mtnnsic

gai^ha of the pancreas, and from these the

pan^ympathetic path is continued through post^

gangbonic unmyelmated fibers to the acmous

cells, islet cells and the smooth muscles of the

ducU The efferent splanchmc fibers destmed to

supply the pancreas, accordmg to this author, all

end in the cehac and associated gangha and from
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there the sjmpathetic path is continued through

unm>clmated, pc«tganghonic fibers which are

distributed solely to the pancreatic blood vessels

Hcrweicr, the presence of ehohnergic recrclory

fibers in the splanchnic nerves of the cat, which

do not i5jTiap^ in the celiac ganglia, is indicated

b\ the phjsiological studies of Babkm and others

(1930) M>ehnated Msceral afferent fibers from

the pancreas are also present in the splanchnic

nerves

Giiillaumie (1934), who used phj Biological

methods on dogs reached conclusions quite diffei-

ent from Riclnns regarding the course of tlie

vagus fibers Confirming with few cvteptions,

the nrh obsenations of Popielski (I89C), she

concluded that a ma)ontj (80 per cent) of the

vagus fibers to the pancreas course along the

lesser curvature of the stomach cross thepjlorus,

and after proceeding a certain distance in the

duwlenal wall enter the pancreas by way of the

nerve plevus which surrounds the major pan
crcatic duct Incidentally

, according to her find*

ing«, any method of collecting pancreatic juice

m which the ducts are severed or separated from

the intcstuie involves a partial denervation of the

pancreas The remaining 20 per cent of the vagus

fibers according to this author, traverse the

hepatic plevus and join the pancreas m the region

of the pylorus

It IS often incorrectly stated that the pancreas

receives the greater part or all of its vagus nerve

supply from the right vagus This error arises

from the tendency to overlook the fact that after

the Vagi merge in the esophageal plevus the right

and left nerves can no longer be distinguished

Two or more trunks emerge from the esophageal

plevus and the trunk that occupies the more

posterior position at the level of the diaphragm

although referred to by some anatomists as the

right vagus contains fibers from both the nghl

and left vagi as they occur in the neck 4Micn

stimulated in the neck the right and left vagi arc

equally effective m modifying pancreatic func-

tion

The intnn«ic ganglia of the pancreas undoubt-

edly develop m association with the entenc nerve

plcvuses Itwouldbemterestmgtoknowwhclhcr

they retain connections mth this plevus and

vrhether such connections have anything to do

w itli the effects of intestinal stimuli on pancreatic

secretion In this relation it is interesting that,

in addition to the nch plevus of nerve fibers sur-

rounding the pancreatic ducts, there are many
nerve fibers in the loose areolar tissue between

the pancreas and duodenum

The first clear demonstration of secretory

nerves to the pancreas we owe to Pavlov (1910),

who devised a unique method for demoastratmg

the function of the vagus nerv es jn unanesthetized

animals He evposed one vagus nerve under

anesthesia in a dog with a pancreatic fistula and,

after cutting it, brought the peripheral portion

into the wound directly under the skin The
wound was closed with sutures and the animal

allowed to recover When the nerve was again

evposed 4 to 8 days hter, this tune without

anesthesia, stimulation of the peripheral portion

caused an abundant secretion of pancreatic juice

Since stimulation of the freshly cut nerve or of

the intact nerve w ith the animal under anesthesia

usually faded to cau«e secretion, Pavlov con-

cluded tliat the vagus nerv c to the pancreas con

lamed not only secretory but inhibitory fibers

(which degenerate earlier than the secretory fi

bets) It has since been shown tliat the fibers be-

lieved to bo inhibitory are those that cause con

tracUou of the large ducts, thus preventing the

flow of juice even though secretion occurs &cre

tory fibers were demonstrated m tlie splanchnic

nerves m Pavlov’s laboratory using a suoilar

method, this observation was subsequently con

firmed by Babkm and his associates (1939)

The precise function of the secretory nerve

fibers is still unknow-n Experiments in which the

vagus nerves have been cut have failed to give

consistent results m either animal or human sub-

jects, it 15 therefore not known at the present

time whether the denervated pancreas responds

to stimuli m the same w ay as the pancreas w ith a

normal nerve supply Smee the amount of pan

creatic juice secreted by the fasting animal, when

llic mdivndual food products are placed in the m
tesfine, is less than one would evpect compattxl

to the volume of pancreatic juice secreted after a

normal meal, one is led to suspect that in the fa^t

ing state the pancreas docs not respond to •dunuli

to the ’=ame extent as the same gland docs during

digestion It may be that a combination of stimuli

13 more effective than the response to individual

stimuli would indicate when they are used sep

aratcly, or it may be that some influence a«soci

atod with the taking of food operates to increase

the untabditv of the pancreas to mtp«tmal stun

nil. That euch may be the case is indicated by ex

perunents of Gayet and Guillaumie and of Crider

and Thomas (see Thomas, 19o0, p 109) in which

it was shown that the action of the eccretory

nerves and the action of secretin on the pancreas

are synergistic, each augmenting the effect of the

other If these observations should be confirmed
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bj further studj thej would indicate at least one

function of the secretory ncn’cs The only po«i-

ti\elj known function is the production of the

initial reflex or cephahe pha^e of pancreatic

secretion

The fact that stimulation of the secretory

nerves increases the output of enmnes, as do

also various parasjmpathomimetic drugs such

as urocholme, pilocarpme and ph}<»Q<!tigmine,

suggests that they play a part along with pan-

creozymin in regulating the cnzjme output of the

pancreas Tlie parasjTnpatholj tic drugs such as

atropine and the newer sjTithetics cause a much
more profound depre««ion of pancreatic secretion,

including secretion of en*>Taes, than does sec-

tion of the secretorj nerves Tins fact suggests

that there are local cholinergic mcchani«ina

involved in the process of stimulation of the

pancreas that are not destroj ed when the vagi arc

cut The location, nature and function of such

mechanisms, if tbej exist, arc entirely unknown

The entcnc plexuses and the intrinsic ganglia of

the pancreas and their eonocctioos are possible

mec^nisms

Adaptation cfrancrealtc Enzyme Secretion U> thet

The fact has alreadj been mentioned that the

total enz>'mc concentration of pancreatic jmee is

determmed to a great extent bj the type of

stimulus used to provoke secretion This mode of

adaptation is an established fact, and its mecha-

msm IS well understood (see above under secretin

QTid pancreorjrmtn) Another tj pc of adaptation,

which involves changes in enzjine composition,

IS more control ersial Pavfov, as a resuft of cer-

tain errors in enzjTnc determinations m his

laboratory, came to the conclusion that the rela-

tive concentration of the different enz^-me of

pancreatic juice was adapted to the nature of the

food undergomg digestion, for example according

to bis concept, a meal consisting largely of carbo-

h>drate would call forth secretion of pancreatic

juice containing a large amount of amylase,

whereas a fat meal would call forth secretion of

lipase, etc Babkm, using more precise methods

in the same laboratory, found that this was not

true, but that the enzj-mes tended to be secreted

m parallel concentration regardless of the nature

of the immediate stimulus to secretion This con-

cept has been challenged recently, especially by

Guth, Komarov and their coworkers (1958) who
find that there may be considerable vanation m
the relativ e concentration of the different enzymes

in different samples of pancreatic juice, even when

taken on the same day from the same animal A1

though the differences the} found are statistical!}

significant (he fact remains that a large increasem
enz}mc concentration mvohcs all the cnz}'mes

of the juice, although not necessanly all equal!}

Efforts to determine whether the composition

of the juice can be altered by a prolonged change

in the diet liavc given confuting results It has

been established that a diet low m protein gives

nsc to considerable alteration m the enz}Tne com
po«ition of the juice (Grosman et al

,

1913), as

docs deficiency or excess of certam ammo acids

(Magee el of, 1956, 1957, 1958), however, it is

not dear that this represents an adaptation m
any accepted sense of the word, rather it suggests

that the pancreatic cells which have the ta«k of

B}nthc«i2ing the relative!} enormous amounts of

protem secreted m the pancreatic juice, are

hampered m their work if the} are not supplied

with adc<juatc and appropriate buildmg material

(Hokm, 19o2) The pancreatic cells cannot make
bncks without straw an} more than could the

Israditics of old

The \feehamsm of PonercaUc Secretion

At this point the student should read again

the introductory paragraphs of chapter 36

As m the case of other digestive glands secre-

tion of enz}'me8 b} the pancreas involves two

distinct processes (1) s}Tithe«is within the cell

of the enzymes or thew precursors and (2) chs-

chaxge of cnz}Tiic8 from the secrctoiy cells mto
the ducts S}'Dlheeis is a contmuous procc<:s

former!} believed to be controlled onl} b} the

laws that govem chemical equihbnumsm general

However, the recent work ofAfagee and fiis asso-

cutes (1955, 1956, 1957, 1958) mdicates that the

nature of the dictar} protem, and in particular

its ammo acid composition, has a profound effect

on the total concentration of enz}Tnes m the

pancreas and on the relative concentration of

different enzymes For example, Magee and

Anderson (1955) found thatm animals fed a high

protem diet (casern) the trypsm and hpase con

tent of the resting pancreas was greater than m
animals fed a low protein diet Also daily adminis-

tration of urocholme (a paras}Tnpathoniimetic

diu^ or of DL-valme had an effect similar to

casern Smee nn-v alme is a powerful stimulant for

release of pancreoz}^!!!! and the parasympatho-

mimetic drugs stimulate enz}Tne secretion these

authors conclude that the stimuli for enzyme

secretion (casern, urocholme, nn-vahne) also

stimulate enzyme synthesis A emular mterpreta-

tion could be given the earlier work of Grossman

Greengard and Ivy (1943) who reported changes
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in enzjine content of the pancreas with changes

mdiet
Interesting bght has been shed on the 83'nthesis

of enzj mes, bj the recent studies of L £ Hokm
(1951, 1952) and Mabel Hokin (1956) on pigeon

and mouse pancreas tn ntro It was found that

pigeon pancreas slices would sjuthesitc am>Iase

tn ntro in glucose solutions, m serum, in ammo
acid solutions and in saline Sj’nthe'sia was most

rapid in solutions of ammo acids and least rapid

m normal saline, it proceeded at an intermediate

rate in serum One can see here the effect of an
increased concentration of reacting substances

(ammo acids) on simthesis of protein bj the cells

of the pancreas Although pancreozjTnm and
parasjmpathormmetic drugs caused discharge of

amylase from the cells into the surrounding

medium (secretion), the rate of sjmthesis of the

enzjTnes was not matenallj affected This is not

in accord wnth the conclusions of Magee and his

associates but does not invabdate their cooclu

eions smee the experimental conditions were

different, partieularlj with regard to the time

during which the stimulus could act It was found

that certain ammo acids were essential for

thesis whereas others could be supplied from

sources in the medium The ammo acids essential

for maximum sjnthosis were ti^-ptophanc, argi

nine, threonine, xalme, tyrosine, ijstne, iueme,

histidine, isoleucmc, and phenylalanine Similar

results were obtained on mouse pancreas except

that there was no acceleration of synthesis on

addition of ammo acids if the animal had been

fed before being killed for removal of the pan

creas llowexer, if the animal had been starved

for 24 hours, addition of ammo acids to the

medium mcrcased the rate of synthesis by 25 per

cent

The synthesized material appears within the

acmous cells as zymt^cn granules which accumu-

late m the restmg gland until they come to occupy

most of the axailablc space withm the cells

(Heidenbain, 1883, Hirech, 1939, 1937, Sluiter,

1944) Under the influence of appropriate stimub

the zymogen granules dimmish in number and

in size, at the same time enzymes appear m the

secretion The exact mechanism is not known but

at some pomt the granules dissohe m the mtra-

cellular fluid and are discharged through the cell

wall mto the ducts Stimuli such as HCl and

secretin which produce a watery accretion with a

low enzyme content haxe little effect on the

granules whereas stimuli which call forth secre-

tion rich m enzymes deplete the granules and, if

they act ox er a long period of tune, may leax e the

cells almost free of zymogen granules According

to the observations of Hokm and Hokm (1956)

on pancreatic and salivary gland sbccs tn n/ro,

effectuc stunub for secretion of enzyines cause a

remarkable increase in the rate of tumoxer of

phosphorus and its mcorporation into the ether

soluble phospholipids In the pancreas, secretm

has no such effect although it does increase the

uptake of oxygen by about 10 per cent They

conclude that “all active transport of proteins

out of the cell mvolxes the breakdown and resyn-

lhe<i3 of the glycero-phospbatc bonds in phos-

pholipids " Smee the cell membrane is believed

to contain a higher concentration of phospholipids

than other elements m the cell, one is tempted to

speculate on whether or not tius ob«erxation

signifies that the transport of protem out of the

cell involves the alternate breakdown and recon-

stitution of the cell membrane
It has long been assumed that the inorganic

constitutents of the juice are secreted by the same

cells that produce the enzymes, namely the

acmous cells However, the fact that fluid secre-

tion and enzyme secretion are separately regu

lated raises a theoretical objection to this vnew

All current theories of stimulation require that

cells shall resjjond to a stimulus with a charac-

teristic ty pe of functional activity reg8rdle<s of

the nature of the stimulus In the other digestive

glands, about which wc have more information,

each comjxment of the secretion that is inde-

pendently regulated is formed by a different type

of cell e must also take account of the clinical

observation that m certam tyjies of pancreatic

disease enzyme secretion may be depressed or

absent whereas secretion of fluid and bicarbonate

rematna normal CLagprlof^ 1939^ Fnedman and

Snape, 1950) On the other hand, mglandsinjured

by alloxan fluid secretion may be subnormal

whereas enzymes are secreted normally This

latter observ’ation, reported by Gro'aman and

Ivy (1940), contains a lunt as to a possible eolu

tion of the problem Histological examination of

the glands which failed to respond normally to

secretm showed no injury to the acinous cells

but the cells of the intralobular ducts appeared

abnormal, in particular they exhibited vacuoliza-

tion Ihe intralobular duct cells arc continuous

with the centroaemar cells that line the alveoli

and are identical with these cells in their cylo-

logical structure It is possible that cells of this

type secrete wafer and bicarbonate whereas the

acinous cells secrete only enzymes
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Tissue Damage by Pancreatic Enzymes

Under certain conditions pancreatic enzj'mes

may escape into the tissues surrounding the acini,

or mto the blood In e\planation of this we maj
assume that the enzymes, ns thej are being syn-

thesized, appear hrst in solution m the cell pro-

toplasm before being precipitated as ijmi^en
granules Some sort of equibbrium must exist

between enzjTnes m solution and cnzjTncs in the

form of the more or less ‘^lid granules We can

onlj speculate on the concentration of dissolved

eazjmes that im} be present at anj tunc, but

there is strong indirect evidence that the concen

tration is con«iderablj increased by such stimuli

as cau'se discliargc of enzjmes into the ducts

Simple diffu«ion of dissohcd enzjmes through

the cell membrane of the acinous cells will explain

the presence of enzymes m the minute quantities

found in the blood in the normal fasting state

Tlie rate of diffusion mil vary with (1) the con-

centration gradient between the cells and the

blood, (2) the hjdrostatic pre«isure gradient be-

tween the mtcrior and exterior of the cell and

(3) the permcabilitj of the cell membrane The
mcrea«cs in enzjnnc concentration in the blood

which are seen dunng actn e secretion m response

to food, paocrcozjmm or parasympathomimetic

drugs (Cherrj and Crandall, 1932, Zucker et at

,

1032) arc probablj reflections of the mcrcascd

concentration of enzymes within the cells If such

secretion is accompanied by closure of the ducts,

as for example, b> inflammatorj edema or spasm

due to morphine, the mcrea<ie in hjdrostatic

pressun? RTfhcc the irzi’ acmkvaia the ehffu-

Sion Cell damage, from whatever cause, can

further augment the diffusion by increasing the

permeabihtj of the cell membrane

As a practical matter we see mcreases in con

centration of pancreatic enzymes m the blood

during digestion, after administration of certain

drugs, notablj morphine (Lagerlof, 1945, Ryan
et al

, 1949), in acute pancreatitis, in caremoma

of the pancreas, and m manj other conditions

associated with injury to the cells or obstruction

of the ducts, provided only that the damage is

not so severe as to destroy the ability of the cells

to sjmthesizc enzymes In order for tissue diges-

tion to occur it IS necessary that the inactive

proenzjanes be activated The mecbaiiism of

activation of extracellular pancreatic enzjTnes is

obscure, probablj tissue kina'^s that may be

released from mjured cells play a part in activat-

ing the proteolj tic enzjunes It is commonly be-

lieved that reflux of bile (Bernard, 1856, Opie,

1910) into the pancreatic ducts maj cause sufE-

caent tissue damage to activate the proteolytic

cnij mes, whereas the bile it«clf serv cs to activ ate

the lipase In acute pancreatitis from whatever

cause there is alwajs the danger of extensive

tissue destruction and fat necrosis brought about

bj activated pancreatic enzjmes

The secretin test for pancreatic function
Since secretin in injectable form has become avail

able for clinical use a test of pancreatic function

using this material as a stimulus to promote secre

tion has been developed The test was introduced

by Agren, LagerlSf and Berglund (1936) and has

since been used in North America bj a number of

investigators To perform the test, a double lumen
tube >s passed through thepatient’s nose or mouth
into the stomach and duodenum, one lumen open
ing into the stomach for draining gastric juice and
the other into the duodenum for collecting the

pancreatic and other duodenal secretions It is

necessary to dram the stomach in order to avoid

false results caused by contamination of the pan

ereatic juice with gastric secretions The gastric

and duodenal contents are collected for a period

of time to serve as a control nod then a dose of 1

clinical uml of secretin per leg of bodj weight is

injected slowly into a vein Usually the patients

are tested for hypersensitivitj to the secretin

preparation before it is injected The duodenal

contents are then collected in separate 10 or 20

minute samples for a period of time usually SO

imnutes Volume, bicarbonate and enzyme deter

tnioaliODS are made on the material collected from

the duodenum Enzyme determinations have not

yielded much diagnostic information and the

tendency at the present time is to onut them The
test gives useful mformatton in pancreatic diseases

associated with diminished secretion such as ad
vanred chronic pancreatitis and cancer of the

pancreas

The secretin test also yields useful information

regarding the functional state of the gall bladder

It will be recalled that although secretin increases

the output of bile from the liver it does not cau^e

the gall bladder to empty, consequently the bile

secreted during a test is normally stored id the

gall bladder and does not appear in large amounts
in the duodenal contents If the gall bladder has

been removed, or it is so diseased as to be non

functional the secreted bile is poured mto the

duodenum and appears in all the samples col

lected Three tjTJes of response are recognized (1)

no bile in any sample, this indicates obstruction

in the biliary sjstem, or if jaundice is absent, it

may be considered normal, (2) some, but not all,

samples are free of bile or contain only traces, the

normal response, (3) all samples heavily colored

with bile, indicates a nonfunctiomng gall bladder
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Secretion of Bile by the Liter

The liver forms a secretion which is also an
excretion consisting of v.atcr, bile salts, bile

pigments, inorganic salts and a mixture of lipid

materials including fats, cbolesterol and Iccitton,

see table 403 The formation of bile is accom
phshed by two types of cells, the reheuZoendo-

Ihelxal cells, which help to line the hver sinusoids,

and the liver cells proper The sinusoids convey

blood from the portal tern and hepatic arteiy to

the hepatic vein The reticuloendothelial cells,

known in the liver as Kupffer cells, are not con*

fined to the liver hut occur also m the spleen and
bone marrow where they likewise help to line

vascular channels Another name for the Kupffer

cells ^ stellate cells, so called because the cells are

frequentlj star shaped when seen m the endothe

lial lining of the liver sinusoid Similar cells occur

free in the connective tissues, and elsewhere in the

body and together comprise what is known as

the reticuloendothelial system In general these

cells have a phagocytic function, their role m
the production of bile will be considered later

The other cells concerned in the secretion of

bile, hepatic cells proper, make up the hv er lobule

and surround the biliary canaliculi The bver

cell has an unusual]} intimate relation to the

blood and to the secretion that it forms

Iimng of the liver sinusoids is said to be deficient

in places allowing the blood to come into direct

contact with the liver cells On the other hand

branching, intracellular canaliculi containing bile

have been described as occurring m actively

secreting cells The In er cell thus forms a narrow

wall between the blood stream on the one hand
and the bile stream on the other and it is not

surprising that bile sometimes escapes from, or

through, the liver cells into the blood

The steady flow of bile from the bver serves

as an avenue for the «ecretjon of certain sub-

stances important in digestion, and for the rvcic-

tion of others The most important secretory

protlucts of the liver are the bile acids which

TABLE 30 3

Viater 976 22

Solids 23 78 t
Mucin and pigments 50Q
Bile salts 9 00

Fatty acids from soaps 1 23

Cholesterol 0 63

Lecithin)

Inorganic salts 732

Appearm the bile as salts of sodium or potassium

There are a variety of bile acids to be found m
the bile of different species of animals, all of

which are formed by conjugation of an ammo
acid with chobc acid The structural formula of

cholic acid contains the tetracychc carbon group

characteristic of the sterols, thm is shown below

fn skeleton form

Chobc acid is therefore related to cholesterol,

to the male and female sex hormones (cL

60) and to corticosterone and other adrenal

steroid fractions (ch 5S) It is highly probable

that cholesterol is a precursor of cholic acid in

normal metabolism Block and his associates

have demonstrated the production of chobc acid

from cholesterol The latter contammg deutenum

was fed to dogs, chobc acid containing the isotope

was isolated from the urine

The Coupositiox or the Bilb

Table 39 3 gives the composition of human
liver bile (parts in 1000), modified from Ham-
marsten Liver bile has a pH of between 8 0 and

S 6 The reaction of human gall bladder bile u
neutral or sbghtly alkalmc, that of the dog (or

cat) is definitely acid—pH between 5 0 and 6 0

The chief biliary components are the Me salts,

Me pigments cfiofeslerel and leatkin These

organic materials make up over 60 per cent of

the total bibary sohd'^ As a result of the absorp-

tion of water and inorganic salts gallbladder

bile 13 several times more concentrated m or

game solids than liver bile The biliary con

stituents may vary independently of one another

The acids of human bile are gljcocholic and

taurochobc acids m which the cholic acid is conju-

gated with gl}CocoIl, or with taunne Taurine

>3 related to cystine, a sulfur containing ammo
Acid glycine we are familar witli as the simplest

Atnmo acid and one which can be synthesized by

the body The bile acids therefore aU contain

nitn^Q and taunne contains sulfur m addi

tion The bde acids are presumed to be syn

thcsiaod m the liver cells, but positive proof ol

their origin is not available

Little can be said coneerniog the site of ongtn

ol the chohe acid, whether it is formed by the

hepatic epithelium, or is merely brought pre

foimed to the liver from other body tissues is not
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known That some is formed in the body is indi

cated by the fact that the bile salts continue to be
discharged from n biliary fistula during long pe
nods of starvation That it is derived also from the

food appears from the observation that increased

excretion follows the ingestion of protein material

Though the supplies of glycocoll and taurine

svithm the body are apparently plentiful the sup
ply of cholic acid is limited for experiments in

which taurine was fed alone caused no increase in

the excretion of bile salts whereas cholic acid

ingestion alone caused a rise in the excretion of

taurocholic acid It is possible to deplete the tau

rine stores by feeding ehohe aeid for sex era) days
to a dog with a biliary fistula \\hen cystine di

sulphoxide cx'steinc cysteincsulfinie acid or

cysteic acid is then fed with cholic and an in

crea«e in the taurocholic acid of the bile follows

(Virtue and Dostcr \irtue) This result suggests

that from such or similar compounds taurine is

produced m the body That is taurine under these

circumstances is evidently supplied from body
sources whereas chohe acid must be furnished in

the diet Thequantitx of cholic acid available ap
parently determines the level of bile acid produc
tion fl^Tiipple)

So far as is known the liver is the only situation

where the conjugation of taurine or of glycocoll

with cholic acid and the production of the respec

tive bile acid can take place The following olMer

vations suggest that their formation is a specific

function of the liver (1) Ulien the function of the

liver IS depressed by injury or by the estab

lishment of an Eck fistula the output of bile

salts may be reduced by SO per cent or more
(Smyth and ^NHupple 1924) (2) Bile acids appear

in the blood of dogs when the common bile duct is

ligated Ontfieotfierhand no accumulation occurs

in the blood after removal of the liver

The Circulation of the Bile Salts

After their passage into the intestine the bile

salts undergo reabsorption and arc carried in the

portal blood stream back to the b\ cr for re-excre-

tiOQ Tins portal biliary circulation of the bile

salts js mtunately connected mtli the ab'^rption

of fat (p 646) MTien bile salts are fed to an

animal they can be recox ered almost quantita

tn e!y from a biliary fistula This indicates that

m the intact animal the reabsorption of bile salts

13 almost complete (about 90 per cent) Under

ordmaiy circumstances comparatively small

amounts (about 10 per cent) of bile salts are

formed afresh i e ,
their concentration in the

bile IS maintained largely as a result of thetr

being circulated over and o\ er again through the

portal and biliary systems Nex'ertheless if the

bilc IS prevented from entermg (he intestine by

draining it to the exterior through the fistula, its

concentration in bile salts does not become

materially reduced Experiments by Berman and
associates (1941) indicate that a homeostatic

mechanism regulates synthesis of fade acids m
such a way that the amount svnlhesized balances

the amount lo^t Thus if an animal is fed an
excess of bile acids sy nthcsis is depressed until

the excess amount has been olinunated On the

other hand if bile acids are drained away by

remoxing bile from the body, synthesis of bile

acids 13 increased

Test for bile salts Petlenko^ffer s lest Five cubic

centimeters of the fluid to be tested are mixed in a

test tube with a few drops of a 10 per cent solution

of cane sugar One or two cubic centimeters of

concentrated sulfunc acid are introduced beneath

the surface of the mixture The appearance of a red

ring at the junction of the two liquids indicates the

presence of bile salts upon agitation the color

dilTuses through the solution The color is due to

the formation of cliolahe acid from the bile acids

and Its combinatiOD with the furfural resulting

from the decomposition of the cane sugar A few

drops of a I ID 1000 aqueous solution of furfural

Itself may be employed (Mylin s modification)

laslead of the sugar <olution

Rowntree and associates have developed a

method for the quantitative estimation of bile

salts in blood based upon the Pettenkoffer reac

tioo The bile salts are extracted from the blood

with alcohol and the test performed upon the ex

tract The color is compared m a colorimeter with

that produced under similar conditions m a stand

ard solution of pure glycochohc acid The results

afvejrprvssgd ca Cermstj/g/jcocliahcactd ^^3vntir^

human blood contains from 2 5 to 6 mg per cent

of bile acids In obstructive jaundice the value is

increased sometimes several fold

Hay s test IS based upon the property of the

bile acids to lower surface tension (p &16)

The BtU Pigments

The biliary pigraentsare bilirviin and bxliierdm

Bilirubin (CnHwNiOt) is the chief pigment in

human bile and m the bile of the carmxora

Biluerdm (ChHkNiOi) is an oxidative denvatiie

of bilirubin and is present only m small amounts

m human bile but is the chief pigment of birds

bile The pigments constitute from 15 to 20 per

cent of the total solids in hier bile

The readiness with which the bile pigments are

oxidized and the color changes which they undergo

in the process are the basis for Gmelin s test for

bileinbodyfluids If forexample a Quid contain

ing bile IS passed through filter paper and a drop

of fuming nitric acid be then dropped upon the
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wet surface of the filter, the pigment is oxidized

and a senes of concentric rings of different colors

appears—jcllow, yellowish red, violet and blue

green from within outwards Besides bitiverdin

other derivatives of bilirubin are found in the

body l/ro6»Iinoff«7v (cf below and ch 6) w a te

duction product of bilirubin, upon oxidation it

yields urobilin Bilicvonin and btli/uscin ate

formed by the oxidation of biliverdin The latter

two pigments are not found in bile but may be
present m gallstones

Origin of the bile pigments Bile pigments are

derived from the free hemoglobin nhicb results

from the destruction of red cells in the body and,

m smaller amounts, from other chromoprotcios

The red cells have a life span of about 100 to 120

da>B Those that pensh are disposed of l>y the

The bilirubin is beheved to be taken out of

the blood and transferred into the bile through

the activity of the liver cells In the process the

pigment is separated from the plasma globulin

and, m the h\er cells, is conjugated with gly-

curonic acid forming bilirubm glycuronide

(Schmidt, 1950, Billing et al, 1957) Since bilini-

bm is capable of corabmmg mth two molecules of

glycuromc acid either the mono- or diglycuromde

may be formed The conjugation may take place

also m the kidney but apparently docs so only

to a slight extent The iron is stored in the hver,

epleca and other tissues and with the globin is

eventually utilised for synthesis of new hemo-

globin The chemical relationship between bih

rubinglobm and the various bile pigment deriva-

tives >3 shown schematically below

globiD

/ \
HOOC CH. HiC COOH

Bilirubinglobin

ij I

f>iliietM?n
btliverdta -

Dilinibioglobm

bthrubin
^'*'*«**>“

, urobilinogen - urobilin

reticuloendothelial cells dislnbuled throughout

the body Trom the<so cells an average of about 8
grams of hemoglobin is released per day which

j lelds about 2S0 mg of bile pigments In order to

produce bile pigment from hemoglobin the hemin

portion must be separated from the protein

(globin) portion of the hemoglobin molecule

Tliere is then oxidative scission of the uon-

porphynn This involves opening of the tetra-

pj iTol ring at the a position and the "sbclhng

out” of iron The resulting iron free pigment is

probably bihverdin which is later reduced to

bilirubin bj the addition of one hj driven atom

All thesj reactions are presumed to take place

in the reticuloendothelial cells, but the order in

which they occur is not known (Drabkin, 1951)

In particular it xs not known if the splitting of the

henun moiety on the protein portion of the roofed

cule must take place before the porphjrrm nng

13 open In any ca«e the bilmibm is not earned

in the blood as such but as a bilmihm protem

complex The bilirubin probably combines with

oi-globulm of the blood

It is endent from the distribution of the re-

ticuloendothelial 8j stem that bile pigments may
be formed, not only in the liver, but also in the

spleen and bone marrow and at vanous other

places in the body This was not generally recog-

nized until the expecimenta of Whipple and

Hooper (1913) and the more conclusive expen-

menta of Mann and his associates (1924, 1923,

1920) The former attempted to isolate the liver

from the general circulation whereas the latter

removed the hver completely In either case bile

pigments continued to be formed and, since they

cmild not be excreted through the liver, they

accumulated in the blood and produced a condi-

tion analagous to jaundice Mann and his asso-

ciates also showed, by a spectroscopic method,

that the blood of the splemo vcm of a normal

anunal has a higher biLrubm concentration than

that in the corresponding artery

URonmsoaEv, unoBiuv, the ctrculatiov

OF BILE PiOiiEvr The bilirubm that enters the

intestme undergoes reduction by bactena to form

un^thnoffcn (also called ttereohhnogen) A part of
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this 13 excreted in the stools and, by exposure to

air, IS oadizcd to tiroSihn (stcrco&ihn) *1116 latter

can be detected spectroscopically or bj the green

fluorescence which it gues with a solution of al

cohohe zinc acetate A certain proportion of the

UTobihnogen is reabsorbed into the portal circula

tion and passes to the Iner where is is recon-

lerted in part to bilirubin in the bile (fig 39 1)

It 13 then aIino«t entirely re-«xcrcted both as

bilirubin and as urobilmc^cn Any urobihnogen

which may escape into the general circulation and
be excreted by the kidney becomes oxidized to

tirobilm after the unne has been \oided Nor-

mally, howe\er, no urobilin or mere traces (0 5

to 2 mg ) appears m the unne Only traces are

present m normal blood Bilirubm itself does not

appear normally in the unne, so the color of

unne is due to neither of these pigments

That the urobihnogen normally present m bile

merely represents reexcretion of this pigment
after its absorption from the intestine was clearly

shown by Elman and McMaster When the entire

output of bile was collected through a fistula

Cie, none was allowed to enter the intestine)

there was complete disappearance of urobilinogen

from the bile after the pigment already present

in the mtestme had b^n earned away m the

feces The fistula bile remained free from uitv

bilinogen unless mfcction of the biliary tracts had
occurred, under which circumstance bacterial

action m ihe<e situations caused its formation

When a part of the bile was allowed to enter the

intestine or bile was fed by mouth the demed
pigment inTanably appeared in the fistula bile

Also, complete experimental obstruction of the

common bile duct, smee it preicnted the re-

excretion of the urobihnogen absorbed from the

mtestme, resultedm its accumulationm the blood

and its excretion m the urme These effects, how-

ever, can only occur for a short tune after the

duct has been obstructed, and are due to the

absorption of pigment remauung m the mtestme

from the period pnor to obstruction After the

pigment has been cleared from the mtestme, the

unne although it may contain large amounts of

bilirubm, is quite free from the deni ed pigment

Depr^ion of the excretory function of the liver

by such hepatic poisons as chloroform, carbon

tetrachloride, phosphorus, etc
,
caused urobilino-

gen to appear m the urme hepatic damage from

other causes, e g ,
infectious hepatitis is also

associated with the urinary excretion of uro-

bilmogen even though the mjury is slight and

there is no bihrubmuna When bilirubm forma

tion IS mcreased by hemoly tie agents urobihnt^cn

Fio 39 1 Diagram illustrating the formation of
urobilinogen from bilirubm m the mtestme its ex
crctiOD in part m the feces and its absorption m
part into the portal blood Normally the absorbed
pigment except in negligible amounts is practically
all re-excreted m the bile The dotted lines mdi
cate Its passage into the blood and its excretion
by the kidney m cares of liver damage excessive
blood destruction or m the early stages of ob
structive jaundice

production is also mcreased, tbe lix er ex en though

ita function is normal is unable to reexcrete the

excess pigment absorbed from the mtestme, and

urobilin appears m the urme

Urobihnogen is m rare instances formed in

situations other than the mtestmal tract and mde
pendently of bacterial action Rabinowitch (1930)

for example has reported a case in which large

quantities of urobilinogen were present in the

urme A sterile ovarian cjst contaimng an old

blood clot and a high percentage of urobihnogen

was revealed by operation When the cyst was re

moved the urobilinogen disappeared from the

unne

Lecithin and ChoUslerol

Leathin is present m human hier bile to the

extent of from 0 02 to 0 05 per cent Tlie cho-

Iciterol content is normally from 0 04 to 0 16 per

cent The cholesterol is prerent m the free state,

1 e , not m the form of esters The percentages of

these materials m the bile of the gall bladder is,

aa a result of the absorption of water and salts

through the gall bladder muco«a, much higher

than, the percentagesm liver bile The ratio of the

concentration of cholesterol m bile to that of the

bile salts is from 1 20 to I 30 Tbe abihty of the

bile to hold cholesterol m solution is m large

d^zee dependent upon the bile salts If the ratio
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falls to 1 13 precipitation of cholesterol occurs

Andrews and associates showed that if bile be

dialjzcd against water, bde salts are removed and

the bile becomes turbid as a result of cholesterol

precipitation The importance of this observation

in relation to galI®tone formation is considered

on page 651 The fatty acid concentration of the

bile Ls of as great if not greater importance than

the bile salt concentration in holding chblesteiol

in solution Little is known concermng the origin

and function of the biliarj cholesterol H may be

denied from the stroma of disintegrated red cells

or from nervous tissue, which of course contains

it in Large amounts According to Gardner the

cholesterol of the bile docs not varj with changes

in the total blood cholesterol nor is its concentra-

tion raised by increasing the cholesterol content

of the diet, it continues to be excreted upon a
cholesterol free diet A biliarj portal circulation

of cholesterol has been shown to occur, i e

,

excretion in the bile, rrab'orption from the intes-

tine and re-excretion by the liver

Regulatiov or the SEcnEnov or Bile

Bile IS secreted continuously This is consistent

with the fact that bile vs an excretion as ucU as a
secretion On a nonnal feeding schedule more bile

18 secreted during the da> light hours than during

the night This is due to the fact that more bile

18 secreted after meals than in the fasting slate

and meals arc normall} eaten in the daytime If

an animal la fed at regular intervals throughout

the 24 hours as much bile is secreted at night as

in the da} time The stunulatmg effect of food on

the volume output of bile is mam!} due to its

protem content Kocourandlv} (1937) studied

a variety of foods for their effect on the output

of bile and found that only meat and liver were

consistent!} effective Fat had some tendency

to increase the output but was unreliable Glucose

given orill} tended to decrease the output of bile

provided the bile « creted was not returned to the

intestine Atlicn the secreted bile was returned

to the intestine the glucose liad no consistent

effect on the output

Before proceeding to discuss m detail the

various agents that influence the flow of bile it is

well to define some of the terms tliat wvll bt used

A more extensive list of terms with definitions is

given b} Ivy (1944) A thola^ogiie, is any agent

which increases the flow of bile into the intestine

The bile ma} come from the gall bladder so the

word does not nccessanlv sigmfj an increase in

the secretion of bile fay the liver A cholerdte is

an agent wluch increases the output of bde from

the bver without necessanl} changing its con

ccntration, thus a choleretic will usual!} increase

the outputs of bile solids as well as the liquid

portion of the bile A hydrocholeretic causes an

mcrcase in the volume of bile without a corre-

sponding increase in the output of bile sohds

The natural bile salts have a pow erful choleretic

action on the hver and no doubt a great part of

the increase in the flow of bile after a meal is the

result of the discharge of bile from the gall bladder

which increases the amount of bile acids in the

intestine and consequently in the portal blood

Certain oxidized bile acids notably deh} drochoUc

acid, act as h}drochoIerctics and are sometimes

used m therap} to produce an abundant flow of

dilute bde The h}droch!onc acid of the ga«tric

juice when present in the intcstmc increases the

volume flow of bile, this is probabl} a result of the

release of sccretm or possibly a more specific

hormone from the intestinal mucous membrane

by the action of the acid

Although the intravenous injection of various

sccretm preparations is followed b} an increase

m bile flow, there is some doubt as to whether the

action IS real)} due to secretin Friedman and

Snape (1945) found that the effect of an intestinal

extract on the secretion of bilc b} the liver was

not alwa}e proportional to its secretin content os

judged b} its effect on the pancreas Some sccretm

preparations were effective choleretics but had

little effect on the pancreas Their experiments

suggest that there may be a specific hv er hormone

(kepalocrtmn) in mtestmal extracts Since foods

also caused release of secrotm from the intestine

it may be that some part of the action of fcxid,

aside from the action of hydrochlonc acid, may

also be attributed to secretin or hepatoennm as

the case ma} be At any rate the purest sccretm

available increases the secretion of fade by the

liver although it doca not contract the gall blad

der Studies by Grossman and his coworkers

(1949) indicate that in the human secrctm acts

as a hydrocholeretic

Secretin causes only a moderate increase in bile

flow and none at all if the liver is already secreting

vigorousi} The maximal rate of flow that can

be induced b} sccretm is only about one-tenth

the rate that can be attained by the administro-

tKHi of bile acids and this ratio cannot be in

creased by increasing the dose of secretin The

increase in the amount of bile formed is usuallv

less than the mcrease in the amount of pancreatic

juicc secreted m response to a giv cn dose of highl}

punfied sccretm and the latent period of the

hv» 13 longer tlian that of tlic pancreas (Fnctl



Chapter 59 TANCREAS, LIVER AND BILIARY SYSTEM

man, 1950) These facta suggest that sccretm is

not a major factor m the regulation of bile secre-

tion On the other hand bepatocnnm, if it exists

as a separate hormone, may be a major factor

In addition to humoral and hormonal factors

affecting the secretion of bile, the nen ous sj stem

may take part in the regulation of bile flow The
secretion of bile is increased by stimulation of the

^agus nencs, but the principal effect of the

autonomic inncr\ation on bile secretion appears

to be inliibitory Denen,ating the h\er, insofar

as this is possible, causes an increase m bile flow

,

distention of the colon or stimulation of anj one

of a number of \’isceral afferent neriies causes

inhibition of the flow of bile from the liver It is

not known whether the mhibitorj effect 13 due

to direct mhibition of the In cr cells or to altera-

tions m hepatic blood flow

The Mechanism of Secretion of Bilt by the Liter

In considering the mechanism of bile secretion

it IS conv ement to divide the bde constituents mfo
two cb^s (Braucr, 19oS} Cbss A, which in

eludes water, the inorgamc salts, and other highly

diffusable constituents and Cbss B, which m-
cludcs the bile pigments, bile acids and certain

foreign substances such as Dromsulphaletn which

maj bo used in liter function tests and appear 10

the bile There is good evidence that water is

secreted by the bver ceUs by an active process

involving expenditure of energy Pure mechanical

filtration is ruled out bj the fact that bile raaj be

secreted under a prc^rc which is higher than

the pressure of tlie blood in contact with the

liver ceUs As pointed out by Brauer, m order for

a filtration process such as is utilized in the kidney

to be effective it would be necessaiy that capillary

pressure should exceed the maximum pressure of

bile m the bile ducts by an amount at least equal

to the colloid osmotic pressure of the blood, this

condition is not attained in the hver The flow

of bile has been shown to be mdependent of blood

flow or of blood pressure so long as the oxygen

supply is adequate Another bit of evidence is

that coohng the liver greatly reduces the rate of

flow of bile For example, m the rat hv er a ItPC

reduction m the perfusion temperature between

18® and 38°C reduces bile flow by a factor of 4

Such a change in temperature should have little

or no effect on a pure mechanical process Ether

anesthesia also reduces the flow of bile The
situation IS not so clear with respect to the inor

game salts and it ma} be supposed that they are

transferred along with the water The ewdenee

suggests that there is a free mterchange of inor

(US

game salts between the blood and the bile as the

Iwle passes through the bUe ducts, thus osmotic

equtlibnum is established between the blood and

the bile

It is latercstmg that if the concentration of

salts m blood plasma is mcreased so as to make
tlie blood hypertonic, vacuoles appear in the

polygonal cells of the liver This 13 taken as evu

dence that these cells are involved m secretion of

water into the bile That these hepatic cells se-

crete the water is further evidenced by the fact

that m certain forms of toxic hepatitis m which

only the polygonal cells are damaged, a sliarp

reduction in the volume of bile is one of the

earliest signs (Brauer 19i>S) Bile may ix reab-

sorbed mto the blood if the pressure of bile m the

bile ducts 13 elev ated abov c a certam critical level

but at normal pressures reabsorption of bile is

negligible

That the organic constituents of the bile are

activ ely secreted has nev er been questioned They

appear in such concentrations m the bile relative

to their concentration m the blood that an active

procc's is inevitable The liver cells exhibit a

eerfam maxunum capacity for secreting vanous

of the bile constituents comparable to the tubular

maximum of the kidney tubules for certain of the

constituents of the unse For example, there is a

maximum rote of secretion of Bromsulphalcm

into the bile beyond w hich an mcrcase in the dose

or in the rate of mfu<ion mto the blood so longer

altera the secretion rate Sunilar phenomena hav’e

been observed for sodium dehydrocbolate biliru

bin, and certam dyes That the same cells are

involved m the secretion of different orgamc

compounds is mdicated by the fact that the se-

cretion of some of these by the hver cells limits

the rate of secretion of certam others, for example,

if the hver is actively secretmg Bromsulphalem

its capacity to secrete bilirubin is limited and if

it IS actmly secreting bilinibm near its maximum
capacity it is unable to secrete bile salts at their

normal maximal rate These facts mdicale that

there is competition withm the individual hver

cells among the vanous substances that are se-

creted mto the bile

It has been possible to observ e m suitable prep-

arations, the path taken by certam of the sub-

stances that are secreted mto the bile For ex-

ample, fluorescein can be seen to appear fir«t in

the parenchymal cells of the liver, then to be

secreted mto the bile canaheuh and to be trans-

ported down the bile duct*' Similar observations

are possible by different methods using radio-

active isotopes Thus it appears that all the
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constituents of the bile, both o^anic and inor-

ganic are nonnall) secreted bj the b\ er cells and,

with the possible exception of the inorganic salts,

bj a process which involves the expenditure of

energy

The Tuhcnos or Biie j\ I)iaEsno\

Only the salts of the bile acids are useful in

digestion The other constituents of bile arc pres-

ent as excretory products (with the exception of

the inorganic salts which probably reach the bile

bj diffusion and are neither secreted nor ex-

creted) The bile salts m the intestine aidm diges-

tion and absorption of fat lately because of their

surface tension lowering properties and their

abibtj to form chemical compounds with fatty

acids, thus increasmg their solubility The abibt>

of bile salts to reduce the surface tension of water

aids in emulsification of fats and increases the

activitj of pancreatic hpase Fats, being insoluble

in water, present special difficulties to the diges-

tive apparatus since digestion is a h>droI>tic

process and the digestive ensjmes are dissolved

in water Special means are neccssarj in order

to bring the tat particles into contact with bpasc

which IS dispersed in the aqueous phase This

can be accomplished by anj one of sev eral wetting

agents, bile being a natural detergent accom-
plishes this purpose m the hvmg bodj

The fattj acids that are liberated by hydrolysis

of trig!) eende fat form soluble soaps in an alkaline

medium but the mtestmal contents arc usually

not sufficiently alkaline to maintain any con-

siderable quantity of fatty acids m solution m
this hfl3 After liberation from the glycerol mole-

cule the free fattj acids are said to combine with

bile salts (\'erzar and AIcDougall) It is believed

that these soluble compounds can penetrate the

epithelial cells of the intestine and thus facilitate

absorption of fattj acids Absorption of fats will

be discussi d in greater detail in the next chapter

The idea put forward by Mellanbj that bile

acts as a stimulus for release of secretin from the

mtestmal mucosa and m this way brings about

secretion of pancreatic juice has been proved to

be erroneous In certam circumstances bile maj
facilitate the release of secretin into the blood

but this 13 not an important part of the secretin

mecliamsm (Thomas and Crider, 1943) Bile in

the intestine lias a tendency to stimulate penstal

«is and IS often credited with having a nwlH

laxative action Tlus action would probablj be
manifest onlj m a condition in which there was a
pathological deficiencj of bile m the intestine

Jaxindice

D^nitum and Clasn/taition

When bile pigment is present in excessive

amount in the blood (hyperbilinibmemia) it dif-

fuses from the capillaries, the skm, mucous mem-
branes and conjunctivas then become stained a

pale jellow tmt But the pigment is not merely

dissolved in the tissue fluids but appears to be

bound m some way to the tissues The discolora-

tion IS called jaundice or tcierus The bdinibin

appears m the urme and sweat but does not pa«s

mto the saliva or milk, nor as a rule into the

cerebrospinal fluid * Jaundice maj be due to the

production of bile pigment m excess of theamount

with which the excretorj power of the liver can

cope Or, it may result from the failure of a

damaged liver to excrete the bilirubm produced

in normal amounts Jaundice may therefore be

dmded mto two mam groups corresponding to

the mode of its production These are, the Aemo-

tybe and the hepatic, the former resulting from

increased production of bile pigment from bemo-

globtn, and the latter from depressed or sup-

pressed excretion of pigment by the liver In the

hepatic form the retention of pigment may be due

to (a) obstruction of the bile passages or (b)

damage of the liver colls bj toxic agents or infec-

tions Jaundice is also sometimes classified into

obstructive and nonobstructive, the latter being

subdivided into hemoljtjc, on the one hand, and

toxic or infective on the other The'C principal

vaneties of jaundice are tabulated below

1 Hemolj-tic jaundice]

1

2 Toxic, or infectne Inonob-

jaundice
J

structive

3 Otetructive jaundice

A third classification proposed by Rich has

come into use ba^ed upon whether bile pigment

has been taken up by the liver cells and then

returned to the blood, or has been rejected by the

cells (due to hepatic djsfunction or to an excess

of pigment), and thus retained m the circulation

The first mentioned type is called reguTgitaium

jaundice, it includes obstructive jaundice, and

jaundice due to damage of liver cells, and, there-

fore of the walls of the biliary canalicuh which

peiTOits whole bile to ‘regurgitate” into the cir-

culation

In the second form, called relenium jaundic^

excessive amounts of bile pigment are produced

(hemoljtic jaundice) part of which « not taken

* Its appearance m the cerebrospinal fluid is not

ancommoa in children
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up bj the hepatic p-ircndijina and is thmfori
retained in the circulation, or the function of the

hepatic lells is so depre^ed tint a large part of

the circulating bilirubin, oaen though not pro-

duced in eacess, fails to be eacrtttd

Ilcjnoljlic (Relailioji) Jaundice

It has alread} been mentiomd that a small

amount of bile pigment (0 2 to 0 S mg per tent)

IS present m nornul hum in btrum and that anj

condition whiili men ises ml cell destruction also

increases the formation of bik pigment How
ever, the functional rescra c of the lis er is so great

tliat IS IS aor\ douhtful whether o\ t rprodm tion

of bile pigment c\ or taxes the excretory capatitj

of an undamaged h\ cr to tin. limit Ilut when the

hepatic reserxe is reduced as i result of dtscasc

and hemolvsis is excc'sne the normal balance

lietwccn the production and the excretion of pig-

ment eannot be maintained n tention occurs and

the bilirubin concentration in tin blood n«cs

aboi e the normal limits Umohjlic ogenli of all

sorts, such as the toxins of certain mfeetions

"cpticcmia, etc, and xanous chemual poisons

maj induce icterus (p 77) of this tjpc It also

occurs to some degree in «uch states ns pcmioous

onemio nio/anc, etc
,
in wluch blood dc«tnittion

B a pronounced feature It max be produced id

animals bj the injection of such hcmolj tic poisons

as tolu>lencdiaminc and arscniurcttcd hidrogen

Tlic disease known as acloluric jaundice which

tends to run in families and is associated with

splenic enlargement and increases fragditj of the

red tolls (p 77), is of this tjpc Jaundice m the

newborn, iclcrus neonaicrum {beniffn} frequeDtl>

occurs as a slight transient staining of the skin

and IS most probabl> the result of the destruction

of the red cells tliat are m excels at birth (p 12)

It IS perfectlj innocent and indeed ma> be con

sidered phy«siological It does not appear until a

dav or two after birth and lasts for five or slx

daxs

Obstruclire (f?e(ii/r{p<flhon) Jaundice

Ohstruttiif. jaundice results from blockage of

the hepatic or common bile duct bj (a) a gallstone

or parasites within its lumen, (b) compression of

the duct by a tumor (c g ,
m head of pancreas) or

occlusion of its opening mto the duodenum (c)

congenital obliteration of the ducts (a fata! form

of icterus neonatorum)

In complete biliary obstruction tin stools are

cla> -colored urobilinogen (p &42) is absent from

the feces and urobilin from the urint In this tj pc

of jaundice bilc pigment is bchexed to pass into

Fio 39 2 Illustrating the course taken bt bde
pigment (I) normalh (2) in laundice due to ob
etruction or to liver damage (regurgitation jaun
dice) and (3) in hemolvtio (retention) jaundice In
(2) bihnihinale is formed bj the hvor eells and is

alisorbcd into the circulation in (3) part of the
hilinihin itself or of bilirubinglobin is retained in
the blood

the liver tells where globm is split off and the

pigment combined with gljcuronic acid to form

biluTibm glxcuronide The latter after its dis

charge mto the biliarj Cdnaliculi is returned— re

gurgitafcti’ —info fdc 6(oo(i as a resuft offAe rup

lure or in parendijmatous liter disease dismte

gration of the canalicular walls

MtMaster and Rous found for example, tliat

when obstnictne jaundice was induced m dogs

the ducts if occluded for long became filled with

a fluid free from pigment and biJe salts- the so-

called irhile bile ’ (p 6a6) Accordmg to these olv

fccrxcrs tlie colorless fluid is not bile but a simple

seromucoid matin d 'circted bj the mem
branc lining the ducts

Tlie excrotorx meclianisra of the hver has been

shown by McMastcr and Rous to possess a xery

large reserve since m the dog jaundice does not

develop until from 90 to 95 per cent of the excre-

tory dmts haxe Imn otiluded

Tajcte and /nfeclice Jaundice—Ltfcr Damage

laxcr damage and consequent depression of the

secretory functions of the Iixer may fw produced

by (a) various poisons, c g ,
arsphcnaminc, phos-
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phonis chloroform, etc , (b) acute and cArontc

liter diseases, eg, infectious hepatitis, homolo

gous perum jaundii-c (p 42) acute jellow »troph>,

cirrhosis, inflammation of the bilt passages (ca

tirrhal jaundic-e, suppur3ti\c cholangitia), (c)

toTtns of various pathogenic batten i, (d) engorge

mint of the hepatic vessels as a result of cardtae

failure It has been pointed out bj Miakins that

in the latter condition the etlcnia or ascitic fluid

does not (ontain bilirubin and the skm over

edematous ngions is not stainctl There is no e\

planation of this fact

The features tn Different Typesof Jaundice Com-
pored (Sec Table S94)

In obstructive jaundice and in jaunihce rt*

lilting from liver damage, the staining of the

skin mucous membranes and unne with biU

rubin tends to be much more pronounce*! than in

the hcmolv tic tj pe Except for a short time after

the duct has been ol^tnictcd urohiUn is absent

from the unne and urobilinogen from the fecc*

(p 642) The plasma alkaline phosphatase show#

a pronounced increase m obstructive jaundice

a firoaller rise m parenchjmatous liver di'eav,

but little or no change in the hcmolv lie tv pi In

ab&tructivc jaundice the effects, e g hradycordva,

Itching of the shin {pruritus) referable to the re*

tention of bilian constituents other than pigment

maj be evadent The cardiac plowing lias been

attributed to the action of the bile salts, though

proof IS lacking Since the bile acids arc eonju

gated m the liver it is not to lie expected that

their concentration m the blood will be rat«e*l in

a pun Ij hemolytic type of jaundice, this is found

to lx- the ca®c On tlus account the latter typo is

wmctimcs spoken of as ' dissocutcd jaundice ’

Abo in severe liver damage bile acids may be

alipent from the blood although the hjptrbili

rubineniia is pronounced In other instances of

relatively mild degrees of hepatic in«ufl>cicijcy a
conv er«c tv pc of ' dissociated jaundice namely

,

increased concentration of bile acids m the blood

without ictervLS, is somctinws KHin

Tlie blc-eding tendency in obstructive jiumhcc

IS a senous hazard should a patient bo reciuircd to

uiulcigo a surgical ojicrition Only witlun recent

j cars, as a result of the w ork of Rodenck, ofQuick

and his associates, and of Dam and Gtavind,

lias the cause of the prolonged coaguLalion time

Ixrn discovered It is due to prothrombin de-

ficiency, which 13 the result m turn of a virtual

lack of V itamin K (p 913), for w hen bile is absent

from the infc-stine the v itamm is not absorbed in

ieejuate amounts The oral administration of

V itaminKw ith bile salts corrects the hemorrhagic

tendency Possibly an additional though minor

factor m the lengthened coagulation time is the

retention m the blood of iirtain organic sulfur

(ontamiog compounds (c g ,
cy steine and taurine)

possessing anticoagulant properties (Carr and

Foote) Jaundice due to liver damage is also

sometimes associated with a prolonged bleeding

time and then appears to be duo to the incapacitv

of the liver to manufacture adequate amounts of

prothrombin even though there is no lack of v ifa

mm K in the diet or any failure in its absorption

The cause of the pruritus in obstructive jaundice

is unknown Rowntree and associates found that

though a high concentration of bile acids in the

MoikI w is frequently associated with pnintus

this svmjitcim mav occur with a normal bile-acid

I onuntration or be absent when the latter is high

In obstructive jaundice, vnth complete ptop-

page of ihc bile flow , urobilmogcn is absent from

the unne and fccc s but bilirubin excretion in the

urine is pronounced whereas, m hemolytic jaun

dice the rev tree is true, urobilinogen » cxcicted m
the unne and feces m excess but little bilirubin

appeare m the unne (we tabic 40 4) In paren-

chymatous liver disease the albumin per globulin

ratio 18 reduced and may bo reversed due to an
inereflsc in the )3 and y globulin fractions the

albumin concentration often licing reduced as

well In tlic other tyjx< of jaundice the ratio

shows little change from the normal although

there may bt some reduction in the total protein

concentration Certain observation.? relevant to

the foregoing discussion arc given in table 39 4

Jaimdice I. swolfy Due to a Comhinalion of Caines

U should be pointed out tliat in nnv given case

of jaundice two or all three, causative factors may

,

and frequentlv do, coexist Illood clcstnietion

alone, according to Rich, is not cajiable of pro-

ducing jaundice except jierliaps in rare instances

when the hemolytic process is of extreme degree

In pernicious anemia for example, there is an

assocuted hepatic insuRiciency and even in the

onlinaiy icterus of the newborn the immaturity

of hepatic, function is claimed to be a factor, also,

many hemolytic substances arc liver poisons as

well In obstructive jauncbcc the liver cells suffer

damage from pressure and the retention of bile

“alts proliably induces a certain amount of he-

molysis Rirtiiermore, in many inflammatory con-

ditions of tlie liver or bile ducts an obstnictive

element (due to jihiggmg of the mtrahepalic ducts

by the so-called bile thrombi) exists m conjunc

tum with the hcpalii. d.inwge In the jnundin of
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TABLE 39 4

Chief differences tn the three types of jaundice

1 Types of Jaundice

Puntbrinataas tem
lumasc Hemolrtie

|

Obstructive
(complete)

Serum bilirubm Moderate increase Slight or moderate

increase

Great increase

Cfnnary bihruhin ‘ Afoderate increase i Little or no change
|

Great increase

Urobilinogen in urine Great increase Moderate increase Absent

Bilunbin and urobilinogen (ster

cobilm) in feces Moderate increase Great increase Absent

Albumin globulin ratio Greatly reduced or

reversed

Little change Little change

Van den Bergh lest Dela^ ed direct or bi

phasic

Indirect
,

Direct

Plasma alkaline phosphatase Little change Little change Great increase

Thjmol turbidity cephalin floe
,

culation and galactose toler

ance tests Positive Negative Negative

Jaundice Moderate or alight Moderate or slight
'

Pronounced withpra

ntus

cardiac diseases the hepatic engorgement pit^

duces obstruction of the 6ncr bile captllanes as

well as injtir} to the li\ er cells through anoxia

The occurrence of infarcts m the lung is also a

factor in some cases, bilirubin production is in*

creased through the breakdown of red celb in the

infarcted areas

Chfucal Tesla Employed in ike Sludy of Jaundue

The i-an den Bergh reaction This te«t—a modifi

cation of Ehrlich’s diazo reaction—is employed

for the defection of bile pigment in blood serum

There are two mam types of the reaction—the

direct and the indirect The direct reaction occure

mtbout the addition of alcohol, which is essential

for the indirect reaction

The reagents used m the test are

Solution A
Sulphanilic acid

Concentrated HCl
Water up to

Solution B
Sodium nitrite

Mater

0 1 gram
1 5<x

100 cc

0 5 gram
100 cc

To perform the test 10 cc of solution A and 0 3

cc of solution B are frc’hlj muxed This mixture

IS uaid ns the reagent in both forms of the test

The direct reaction is tliat which follows the

addition of 1 cc of the reagent to 1 cc of serum

It may occur m one of three forms, (a) tmmedtaie

or prompt, a violet color due to the formation of

diazobilirubin dc\ elops m from 10 to 30 seconds

(b) Delayed reaction, no change appears until

several minutes (5 to 15 or more) elapse, then a

reddish color develops which graduallj deepens

to violet (c) Biphatic, a red color appears

promptly as m (a) but takes a v amble but longer

time than m (b) to change to violet

The indirect reacium is earned out as follows

One cc of serum is mixed wnth 2 ec of 95 per cent

alcohol After shakmg and centrifuging, to 1 cc

of the supernatant fluid, 0 25 cc of the reagent

mixture and 0 5 cc of alcohol are added A red-

dish \^olet color dev'elops almost immediatclj

Normal bile and the serum m obstructiv e jaun

dice gne the prompt direct reaction formal

scrum, the serum in hemolytic jaundice and the

bilirubin formed m old blood extravasations into

the connective tissues, serous cavnties, etc ,
give

the indirect reaction and occa®ionally a delajed

direct reaction The sera m types of jaundice due

to liver damage, e g , hepatitis gn es a direct

reaction (usually of the delated or biphasic t3Tx»)

all sera which give the direct reaction also give

the mdirect but the reverse does not hold The

qualitative v an den Bergh reaction as a means of

between the different types of

jaundice is regarded today with Jess /aior than

formerly

The mdirect reaction used as the basis for the

quanMatiie estimation of bilinibm m all tjpes of

sera is of much more value The serum after the

color reaction has developed is compared m a
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colorimeter with a standard solution mads
dissolving 2 161 grams of anhydrous cobaltoos

sulfate in 100 cc of distilled water The color of

this standard corresponds to that developed by 1

unit of bilirubin A umt is defined by >an den

Dergh as 1 part of biluubin in 200,000 parta of

serum Normal serum contains from 0 4 to 1 5
unit (i e

,
bilirubm is present m a dilution of 1

part m from 500,000 to 100 000 parts of Bcrum,

or from 0 3 to 1 0 mg per 100 cc ) In the quanti

tativc estimation of bibnibin in sera showing the

duTct reaction the method has been rendered

more accurate by the modification of Thann
Iiauser and Anderson This consists in first adding

0 5 cc of the reagent to 1 cc of the serum, and
a minute or tno later 2 5 cc of alcohol and 1 cc

of a saturated solution of ammonium sulphate

Dj adding the diazoreagent before the alcohol

tlie loss of hikruhin \ihich results from its being

earned down with the albuminous precipitate is

avoided WTien the alcohol » added later the

diazobilirubin compound is not thronm donn but

remains in the supernatant fluid

The quantitative van den Bergh reaction is of

value m the detection of latent jaundice, le, a
a hyperbilirubinemia which has not reached the

level at which jaundice appears, and in recording

the progress of a case of manifest jaundice

The difference between the direct and indirect

V an den Bergh reactions is due to the difference m
the state of bihrubin in hemolytic and obstructive

jaundice Bilurubm that has passed through the

111 cr cell and lias been conjugated with gly curonic

acid IS soluble in water and is able to rroct at

once with the reagents used in the direct test

without addition ol alcohol Consequently bib-

rubin that has been secreted and reabsorbed as

m obstructive jaundice gives the direct test

Circulating bihrubm that has not passed through

the liver cell is insoluble except as a compound
with some blood protein It has to be set free

and made soluble by addition of alcohol to the

reagent before it vnll give the test

The tclene index The bile pigment coneentra

tion may also be estimated bj companng the coUw
of the scrum with that of a standard solution A
sample of blood is allowed to clot, after ceatnfug

mg, 5 cc of serum arc pipetted off and the color

of the sample compared in a colorimeter with a I

in 10 000 solution of potassium bichromate The
colorimeter is set at 15 mm for the standard solu

tion This number is divided by the number on the

serum scale when the color of the serum and of the

standard solution match The result is called the

icfrrie index Thus if the reading of the ecnim
scale 13 3 the ictenc index is 5 The test la lovali

dated by the presence in the serum of other color

mg matter, e g ,
carotenoids

Gallstones—Cliolelithiasis

Gallstones are composed of constituents of the

bile which have been thrown out of solution

Cholesterol is present in greater or less amounts

in the commoner vanelies of gallstone Some
stones may be composed almost entirely of this

substance In other types of stone, bile pigment

or calcium is an important or the predominant

constituent Gallstones therefore differ consid-

erablym size, color and mner structure accordmg

to the materials of which they are composed They
are clarified according to their compositions into

"pure" cholesterol, eholesleroUptgment-calctum,

"pure" 5tftr«5tn, bihrtibtn-ealctum and coJaum

carbonate stones The latter are very rare in man
but not uncommon m cattle Tlie "pure” cho-

lesterol stone contains from 90 to 98 per cent of

rbolesterol, the remainder being made up of cal-

cium, bile pigments, protein, etc The ''pure”

pigment and the bilinibin-calcium stones, on the

other hand, contam varying amounts of choles-

terol The cholesterol pigment-calcium stone is

the commonest variety Stones of this typo ere

usual]} multiple and, as a result of pressure of one

stone against another, show numerous facets upon

their surfaces They contam about 80 per cent of

cholesterol which is deposited in crcam-colored

loyers alteinately with darker bilmibm-calcium

laminad The great majority of stones are formed

ID the gall bladder, but they may also form m
the hepatic duct or even in the smaller ducts

within the Lver

The Formation of GaiiSTOVES

The mechanism of gallstone formation is not

clearly understood but the following are recog

tuzed as being the most important factors to be

conudered (a) Injury, especially of on in/«diie

nature to the gall bhdder wall, 0>) disturbance tn

cholesterol melabolism, (c) slasts of the bile, and

(d) raiclion of the Me

(a) IsrEcriON Following the classical work of

hfauD}n> infection was looked upon as the mam, if

not the only, cause of gallstone formation Naunyn

maintained, and it is now current leaching, that

the cholesterol of the bile was not dependent upon

the cholesterol level of the blood and could not be

altered bj diet He also claimed, however, that

abnormalities of cholesterol metabolism played a

minor role in the production of gallstones The

mucosa of the gall bladder, he believed, pormsny

secreted cholesterol and calcium and the secretory
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process was stimulated by anj local iDUammatoiy
state Experiments in which human cholesterol

stones were shown to be dissolved after a time in

the gall bladder of the dog under sterile condi

ditions, but not if infection were present, the

production of gallstones by injections of micro

organisms into the circulation after injury to the

gall bladder, and the frequent occurrence of chole

lithia«is after infective conditions, notably ty-

phoid fever, were all taken to indicate that mfec
tion was essential for the production of biliary

calculi The solvent action of the bile salts upon
cholesterol was also held to support this view and
to be against the suggestion that this biliary con

stituent could be thrown out of solution in the

absence of infection It was argued that the bile

as it came from the liver could never have so high

a concentration of cholesterol that simple dcposi

tion could result, but that the cholesterol must be
produced in exce<’sive amounts by an inflamed

gall bladder in order to be precipitated Of the

normal concentrating power of the gall bladder

little was then known (see p 655)

Though not dcnynng the importance of gall

bladder injury and the production of cholesterol

from the infiamed mueo«a m many cases of ebole

lithia<es, Asebof! and others have insisted that

these conditions are not essential to the formation

of calculi, and that certain types, especially the

solitary cholesterol stone (see below) can arise in

sterile bile and m the absence of any diseased con

ditioD of the lining membrane This view is now
generallyaccepted Much of (he earlier work upon
cholesterol metabolism to which Naunyn pinned

his faith has been proved to be erroneous

The multiple cholesterol pigment calcium

stones are usually looked upon as typical infection

stones They are laminated on cross section and

have usually a framework of coagulated protein

These stones are often lery numerous, aameUmes
numbered by hundreds, and an examination of

their structure indicates that they have all been

formed at about the same time According to

Aschoff, the starting point of their formation is

the deposition of pigment in the form of fin©

rosette like structures upon which coatings of

cboJesterol, pigment and calcium are subsequently

laid The inflammatory exudate is rich in protein

material derived from the blood as well as in

cholesterol and calcium The protein, it is pointed

out, Carnes an electric charge of opposite sign to

that held by the cholesterol, pigment and Inor

game constituents of the bile It la believed that

as a result of these physicochemical relations the

deposition of cholesterol combined in varying

degree with the other biliary constituents is ef

fected

(b) “Metabouc " The typical ' metabolic’

calculus is the large single stone of almost pure

cholesterol—the cholesterol solUatre This type of

stone, according to Aschoff, is formed quite inde

peodentiy of infection or injury of any sort and is

due to the crystallization of cholesterol out of a
bile surcharged with this material The common
mixed stones (cholesterol pigment calcium) are

also composed predominantly of cholesterol and
probably in many instances are metabolic rather

than infective in origin In certain conditions,

e g ,
pregnancy, in which gallstones are prone to

develop, the blood cholesterol has been said to be
higher than normal (hyTiercholesterolemia) and
there is evidence of a disturbance in cholesterol

metabolism But as a matter of fact hypercholes

tcrolemia, according to Gardner, (Gardner and
Gainsborough 1930) is not common in pregnancy,

the normal proportions of free cholesterol to cho

lesterol esters (cholesterol combined with fatty

acids), however, are altered the former being

increased, the latter reduced Abnormalities m
cholesterol metabolism leading to such changes

arc probably of more importance in the produc

tion of gallstones than a n«e m the total blood

cholesterol It has already been mentioned that a

high blood cholesterol docs not cau*e an increase

m the cholesterol of the bile Also id certain forms

of renal disease and m myxedema in which hyper

cbolesteroleima exists there is little evidence that

the latter leads to the production of galUtoncs, in

other forms of renal disease the incidence of gall

stones IS higher than usual, yet hypercholeaterole

mia does not occur

It has been mentioned that increasing the cho

lesterol of the diet does not raise the cholesterol

concentration of the bile, so there is no logical

reason, as pointed out by Gardner and Gainsbor

ough for excluding cholesterol rich materials from

the diets of tho^e subject to cholelithiasis Indeed,

a high fat diet, by stimulating gall bladder con

tractions and so preventing undue concentration

and stasis of bile may exert a beneficial effect

The ratio of cholesterol in bile to the bile salts

IS an important factor in the formation of gall

stones The cholesterol bile acid ratio m normal
bile IS between 1 20 and 1 30 Since neither bile

salts nor cholesterol arc absorbed undernormal cir

cumstancea from the gall bladder this ratio holds

for both bver and gall bladder bile According to

Andrews, deposition of cholesterol occurs when
the ratio falls to 1 13 He believes that infection,

when it 13 a factor, plays its part m gallstone

formation not so much through increasing choles

terol production as through reducing the bile salt

concentration, for he claims that bile salts are ab
sorbed through the inflamed gall bladder mucosa

Dolkaxt and associates attach more importance to

the concentration of fatty acids in the bile than to

that of the bile salts m preienting the preeipita

tion of cholesterol

“Pure” pigment stones (they contain calcium

and cholesterol as well) aJoo occur apart from lo
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fection They are amall, and dark and, although

usually occurring in the gall bladder, may be
found in the bile passages Their origin » not

clear, but since the; often occur in conditions

associated with an abnormally high bilirubin ex

cretion, e g ,
acholuric jaundice, they may be the

result of the precipitation of bilirubin from a bile

which contains excessive amounts of the pigment

(c) Stasis or slowing of the biuart flow
within the bile passages may be responsible for the

formation of small stones of pigment calcium in

these situations When there is complete stasis,

due to mechanical obstruction, the fluid in the
larger bilepas^ages contains none of the important
biliary constituents The so called "white bile”

fills the ducts and in consequence the formation of

calculi is not possible fp 651) Complete biliary

stasis appears also to be a very minor faelor in the

production of stones in the gait bladder

(d) Reaction of the bile Until the work of

Drury, Rous and MeMaster this factor bad re

CGived comparatively little attention These ob
servers caused gallstones composed, in varying

proportions, of calcium carbonate, pigment and
cholesterol to be formed in the bile of dogs which

had their gall bladders removed and their com
mon duets drained into a system of tubing En
crustations of bihary constituents as well as more
or less disetete calculi formed upon the walls of

the tubing These occurred uoder sterile condi

tions and in the absence of stasis The deposits

are claimed to result from the alkalinity of the

liver bile Normal bile of the dog as it flows along

the bile passages was shown by Okada to be defi

mtely alkaline whereas that of the gall bladder

was acid Rous and his associates found the liver

bile of dogs to have a pH of S 20 or more while

after its stay in the gall bladder its reaction be

came decidedly acid—pH 5 18 to 6 00 Bile from the

human gall bladder, though less alkaline than

liver bile has rarely a pll below 1 0 One of tbo

functions of the normal gall bladder (p 656)

therefore appears to be depression of the pH of

liver bile So long as this occurs in the usual

manner the calcium carbonate of the bile remains

in solution In an alkaline bile, such as is collected

from the common duct in the absence of the gall

bladder the calcium carbonate is thrown down,

and with it the pigment and cholesterol constitu

cuts
,
to be deposited upon the w alls of the delivery

tubing These observations suggest therefore that

in any condition which interferes with gall bladder

function, eg, infection, injury, or intermittent

stasis, the usual acidification of the liver bile will

not occur, calcium carbonate will then undergo

spontaneous precipitation, and serve as a center

or centers upon which the other biliary constitu

ents become deposited

An J?nwmerafion of Hepatic Functions

Besides its secretory and excretory functions

dealt with in this section the liver plays an im
portant role in many other physiological proc-

esses Por the reader’s conienience a list of these

with page references is given below

(a) Blood formation In the embryo (p 99),

storage of vitamin Bn (p 81)

(b) Fibrinogen production (p 6)

(c) Prothrombin production (p 114)

(d) Heparin production (p 112)

(e) Iron and copper storage (pp 72 75)

(f) Blood volume regulation (ch 20)

(g) Reiieuloendothehal activity (Kupffer cells)

(P 102)

<h) Detoxication (p 721)

(•) Protein metabolism, deamination (ch 20),

amino acid synthesis (ch 45), urea (ch 20), and
uric acid (ch 47)

0) Carbohydrate metabolism (ch 48)

(k) Fat metabolism (ch 49)

0) Heat production (ch 52)

(m) Formation of vitamin A from carotene (ch.

53)

(o) Liberation of a depressor principle (p 40S)

The hepatic circulation is dealt with in chapter

26

LtiTR Ftrsenov Tests

Several of the specific functions of the liter have

been utilized as tests for an investigation of the

functional capacitj of the hver as a whole, i e ,

as a means of detecting the presence of hepatic

damage and, in some instances, of gauging the

extent to which such damage has occurred, and

to distinguish between different tj pes of jaundice

Some of the«e tests will be very briefly described,

the accounts being confined in the mam to the

genera! principles upon which the tests are based

Tests Based upon ike Excretory Functions of Ike

Liter

The quantitative van den Beigh reaction has

been described (p 629) Since the excretion of

bilirubin is an essential hepatic function a deter

mination of the quantity of circulating bilirubin is

a valuable means of estimating the extent of liver

damage associated with jaundice, provided the

hyperbilirubinemia is not the result of biliary ob

struction or of blood destruction

The estimation of the quantity of urobiltnoffen

excreted in the urine has also been cm

ployed as a test of liver function Increased blood

destruction, as in pernicious anemia quite apart

from liver damage will also cause urobilmogenuns

but it 13 usually much less pronounced than that
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due to parenchymatous liver disease ANo, infec

tion of the biliary passages mnj increase the uro

bilinogen output out of all proportion to the rc

duction of bver function

Other tests based upon the excretory function of

the liver are the RromsuIpAafetn, hiltruhtn and

rose henpal tests In each of these tests the respec

tive material is injected intravenously and the

rate of excretion estimated from the quantity re

tamed in the scrum after the lapse of a specified

time, the concentration of the material in the

serum is determined colorimetricall^ These three

substances are excreted almost entirely by the

liver and no significant amounts are taken up by
the reticuloendothelial cells In normal persona

less than 6 per cent of bromsulphalein (5 mg per

kg of body weight injected) is retained after 45

minutes, or of bilirubin (1 mg per kg of body
weight injected) is observed at the end of 4 hours

In the case of ro«e bengal (10 cc of 1 per cent solu

tioQ injected without regard to subject s weight)

50 per cent or more disappears from the scrum
within 8 zmnutes after the injection These tests,

like the van den Bergh test, will of course be of no
value if obstruction of the bile ducts exists, obvi

ou8l>, whether damaged or not the liver cannot

then excrete the injected substances Colonmetne
difficulties also render the dye tests inapplicable

in the presence of byperbiUrubinemia from wbat
ever cause The bilirubin injection test is em
ployed only m the absence of jaundice, for if the

liver’s power to excrete the endogenous biUrubin

IS depressed it is a foregone conclusion that it will

show a corresponding incapacity to excrete the

injected pigment In the absence of jaundice, bow
ever, the bilirubin injection test is one of the most
reliable means of estimating the degree of liver

damage Determination of the serum alkaline phos

phatase level is one of the most sensitive tests of

bver function (ch 69)

Teals Based upon the Metabohe Functions of the

Liter

(a) The galactose and levulosb (mccrosE)
TOLEBANCE TESTS In the levulose tolerance test the

blood sugar curve is determined after the mgestion

of from 40 to 50 grams of pure levulose dissolved in

250 cc of water—the dose of sugar is vaned accord

ing to the subject s weight The test is performed

in the mormng that is after a 12 hour fast The
blood sugar level is first determined before the

ingestion of the sugar and every half hour for 2
hours thereafter The liver converts levulose to

glycogen the greater quantity of sugar so con

verted the less pronounced will be the nse m (be

blood sugar In absence of hepatic disease the in

gestion of 40 grams or so of the sugar caus^ a
maximum nse of the blood sugar curve of 30 mg
per cent or less above the fasting level (when this

is between 80 and 100 mg per 100 cc ) within 1

hour, the curve returns to within 10 mg per cent

of the fasting level within 2 hours Definite hepatic

Injury is indicated by a rise in the blood sugar of

over M mg per cent when the fasting level is

between SO end 100 mg per cent and a rise of 35

mg percent, and of 40mg per cent when the fast

log levels are from 70 to 80 and from 60 to 70 mg
per cent respectively Failure of the curve to

return to within 15 mg per cent of the fasting

level after 2 hours, regardless of the height of the

curve IS also definitely abnormal
A similar test may be made using galactose At

the end of a 12 hour fast the blood sugar level is

determined and 40gm of galactose given in 400 cc

of water The blood galactose level is then esti

mated at half hour intervals for 2 hours Normally

the maximum value is reached m 1 hour and docs

not nse to more than 63 mg per 100 cc and falls

toOby the end of the 2 hours Normally bj theend

of the fifth hour the total urinary excretion is less

than 25 gm Higher values than these in blood

and urine are found m hepatic insufficiency

(Peters and V an Slyke 1946 )

(b) Tests based upon the function of the liver

to deaminate the amino acids with the production

of urea or upon its detoxicating function

have also been devised Although in the dog hip

purie acid is sj nthesised (from gl> cine and benzoic

acid) only in the kidnej m the rabbit and m man
this function is performed to an important extent

by tbs bver as well In carrying out this test bes

ZOIC acid (5 9 grams) is given orally 1 77 gram of

sodium benzoate (equivalent to 1 50 gr benzoic

acid) IS given intravenously and the hippunc acid

excretion IS determined Normallj at least 1 gram

of hippuiic Bctd IS excreted withm an hour and the

quantity of hippunc acid excreted in the urine at

hourly intervals for 4 hours thereafter is deter

mined If the liver possesses some reserve from 3 to

3 6 grains are excreted within this time The deter

minatiOQ of the prothrombin time (cb 12) is also

employed as a liver function test In damage of the

liver, the prothrombin time is prolonged

Tests Based upon the Protein Constitution of the

Plasma

When damage to the hepatic parenchyma exists

(be albumin globulin ratio of the plasma is re

duced due to an absolute increa^'e in the j3 and

7 globulin fractions and usuallj as well to an

absolute reduction in the albumin fraction The
tests to be desenbed are based upon the rise m
(he globulin fractions and the reduction in albu

mm, for the latter fraction tends to protect the

globulin from the action of the reagent and thus

to inhibit the reaction The higher the serum

globulin and the lower the albumin the more pro

nounced will the reaction be The tests to be de-

Ecribed cannot be correlated specifically with any

given bver function and are, therefore largely
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empirical The first test of this type to be intro

duced IS known as the Taka Ara test, after ita

originators In the presence of an excess of globu

Im a reagent composed of sodium carbonate, mer
cunc chloride and acid fuchsm when added to the

abnormal serum, causes the precipitation of the

mercuric chloride A similar test la the cofletdal

gold test of Gray But the roost commonly used and
the most satisfactory teats of this group are the

thymol turhtdity test of Maclagan, and the eepA

ofiR cholesterol fiocculatton test of Hanger In the

former, 3 cc of the thymol reagent’ are added to

0 05 cc of serum and the degree of turbidity meas
ured alter M to 1 hour m a spectrophotometer at

a wave length of 650 jau The turbidity is believed

to be due to the precipitation of a globulin thymol
phospholipid complex The cephalm cholesterol

flocculation test consists of adding an emulsion of

cephalm (100 mg from sheep’s brain) and choles

terol (300 mg ) to the serum and allowing the mix
turc to stand for from 24 to 48 hours Normal
serum remains clear whereas the serum from a
patient with parenchymatous liver disease (m
flammatorj or degenerative) shows flocculation

Several investigators have studied the reli

ability of the different liver function tests by com
paring the results obtained with the histological

findings in biopsy samples of hepatic tissue Sber
lock obtains a cylinder of hepatic tissue by tbe

uso of a needle 1 mm in caliber and provided with

a trocar The liver is punctured through the akin

under local anesthesia She finds tbe roost useful

and reliable testa were determinations of serum
bilirubin serum alkaline phosphatase and the

albumin globulin ratio In experiments upon dogs
in which tbe liver was damaged by carbon tetra

chloride Drill and Ivy found that the number of

hepatic functions affected increased with the se

verity of the liver damage Tbe excretion of Drom
aulphalem was the first to become depressed

Serum alkaline phosphataoe showed a rise about

the same time or slightly later Next in order of

sensitivity was the test for the prothrombin time,

the galactose tolerance test was the least sensitive

of the four tests employed From these results

Drill and Ivy suggest that tbe associoiion of he

patic functions rather than their dissociation (i e ,

the singling out of one or other function by liver

damage) should receive emphasis

It IS to be remembered that the foregoing are

purely functional tests and that a negative resuU

does not necessarily indicate the absence of liver

injury On the contrary liver di«ea*e may exist

without Its condition being revealed by any of

these means This is obvious from the observations

of McMaster and Rous and of Mann and his asso

ciates upon the reserve function of the liver Tbe

•This consists of grams barbitone, 1 (B
grams sodium barbitone, 3 grams thymol, SOO ml
doubly dutilled water

first mentioned obeervers showed that in the dog

95 per cent of the excretory function could be

abolished before jaundice appeared, Alann and his

associates found that the liver tissue of the dog
could be reduced by 80 per cent or more without a
fall In urea production occurring

The Gall'Bladder and Bile Ducts

Anatomy

The human gall bladder has a capacity of about
SOcc Its wall 18 composed of a thin layer of muscle

fibers and fibroelastic tissue xnth a lining of mu
cons membrane The muscle fibers are sparse and
loosely interlaced with one another and with the

strands of fibroelastic tissue The mucosa is eur

mounted by a layer of columnar epithelium

TTie eyslie duet through which the bile enters and
later leaves the viscus is tortuous, or S shaped and
shows spiral folds of mucosa—the lalves of Hetster

—within its lumen These so called valves have

not a valvelike action for they offer little resist

ance to the passage of bile in either direction, nor

do they seem to prevent a too rapid flow of bile os

some have supposed They develop late in phylo-

genetic history being associated apparently with

tbe erect posture they are found only in primates

The folds are formed in the embryo by tbe twisting

or winding of tbe duct during development Their

function as suggested by Keith and supported by

Lichtenstein and Ivy is to stiffen the wall of the

duct and prevent its kinking

The common 6ife duct, formedby the union of the

hepatic and cystic ducts passes very obliquely

through the muscular wall of the duodenum and

joins with the pancreatic duct toform the ampulla

of Voter (fig 393) The latter opens into the

duodenum through an orifice situated at the sum
mit of a small papilla about 3'^ inches below the

pylorus The ampulla of \ater is surrounded near

its outlet into the duodenum by a ring of muscle

fibers—the sphincter of Oddi Boyden has studied

the circular fibers surrounding the common bile

duct at Us duodenal end (i e ,
the smooth muscle

usually referred to as the sphincter of Oddi) and

distinguishes three sets of fibers (a) sphtnclef

choledochus (or Boyden s sphincter), fibers which

surround the duct between its penelralion of the

duodenal wall and the point where it is joined by

tbe pancreatic duct, (b) fibers encircling the pan

cieatic duct where U opens into the aropulla and

(c) those w hich surround the ampulla itself The»e

latter are present in only about one sixth of hu

roan subjects, when in spasm they may block the

atnpullary portion of the common bile duct and

permit bile to pass into the pancreatic duct or

pancreatic juice to ascend the common bile duct

Tbe mueoea of the common duct is devoid of the

usual mucous glands, but contains special

branched tabular glands lined with tall columnar
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Fio 39 3 Showing the emootb muscle surroundiog the duodenal end of the common bile duet (After

Boyden, elightly modified ) D chol , common hife duct, D pane
,
pancreatic duct, Sph chol

,
aphineter

eholedoehut (Boyden 'e ephtnetcr), Sph , ephtnefer ampuffae, Sph pane eplitneter panereoticue Bur
rounding the pancreatic duet, T muse T eubmucosa and T mucosa, coots 0/ tAe duodenal leaB

cells These glands furnish a thin fiuid which
dilutes the bile

The gall bladder, though it possesses important

functions, is not indispensable eince it can be re

moved with imj)iinit.y After such an operation

however, the larger bile ducts undergo dilation,

which may m part compensate for the removal of

the viscus The gall bladder is absent in some
animals whose habits and digestive processes are

not essentially different, apparently, from those

of animals that possess one It is absent in the

horse, deer and rat but present in cattle, ebeep,

dogs, cats and mice It is present in fish, amphibia,
reptiles and birds, but is absent from orders lower

than these

Confracfions of the Gall-Bladder arid Common Bile

Duct

The gall bladder shows spontaneous rhythmical

contractions which occur at the rate of from 2 to 6
per minute (in the dog), and also a tonic contract

tion which lasts for from 5 to 30 minutes or more

The rhythmical contractions (m the dc^ are

capable of produemg a pressure change of from

250 to 300 mm of water which is about the maxi-

mal pressure at which bile can be secreted by the

Fio 39 4 Examples of normal gall bladder con
tractions Time marker, 1 second (After Taylor
and ^ ilson }

liver (fig 39 4) Rhythmical contractions of the

common bile duct have also been demonstrated

m animals

The Fumthons of the Gall-Bladder

The Concentration and Storage of Bile—The Secre

turn of Mucus

Gall bladder bile may be some ten times more

concentrated m total sohds tlian bile collected

from the hepatic duct IVater and morganic salts

are ab'iorbed through the lymphatiis and blood

%C83eb of the gall bladder wall The composition

of the absorbed fluid is xirtuallj that of phy '^o-
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logical saline Bile pigments bile salts and cho-

lesterol are not absorbed to any appreciable de-

gree under normal cueumstances

It IS undecided whether cholesterol is CTcreted

bj the normal gall bladder mucosa altliough

Elman and Taussig present evidence for such a
process In this connection it may be mentioned

that a pronounced diffuse deposition of a cho-

lesterol ester in the connectn e tissue of the human
gall bladder amounting to from 35 to 60 per cent

of its dry weight ls seen as a pathological condi

tion The tissue of the lesicle is stiff and greatly

thickened as a result of its impregnation with

hpid material The disturbances leading to this

condition which is spoken of as cholesterrwts of the

gall-bhddeT or from the appearance of the mu
cosa as the jtraicberrj/ gall-hiadder are un
known the existence of this condition cannot

however be used as evidence for the secretion of

cholesterol by the gall bladder mucosa under

physiological conditions (sec Elman and
Graham

)

To the work of Hammarsten and more recently

to that of Rous and McMaster we owe the greater

part of our knowledge of the absorptiic powers

of the gall bladder By means of a cannula placed

in the bile duct the latter observers collected the

bile os it came from the Uver and compared its

composition with that in the gall bbdder The
bilirubin percentages of the respective fluids were

used as a measure of the degree of concentration

that had been effected in the bile during its stay

in the gall bladder Tlie bladder bile was found to

be darker thicker and more syrupy tlian the

bile collected from the ducts It contained from

31 to 108 times more bilirubin than the Iner

bile Absorption occurred with remarkable ra

pility ui some instances In one experiment about

60 cc of bile which entered the gall bladder was

reduced to less than 5 cc in about 22 hours In

experiments involving the drainage of the gall

bladder through a cannula inserted into its fundus

it has been shown that the mere passage of bile

through the organ causes a nearly fivefold con

centration Inflammation of the gall bladder re-

duces or alxilLshes its concentratmg power

Tlie gall bladder mucosa also adds to the

viscosity of the bile by the secretion of a thick

muemous material Little or none of this material

IS furnished by the bile ducts Is or w ere the latter

observed to liave any concentrating power but

were found on the contrary to dilute the bile

w ith a tlmi w atcrj Quid

IMien the ducts vv ore obotructed by ligation and

^ the gall bladder tied off after some day s a clear

)

colorless fluid was found to have collected within

the ducts This fluid—the so-called ichite Me
—^is not uncommonly seen during an operation

upon an obstructed bile duct associated with a

fimctionless gall bladder The white bile under

these circumstances is furnished solely by the

mucosa of the ducts It contains no pigment bile

salts or cholesterol and bears almost no resem

blance to bile The secretion of the latter had

been suppressed by the nse m pressure (to 300

mm or so of water) within the ligated duct sys-

tem

If the gall bladder is healthy and left in com
munication with the obstructed system the se

quenee of events IS entirely different Biliary stcis

tbeo causes thick greenish hih to collect in the

ducts and bladder as a result of the latter s con

cenlrating activity and of the muemous matenal
which It secretes After a lapse of weeks the im

prisoned bile develops an almost tarry consist

ency The fimetions of the duets and of the bladder

are therefore antagonistic the former tend ng to

dilute the latter to concentrate the biliary fluid

The diluting effect is at first overbalanced by the

concentrating action of the gall bladder andwhen
this remains in communication with the duct sys

tern the net result is marked thickening of the

bile There is however a tendency with time for

the activity of the ducts to overcome that of the

gall bladder The biliary constituents disappear

and ultimately the contents of the system are

entirely replaced by the thin simple secretion of

the ducts and mucinous matenal from the bladder

(hydrops) (Rous and McMaster)
Another type of white bile is sometimes pro

dured In dogs a clear colorless fluid is secreted by

the liver cells when their true secretion is sup

pressed by some severe liver injury such as that

induced by the administration of chloroform

(Drury and Ttous) ‘^Vhlte bile of this type is

sometimes seen m the human subject as a result oT

hepatic disease

Other functions of the gall-bladder subsidury to

its concentratmg power arc the reduction in the

allatinUif of the bile and the equaliialion of

pressure within the biliary duct system Mith

out the ability to absorb fluid and reduce the

bulk of the bile its power to equalize jireseure

would be negligible It is to be remembere 1 that

the amount of bile secreted in 24 hours is «ome

twenty tunes or so greater than could be con

tamed in the gall bladder The loss of its action

m equaluuig the pressure within the duct system

is probably a factor leading to the dilation of the

btlcducts which 80 frequently follows removal of

the gallbladder (cholecystoetomy) Ifter tl is

opetation the flow of bile into the intestine is at
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first nearly continuous, but later the adaptation

of tlie ducts permits intermittent discharge

The importance of the gall bladder m the con-

trol of pressure mthin the biliao ducts is ap-

parent from the results of the experiments of

Mann and Bollman They found that after liga-

tion of the common duct in dogs a nsc m the

bilirubin concentration of the blood did not occur

until from 24 to 30 hours had elapbed, and jaun-

dice did not appear for 2 dajs If, on the other

hand, the gall bladder was removed at the tune

that the duct was ligated jaundice was fully de-

veloped within 24 hours due, presumably, to the

ri’se in duct pressure, and the "regurgitation” of

bile mto the blood

In dogs, cholecj stectomy causes some impair-

ment of liver function, as shown by the serum

phosphata'e test, for at least 70 days following

the operation In man, the excretion of Bromsul-

phalem is reduced for a short time after tlus op-

eration presumably until the ducts can function

Vicariously for the gall bladder

The Filling and Eiaevaiion of the GoH-Bladder

The bilo as it leaves the Lver flows into the

hepatic duct and thence into the common bile

duct Dun&g fasting its entrance info the duo-

denum IS blocked by the tonic contraction of the

sphincter muscle (sphincter choledochus) at the

duodenal end of the duct As the bile accumulates

witlim the duct its pressure nscs, and reaching a
height of from 60 to 70 mm of w^ter, forces it

nay along the cj-stic duct into the gall bladder

During fastmg therefore the viscus becomes grad-

ually distended with retained bile

The nature of the force by wbich the gall-

bladder IS evacuated has been a question of some
debate As the vrall of the gall bladder is relatively

thm and its muscle fibers so sparse, it seemed
unhkely that it could exert the pressure required

to discharge its contents—especially since the

gall bladder is evacuated with considerable diffi

culty by manual compression Intraabdominal
pressure, "milking action exerted by the duo-
denal movements, and simple leaking into the
duodenum as a result of relaxation of the Bphmc-
ter of Oddi have been variously suggested as

possible factors It has however been proved
quite defimtely as a result of evidence derived

from several modes of investigation that the

contractions of the gall bladder it«elf, despite the

apparent muscular weakness of its walls, are re-

sponsible for the expulsion of its contents The
times of emptying of the gall bladder are related

to gastnc digestion During fastmg it remaiia

distended w ith bile although the sphincter guard-

ing the common duct is relaxed, plainly indicating

that the viscus is competent to retam the bile

without the aid of the sphincter of Oddi 1 hat

changes m intra-abdommal pressure are not re-

eponsiblc for its emptying was shown by Mann
and Higgins working with guinea pigs, whose

gall bladders can be readily mobilized

The abdomen was opened under locaJ anes

thesia the gall bladder exposed and drawn out

side the abdominal wound, which was then sutured

around the cystic duct The vesicle was observed

to contract and expel its contents in respoD«e to

food placed m the duodenum It was also shown
that in fish which of course have no diaphragm

andm which apparently, the intrabdominal pres

sure remains constant, intermittent evacuations

occurred In dogs the influence of the sphincter was
removed by suturing a catheter into the common
duct, the abdomen was left open m order to mini

mize the effects of intraabdominal pressure The
gall bladder remained distended only during the

digestion of a meal did it discharge its contents

When the walls of the gallbladder contract

bile 13 discharged along the cystic snd common
ducts into the duodenum The sphincter or

sphmeters guarding the lower end of the common
bile duct normally can withstand a pressure of

100 to 120 mm of water but the pressure de-

veloped by the contractions of the gall bladder

in dogs was shown by Mann and his associates

to amount to over 250 mm HjO Moreover, it is

probable that relaxation of the sphincter occurs

as part of a coordmated mechanism when the

bladder wall contracts, and that the passage of

bile through the sphincter is not simply a matter

of the latter "givmg way ” before the biliary pres-

sure created by the gall-bladder contractions The

duodenal muscle surrounding the oblique mtra

mural portion of the common bile duct is ca

pable when contracted of offermg a resistance

ol over 750 mm of water Since this is much
higher than the pressure which contractions of the

gall bladder can exert, the flow of bile is com-

pletely blocked durmg contractions of the duo-

denal muscle but during the latter’s relaxation

the compression of the duct is reliev ed (fig 39 5)

TTierefore, during the evacuation of the gall

bladder and active duodenal movements, the bile

may be observed to enter the duodenum in

squirts This is not due to the “milking” action

of the peristaltic movements of the bowel but is

the result of the alternate blockage and release

of the duct, the bowel movements are incapable
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Fio 30 5 This figure shows the relation between duodenal contractions and flow of bile (indicated
in drops near bottom of figure) from the common duct into the duodenum (after Lueth)

of causing any flow of bfle when the gall-bladder

IS not contracting

The most efiectivc stimulus for the discharge

of bile IS fatty food, particularly egg yolk, cream

or olite oil It appears that some degree of diges-

tion of the fat must occur before evacuation re-

sults The effect of fat upon the gall bladder was

shown definitely by Boyden He found that

during a period of fastmg the gall bladder m the

cat nas distended with bile, and its walls so

stretched that they nere reduced to about one-

fiftcenth of their thickness in the collapsed stale

It emptied slowly after a meal, being colbpscd,

or neatly so, in from to 2 hour? The effect of

meat upon the discharge of bile is much less than

that of fat Pure protein, such as egg white, and

carbohydrate food is almost without effect These

findings ha\e been amply confirmed by several

observers ViTutaker, for example, observed

changes m the contour of (he gall bladder after

filling it with lodued oil and examining it ra

dioscopicaUy The human gall bladder when
rendered opaque to the Xrays by the admin

istmtion of tetraiodophenolphthalein can also

be «cen to discharge its contents m response

to a meal of fat Its contractions during op

eratioas have also been observed frequently

The products of fat digestion, hydrochloric

acid of a strength comparable to that m the

chyme, or magnesium sulphate when placed

m the duodenum, cause evacuation of the gall

bladder and relaxation of the sphincter of Oddi

Bile salts injected intravenously, on the other

band cau«e relaxation of the gall bladder Liquid

petrolatum introduced into the duodenum »
vnthout effect

Tlie emptying time of the gall-bladder is pro-

longed in duodenal ulcer, dunng pregnancy andm
pernicious anemia (Boy den)

TllL UECHAM-^XIS COVTBOLUNO EVACOATlOX

OF THE oAix-BLADDER (o) A'mwn It has been

mentioned tliat relaxation of the sphincter of

Oddi probably occurs as the gall bladder con-

tracts A coordinated action of this nature points

to a nervous mechanism The latter may depend

upon intrinsic nervous plexuses in the walls of the

biliary passages The gall bladder contractions

initiated by the stimulus of a meal might be due

Euiularly to short reflexes through the intnnsic

plexuses of the stomach or duodenum and biliary

tract Nervous mechanisms are also indicated by

the following obscnations Electneal stimulation

of the stomach and duodenum in anunals is fol-

lowed by contractions of the gall bladder Con-

tractions are occasionally induced by psychic

influences, eg, the smell or taste of food The

gall bladder also responds to expenmental exci-

tation of tbevogus or sympatheticnerves Expen-

ments attempting to demonstrate the precise

actions of the extrinsic ncncs upon the gall-

bbdder roovements have, however, given very

conflicting evudenee Several observers have ob-

tained weak motor effects from both vagal and

sympathetic stimulation, a motor action of the

bttcr IS also indicated by the fact that adrenaline

IS excitatory

The results of the experiments of Johnson and

Boyden, however, eeem clear cut Section of the

right vagus nerve of the cat retarded emptying

of the gall bladder, apparently, as a result of the

intemiption of motor fibers to the gall bladder

and of inhibitory fibers to the 'phinefer of Oddi

The left vagus was found to carry motor fibers to

the gall bladder, but apparently does not contain

inhibitoiy fibers for the sphincter Reflex effects

upon the movements of the gall bladder may be

initiated from other abdominal viscera Stimula

tion of the cecum, for example, causes inhibition

of the movements This reflex is abolished after

section of the splanchnic nerves or excision of the

celiac ganglion In the cat, Boyden has demon-

etiated an inhibitory effect upon gall bladder

motdity of electrical stimulation of the duodenum

by means of tied in electrodes But in a similar

human experiment (an electrode being pa«sed into

the duodenum through a Rcbfuss tube) an m-

hffiitory effect could not be demonstrated From

thisand from the fact that the rate of gall bladder
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emptjmg is bttle altered m subjects of double

vagotomy, Boj den concludes that in man neiaous

control of the gall bladder is of little importance

as compared nith hormonal control

(6) Hormonal E^-en in animals nen ous mecha-
nisms are not e«scntial to gall bladder activitj ,

this 13 endent from the fact that the reaction to

the introduction of fat into the duodenum occurs

after all nen ous connections between the biliary

and gastrointestinal tracts, and between the

former and the central ncr\ ous 8j stem lia\e been

severed That gall bladder contractions can occur

under such circumstances suggests, of course, a

hormonal or humoral mechanism Bojden found

that the blood of an animal taken at the height

of digestion, when injected into a fasting animal

causes the ev acuation of bile, blood from a starved

animal has no such effect

Ivj obtained an acid extract from the mucosa

of the upper part of the intestme which caused

contraction of the gall bladder when injected in-

travenously into animals The injection of acid

alone is without effect Nor will fat or its denva-

tiv es excite contractions of the gall bladder when
administered intraveaousl> Acid and other sub-

stances which are excitatory when placed lo the

duodenum or fed therefore act apparentlj bj

causing the production or liberation of a hormone
m or from the intestinal muco«a The active

prmciple is related to secrctm but is quite distinct

from this hormone, for it does not cause pan-

creatic secretion, and secretin does not cause

gall bladder contractions In crossed circulation

experiments the mtroduction of acid mto the duo-

denum of one animal caused contractions of the

gall bladder of the other Ivy and Oldberg named
this hormone '‘choleqjsiokimn

' As little as 0 2
mg of the solid material prepared from a potent

extract cau'ses definite contractions of the gaJJ

bladder It is free from histamine and other vaso-

dilator substances Its effect has been demon
strated upon man The transfusion of blood from
a human subject digesting egg jolk has been
found to cau'e evacuation of the gall-bladder of

the recipient No effect was observed with blood
from a fasting donor

The actions of drugs upon the motiUty of the gall

bladder Adrenaline, pitressin, bistanune and
mecholyl stimulate the smooth muscle of the gall

bladder, whereas morphine, ergotamine and atro

pine are inhibitory

Cholectstography

Graham and Cole showed in 1924 that if the
chlorine radical of a dje such as tctrachlorphe

nolphthalein, which is excreted selectively by the

liver, IS replaced by iodine or bromine, the com
pound, after concentration m the gall bladder is

opaque to the X rays Sodium tctraiodophenolph

thalein or the corresponding bromine compound
(sodium tetrabromphenolphtlialein) is given mtra
venously or bj mouth in a special coated capsule

After a fasting period of about 14 hours a radio

gram is taken The normal gall bladder at this

tmieshowsa uclldefinedsfaadow The gall bladder

13 then stimulated to contract by means of a meal

containing egg > oik and cream and a second ra

diogram taken 5 hours later when the normal

organ should be found practically empty The
depth of the shadow after dye administration de

pends directly upon the concentrating power of

the gati bladder For this reason a di^caced gall

bladder may throw only a faint shadow or none at

nil

Gallstones especially those of a high cholesterol

content which are relatively transparent to the

\ rays show up against the gall bladder shadow

Gallstones containing more than 0 5 per cent of

calcium arc visible without the aid of an opaque
dje

Affecltont of the Gall Bladder and Bile DueU

Amoog the commoi) diseases of the gall bladder

are tnjlammahon (cholecystitis) gallstones (cAols

ftthiosts) and new growths The factors involved in

the formation of gallstones have been considered

(p 650)

la the absence of inflanunation stones m the

gall bladder give rise, as a rule to no definite

symptoms, but m their passage along the ducts

severe pam—biliary colic—may be experienced as

a result of the spasmodic contractions of the gall

bladder and consequent distension of the duct

Walls VomitiDgmay occur as a reflex phenomenon
In the dog pam is produced when the gall bladder

13 distended by a preoaure of 540 mm of water

This of course is a much higher pressure than the

contractions of the gall bladder can create Fain

IS produced, however, by distending the duets mth
a pressure of 270 mm of water—just about the

maximal pressure which the gall bladder contrac

tiooB can produce The Cause of the expulsion of

the stone from the gall bladder is not altogether

clear Although contractions of the gall bladder

have been observed to cause movements of stones

mthm its cavity, and even to force a stone into

the cystic duct, gall bladder contractions do not

m the majority of instances offer satisfactory ex

planation for the expulsion of the stone Accord

mg to some inflammation and distension of the

gall bladder are important factors leading to the

passage of the stone into the cystw duet

Biuakt DT8KIVESIA It IS DOW generally recog

nized that biliary colic may occur m the absence

of stone inflammation or of any anatomical ab
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normality, such aa kinking of the cjatie duct,

which would hinder the expulsion of bile from gall-

bladder In such instances the colic has a func

tional origin, being due to the gall bladder eon
tracting against a sphincter of Oddi in a state of

spasm Normally ns already mentioned the aphinc

ter relaxes when the gall bladder contracts In

biliary dyskenesia the nervous mechanisms upon
which this reciprocal action depends are, appar-

ently
,
disordered It has also been claimed that a

sphiDCterlike action may be exerted at the yune

tion of the cystic duct with the gall bladder and
that spasm of this ring of muscle during eontrac

tion of the gall bladder may give rise to biliary

colic Also, sudden distention with saline of the

common bile duct of conscious patients causes

pain resembling that of biliary colic The pain is

felt in the upper right quadrant of the abdomen
and in the interseapular or the right scapular re

gion Nausea and vomiting may occur The pam
impulses travel by splanchnic fibers and enter Ibe

cord by the posterior nerve roots from the fourth

to the ninth thoracic segments, inclusive

Gall bladder disease frequently gives nse to

derangements of other organs, particularly of the

stomach Anacidity or hypoacidity and increased

motility of the pyloric part of the stomach are

commonly encountered Ivy and Fishbaek (See

Ivy, 1934) experimenting with dogs found that

mild stimulation of the biliary tract inhibited gas

trie motility and lowered gastric tone They sug

gest that ID the human subject stimulation of ibis

nature is conducive to gastric flatulence and belch

ing A sudden sharp distension of the bile duct

caused pylorospasmand vomiting in their animals

According to some authorities dyspeptic eymp
toma in from 40 to 50 per cent of subjects ate due

to biliary tract disease Cardiac irregularities may
result through reflexes initiated from the gall

bladder or bile ducts
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SECRETION AND ABSORPTION IN THE INTESTINE

The food substances in the gastnc chjroe are

far from being rcadj for absorption Tlie prod

ucts of peptic digestion of protein are etdl rela-

te elj large molecules containing many ammo
acids Starch digestion is incomplete and fat

digestion has barelj begun In the intestine the

enzjmes of pancreatic juice carry the digestion

of protem a step further but lea\e most of it

still in the form of peptides which need further

digestion before being absorbed Starch and det-

tnns are reduced to maltose which is unabsorbed

as such Fat digestion is, prcsumablj, accom

plished by pancreatic lipase but e\eD this roa>

be aided bj lipase from the intestine Final prep-

aration of food for absorption is accomph«hcd by
entjTncs contained in the mtestinal secretions

Secretions of the Smalt Intestine

Methods of Study

Tlie «ecretion of the mte^tuie ciaj be collected

ui anesthetized, operated animals by opening the

abdomen and msertmg a tube into the part of

the mtestme from which the secretion is to be

collected This method has the senous disad^an

t'age tfiaf operate e trauma ancf anesthetic drugs

depress the secretorj actmt> of the mtestinal

glands The effects of anesthesia may be largely

o\ercome by decerebratmg or decapitating the

animal under anesthesia and then allowing time

for the anesthetic to be eliminated, as was done
bj Wnght and his coworkers (1940) It is also

advantageous to immerse the animal in phjsio-

logical saline, which eliminates the irritant effects

on the mtestme of drying and etposure The best

results haie been obtamed bj study of unanes*

thetized animals with surgically isolated loops of

intestine A loop is prepared by cutting through

the mtestme at two points, thus isolating a seg-

ment and re-establishiDg the contmuity of the

bowel by end to end anastomosis To make a
Thvry {tS64) loop one end of the isolated seg

ment is closed and the other end brought out

through the abdominal wall to form a fistula

The preparation was modified m 18SS by Vella

who brought both ends of the loop out through

the abdominal wall, such a preparation is known

as a Tktry-YelUt loop Thc'e loops maintain their

mc«entenc connections and retain so much of

their irmcmition as reaches them through the

mesentery but are separated from the myentenc

and Bubmucous plevnses of the mtestme above

and below

Intestinal loops without a nerve supply have

been preparwl by isolating a segment of intestine,

as ID the preparation of a Thuy loop and im

planting it under the skin of a mammary gland

of a lactatmg female animal (Ivy et al 1927)

The reason for choosing a lactatmg female is that

gtibgiHATipon g tissue ID thc vicmiiy oi the

mammary glands m such an animlll llita &'~v'6ry

abundant blood gudt'iv- At tireTth^ mesenteric

• petucie is left iriual but after a time the local

blood vessels grow into the mtestme and provide

It with a new blood supply It is then possible to

sever the me^entenc pedicle without causmg de-

generation of the mtestmal loop 'When this is

done a portion of mtestme is obtamed which is

entirely deprived of nervous influences ‘Rich a

.orgoaration is ngp^

on •gecretion

In man, and m animals with a simple mtestinal

fistula it 13 possible to collect intestinal secretion

by means of a multilumen intestinal tube (Miller

and Abbott, iyiJ4; Two of the lumens of the

tube are used to inflate balloons, a third lumen

havmg an opening between the balloons can be

used to collect the secretion that accummulates

m this area In the<e as in all studies of intestinal I

secretion it is important to remember that me-/

chamcal stimulation, and especially distention of '

the mtestme, is a profound stimulus to secretion,/

consequently ,
when the quantity of •secretion is

to be determined, or when quantitative differ-

ences m secretion obtained tmder different cir-

cumstances are sought, it is essential that me-

chanical stimulation of the mucosa be avoided

For example, a Thiry fistula into which a cath-

eter has been inserted for collecting the secretion
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will produce a greater than normal amount of

succus entencus

The Intestinal Glajtds

The mucous membrane of the small mtcstme
IS e\en where covered wnth minute projections

(about 1 mm in height and somewhat less in

diameter) called mtestinal villi The villi are in-

vested bj a layer of columnar cells, of the t>pe

characteristic of the intestinal mucosa, set upon
a basement membrane beneath which is a fine

layer of a smooth muscle fibers continuous mth
the muscularis mucosae In the center of each

villus 13 a lymphatic vessel continuous with the

lymph vessels of the mucous membrane Hus
lymphatic is somewhat enlarged into a ’mall

sinus lined mth endothelium In some of the

larger vilh there are several limphatics Between
the epithelium and the central sinus is a network

of blood vessels Contraction of the «mooth mus-
cle of the villus causes a characteristic tjpc of

movement which will be described m chapter 41

Between the villi are the openings of the mUs
final glands, or crypto of Lteberkukn which are

I

simple tubular glands The crj pta do not pene

Strat© the muscularis mucosae The cpithehum

A.ovenng the vilh is of the same tjpe as that

vmng the crypts and consists of a single layer of

uilumnar cells « ith certain ‘pecializcd cells inter-

^.lersed among them The free end of each colum

nar cell, next tmhe lumen of the mtestine, is

provided wnlh a specialized collar border, re

scmbling the brush borderorcortam renal tubu

lar cells Its appearance suggests that it either

contains fine pores or is constituted of substances

of vaned chemical nature arranged in the form

of colutiins(jTvis border inaj plaj «Qmc e«3ential

role in absorption (Verzar and McDougall, 1036)

Here and there among the columnar cells are

goblet cells that secrete mucus and specialized

cells that stain w ith sih cr and arp called argen

laffine or enterochromafin cells Other cells with a

large acidophile nucleus known as Panelh cells

are also present The argcnlalfine cells arc of

particular mterest because thej secrete serotonin

or at least sjnthcsize its precursor, 5-lijdro\>-

tiyptophane (Ersparaer and Asero, 1052) The

functions of serotonin in the bodj are not known,

but it has matij powerful pharmacologic actions,

among which are stimulation of gastrointestinal

motility and inhibition of gaatiic s^retion (Ulsoo

and Gray , 19o8)

In the bottoms of the erj pts many of the epi-

thelial cills may be seen to be undergoing mitosis

and at the tips of the vnlli one can see that cells

are being shed into the lumen of the intestine

(Lcblond and Stevens, 1948) It seems reasonable

tben, to believe that there is gomg on in the

intestinal mucous membrane a process of con-

tinuous replacement of the epithelial Unmg, new
cells being produced in the bottoms of the crypts

and the older cells continuously shed at the tips

of the viUi The importance of this process will

be more evident when we come to consider the

mechanism of scciction of the intestinal emvmcs
*' In the first part of th?duodenum, m addition

^to the regular intestinal glands are special mu
cous glands known ns Brunner’s glands There

arc similar in structure to the pylonc glands of

the stomach They are made up of long tubules

frequently branched and often tortuous which

penetrate the muscularis muco«ae Their ducts

empty into the crypts of Lieberklihn Brunner’s

glands are very numerous in the duodenum be-

tween the pylorus and the entrance of the bile

and pancreatic ducts Below this level they are

seen less frequently and none are found beyond

the duodeno-jejuna) junction

Intestinal Secretiov or Succus Cntericus

The composition of the fluid secreted by the

intestinal mucous membrane vanes somewhat in

different parts of the intestine For example, m
the duodenal area, due to the secretion of the

mucous glands of Brunner, the secretion con-

tains more mucus than is found elsewhere In

general the secretion of the small mtcstme is a

thin, cdori^, or abghtly straw-colored fluid

somewhat opalescent and containing flecLs of

mucus On centnfugmg and exammmg the scdi

ment it can be seen that the cloudy appearance

of the juice is partially due to mucus and partly

to cellular debns, includmg some intact cells of

the type characteristic of the intestinal mucous

membrane (Florey et of, 1941) ^Vhe0 collected

from the duodenum only, the juice has a more

glairy appearance and a heavier consistency, and

evudcntly contains a greater proportion of mucus

In chemicnl composition, the juice consists of

water, inorganic salts, and organic material Tlie

inorgarue salts are those commonly prerent m
body fluid’, except that the bicarbonate concen

tration 13 higher than it ls id blood or interstitia l

fluid Tfio alkalmity^on titration k said to vary

between 0 02 and 0 67 per cent sodium bicar-

bonate equivalent Various estimates of the pH

of the intestinal secretion have been given rang

mg from 6 3 to 9 The higher vfliiies undnubtcdly

are the result of loss of carbon dioxide from_toe
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juico It IS ccrtainij an alkaline* fluid and maj
proliablj Ime a true pH as high ns 8

Except in the duodenum the quantit) of fluid

««crcted bj the «mall intestine is never xerj

great, a few cc per hour being the usual amount

that it IS possible to obtain expenmentallj , c\en

under conditions of stimulation It la diflicult to

determine with accuracj the amount actualii se-

creted because of the tremendous absorptive ta

pacitj of the intestine Manj times more than

the amount that it is possible to collect maj be

secreted and reabsorbed during an obserxation

penod That the mucosa is capable, under some

circumstances, of passing enormous amounts of

,

fluid mto the lumen of the mtcstine is cxidcntj

from the great water loss that occurs through*

the intestine m pathologic states such as cholera,

diarrhea, or mtestinal obstruction
''

^

The orgamc matter of the juice con«i«ls of

mucus, enzjTues and cellular debns The source

of the enzjTnes is unknown but is assumed that

they are produced bj the columnar cells, al

though the argentafline celb or the Paneth cells

may be responsible for some of them A reallj

formidable array of ensymes ha%c been reported

as occurrmg m intestinal secretion A pepsmhkc
protease, (from the duodenum only) an amjlase,

a lipase, at least two peptidases, <ucrase (m\crt-

a«e), maltase, lactase, coterokina«e, alkalute

phosphatase, nucleophospliata«es, and nucleosi

dases have been described

Protease A weak proteoljdic cnzjTne with

properties similar to pepsm was described as oc-

currmg in the duodenal secretion bj mi cstigators

ol theTailoi school (Salaskin, 1902) The siiro

lantj of the Brunner’s glands to the pvlonc

glands and the fact that the pjlonc portion of

the stomach secretes pepsin m small amounts
made this obsenation seem plausible However,

IVnght and his associates (1940) who made the

most thorough stud> of intestinal «!ccrction yet

reported, could find no protca«!e m duodenal se-

cretion

Peptidases One of the major functions of m-
testmal digestion is final reduction of the prod

ucts of peptic and tryptic digestion to ammo
acids, this 13 accomphsbed bj intestinal pcpti

dases Tlie presence of peptidases has been re-

ported by all investigatore w ho have studied the

problem The ones usually described are ammo
peptidase, which act on the peptide Imkages of

terminal ammo acids possessmg a free ammo
group, tripcptidases and dipeptidases which <«pht

tn and dipeptides respectiiclj mto then* con

stitucnt ammo acids

lipase Jlost investigators ln\e reported find-

ing a weak lipase action m intcstmal secretion

(DoWyTcfr. 1904, 1912)

Disaechandases The \arious disaccliandases,

sucrasc, lacta«c and malta«e are pre«cnt in succus

cntencus under all normal circumstances

Fnterohnase Enterokinaoe, the enzyme winch

comerts trjpsmogen to trypsin ("ce under Pan
crcatic Secretion), is present m the intcstmal

secretion under normal circumstances Howeier

SaMcIi (1904) stated that if nancreatir iui(*f

e^hided from the intestine, enternkinage gradil

auv rfiaappeaccd from tne secretion as it did also

ffom an intestinal loop in wlncfTthe pancreatic
,

«nill!t~<lnl not cncillate t\ aldschmidt Leitz and

mrlencck (192o) likewise concluded that pan-

creatic juice was necessary for hbcration of en

terokina^ Iram the epitbehal cells Florey

,

right and Jennings (1941) considered that the

evidence m neither ca«e was sufficient The point

IS of considerable interest and merits further in-

lestigation

The studies of Bnght Jenning? Florey and

Lium m 1940, raised a question as to a source of

the enzymes ordinarily found m intestinal secre-

tion Tiiey reported tlrnt when tho\ took pre

cautions to preicnt injury to the mucous mem-
brane while collecting the secretion, and tlien

immediately centrifuged the collected «ecrction

so as to remove cellular debns, only amylase and

enterokinase were consistently present m the

sufKsmatant fluid They consider that these en-

zyme" and possibly maltase, arc secreted bv the

intestinal glands in the usual sense The others,

they believe, are intracellular enzymes which

exist in the cells of the mucous membrane and

appear m the juice only as a result of the shed

ding of these cells and their disintegration in the

mtestine They pomt to the opmions of many
physiologists that most of the digestion of pep-

tides and disacchandes takes place m the epi

thehal cells while these substances are bemg
absorbed This is not, however, a necessary con

elusion from the obsened /acts The rapid rate

of mitosis ID the depths of the glands of Lieber-

kuhn and the contmuous gheddmg of epithelial

cells from the tips of the \nlh may represent a
special kind ofJiolocnne (see chapter 3G) secre-

tory process by which endocellular enzyunes are

secreted mto the intestinal juice, the secretory

product bemg the entire epithelial cell with its

contamed enzy mes Under normal circumstances

the presence of active trypsm m the mte»tinal

contents would «eera to insure the rapid disinte-

gration of thc«e cells and hberation of their con
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tatnod enzymes into the intestinal secretion In

this connection it maj be significant tliat entcro-

kmase is secreted directly and so insures that

acti\ ation of trj psmogcn does not depend on the

dismtcgration of shed epithelial cells

Requlatiov of Intestikai. Sfchetion

Control of Brunner’s Gland Secretion

Secretion of Brunner’s glands is controlled by
nervous and humoral mechanisms nhieh do not

affect the other intestinal glands, or if they do bo

it IS to only a slight extent Xhe secretion of

Brunner’s glands increases on stimulation of

^ie vagus nerves or the administration of para-

sympathomimetic drugs such as pilocarpine

-physosuginin^ i t 13 iibt augmented b>~^irnula-

tion of the sympathetic neri cs (Florej and Hard
mg, 1934) The amount of secretion is increased

after meals (Blickenstaff el al, 1949) even in

transplanted denenated pouches of the duo*

denura (Florey and Harding 193Sb) This proves

that there is a humoral mechanism for regulating

the secretion in addition to nhsteier nervous

mechanism there may be The nature of the hu
mor has been the subject of some discussion and
IS still undetermined, Florev and Harding

(lOSSa) were convinced that it is pancreatic se-

CTCtm They were led to this conclusion l>> the

fact that practically all the stimuli which m
crease pancreatic secretion, including contact of

hjdrochlonc acid ^w ith the duodend mucous

membrane, also increase the secretlooof Brun*

nerl"Xlj>i^s They also found that what theyj

considered to be a highl) purified sccrctm prepa jr

ration stimulated duodenal secretion when givenX

intravenously Sonnenschem and his associates/

(1947) were unable to confirm the results with

secretin Using what thej believed was a crys-

tallme picrolonate of secretin the} observed bttle

effect on Brunner’s glands, although crude secre-

tin caused an abundant secretion Grossman

(1950) has suggested that there is a special hor-

mone for these glands which he proposes to call

"dtwcTintn', however, writing in 1958, he stiU

considers the subject to be "subjudice ”

Functions of the duodenal secretion Florey and

Hanling (1933) emphasized the protective fane

tion of the secretion of Brunner’s glands and

considered it an important factor m preventing

duodenal ulceration In addition it raa} assul in

emulsification and suspension of fat and other

food particles Since, like other intestinal score

tions, it contains enterokinase it helps to activate

the trjp'iRogcn of pancreatic juicc Duodenal

secretion is also said to contain “intrinsic factor”

and therefore, probabl} assists m absorption of

\itaimn Bii The various hormones known to be

produced by the duodenal mucosa are probably

not secreted into the lumen of the intestine

except incidentally and in small quantities and

are not functional m this situation

Conlrol of Secretion of Succus Entencus

Nervous regulation It was demonstrated in

Pavlov’s laboratory that stimulation of the vagus

nerve in animals in which the spinal cord lias

been severed in the neck caused a moderate

secretion of intestinal juice from the duodenum

and also from the rest of the small mtestine after

a latent period of from 1 to hours (Savich,

1917) right and his coworkers (1940) were able

to obtain an increased secretion from the duo-

denum on stimulation of the vagus m decere-

brated or decapitated animals, but were unable

to obtain clear evidence that vagal stimulation

caused secretion from the jejunum or ileum

Stimulation of the sympathetic causes no se-

cretion but cutting the nerves results in a marked

increase in secretion This paralytic tecrelum as it

IS called, is increased by physostigmme and in

hibited b} atropine, it is therefore considered to

be dependent upon some cholinergic mechanism

m the mtestine PaiasympalhoTnunelic drugs m
general increase the paralytic secretion and 8}m-

palhoimmetic drugs tend to inhibit it From

these observ ationa we can conclude that secretion

is augmented by a cholinergic mechanism and

that this mechanism is antagomzed by the s}m-

pathclic IVTiethcr this antagom'im is direct or is

caused by contraction of the blood vessels re-

main uncertain One interpretation of the para

lytic secretion is that section of the svmpatlietin

nerves results m .dilation of the blood vessels o f

the intestine and in this wav greatly increa«C8jhe

blood ilow Such an increase in blood flow would

provide & greater amount of fluid for secrttion

and, presumably, might produce the augmenta

tion of secretion seen on section of the sjTnpa

thetic nerves (Starling, 1906) Babkin (1950) has

pointed out tliat cutting the s^pathetic neiwcs

to tlie small intestine incrca^ys its motilityj^ich

undoubtedly has a massaging effect on the mu-

cous membrane, m new of the fact that one of

the most effective stimuli for intestinal secretion

IS mechanical stimulation of the mucosa, this

factor alone may be sufficient to account for

the increased secretion

Humoral regulation The most effective stimu-

knra for secretion of succus entencus is local,
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mechanical or chemical «timulation of the in-

testinal mucous membrane Such stimuli are al-

wavs pre^nt in the digesting intestine due to the

The FuTiction of the Succus Entmeus

Enzjmatic dige«tion of food, m all its phases,
wavs urtT'vufc lu me uiKustuiK ixiieatuie aue to lire t_ t t » i_ i r . .

, , , it » j . t • I isa maroh tic process, an abundance of water to
presence of ch\me and the food particles which » .t . i . ,,

. . _ , . . 8er\e as one of the reacting substances is there-
it contains Feeding is not \ery erfectne mm, . i tm. . j

*T—r-*-!

—

r—I—

—

..-—-r- fore esacntial The succus entencus pro\ ides this
creasing the rate of intestinal «ecri.tion Irom an . ... '

-r .1

—

7—r—n 1 1 it Hater in the area in nJuch the major part of di-
isolated mtcstmal loop, provided the nerve sup- . r, j tt-

.

i
•!———7—r-T

—

p-r
j

- —HTT' — gestion of food occurs v\ ater is also necessarv to
ply IS mtact.but ii me svmpathctic nerves luvc . * . . ,
f

^
; 7“ , .1 • sen c as a Roh ent and as a medium of suspension

been severed a noticeable increase m secretion , . , , .t • t t • .. i

.
, ; -T

—

..
—

, T j 1

1

‘ T—I— hnd transport for the sobds which are either dis-
takes place when the animal 13 fed this mdicaUs

, ,
' j j t -m.

-r- 7—: — . ,
fiolved or suspended m the chjme The enmnes,

that some factor, either nenous or humoral, ..
^

.

. . i, i . . either m the *5ecretion or m the cells complete
operates to increase the secretion during dices-

, . . / •» the digestion of protein and carbohjdrate bj
tion The early mvestigators were of the opmionl , ^ , , . N
i, i , . _i . .7 reducing the peptides, resulting from peptic and
that pancreatic secretin was an effective stimulus C ..... , , ,

, . . , i /T^ 1 1 j tnplic digestion, to ammo acids and the disac-
for intestinal secretion (Delcnzenne and Fromn,

,

ir\n.\ m. i. r chandcs, resulting from amylolvlic dige«tion of
1904) This point df view was a result of c\pen- ki t nik a ^ a ^v. »

ments m which injections of seerctm-contaimng , . . .. .....
. ,, j .... be present in the food are likewise digested lib-

preparations resulted in undoubted mcrea«es m ,ik kriiff
starch to gluco>«e Other disacehandes that maj

“ccretion of mtcstinal juice However, as more ....
, . , . , digestion the succus entencus serves as a source

highlv punned preparations of secretin became , . , , , .

, , , B . . t . of water and as a medium for suspension and
available the influence on intestinal secretion le, rit/i. *t .i a

crating their constituent monosacchandes In fat

became less so that now it is doubtful whether

secretm as such acts on tbc intestinal glands On
the other band, intestinal evtracts, from which

secretm has been total!} eliminated remam po-

tent stimuli for mte«tinal secretion This subicct
>vw.n Ifv. fuJIy NaSSCt aod

hi" /’ftwr.ftr.pf w-ho have prepared an e\

emulsification of the fat particles it also provides

a certain amount of bpasc

Secretion of the Colon

The mucosa of the mammalian cecum and

colon is in many respects sunilar to that of the

^ small intestme, cr>‘pts are present but there are

tract of thft intestina l miicous membrane wliich no villi \s m the small mte«tme, the cells at the

13 Tree from secretm. from vateKhlatoT materiS bottoms of the crjiits exhibit numerous mitoses.

and from toxic fub«tances, but has a powerful suggesting the continuous replacement of shed

effect ujjon the secretion of the small intestme epithelial cells Goblet cells are more numerous

when given mtravenou«lj Subcutaneous mjec than m tbc small mtestme and the epithelial cells

tion is Ie"s effective but in large doses produces between the goblet cells differ among themselves

some secretion The material undoubted]} con- but m the majonty the protoplasm is clear and

tarns a hormone which augments the mtestmal free from secretory granules The secretion is

secretion, it is called “enteroonnfn ” The fact that scant} (Wnght et al

,

193S) as is to be expected

a hormonal mechanism is mvolved m normal m- from the fact that a major function of the large

te=tmal secretion has been ampl} demonstrated mte^tine is ab«orption of water The decrease m
by Nasset and his coworkers (1935) b} means of volume of mtestmal contents that occurs m this

denervated loops of mtestme, such loops secrete area indicates that secretion does not keep pace

when acid and certam other substances are with absorption Actually, it is u«ual]} not pos-

placed m the mtact portions of the mtestme, and sible to collect any secretion from a colomc fistula

also after meals unless the mucous membrane is stimulated me-

Regulalion of enzyme geerehon There is httle

published data on the control of secretion of

oi^anic compounds in the succus entencus How-
ever Nasset (1956) is of the opmion that the

parasympathetic nervra control the output of

en2}ines from the mtestmal glands as they do
the secretion of organic matter m saliva He also

suggests that crude enteroennm may contain a
«pecific hormone for the secretion of mtestmal

enzymes comparable to pancreoz}imn which pro-

motes secretion of pancreatic enzymes

chanicaliy by insertion of a catheter or other

instrument Even with this stimulation onl} a

few tenths of a cubic centimeter per hour can be

collected When anythmg can be collected it con

Eiats of watery fluid with clumps of white mucus

often it IS VISCOUS and opalescent The reaction

IS alkahne due to sodium bicarbonate w hicb may

be pre«ent m concentrations as lugh as 80-90

meq per liter, according to doBeer et af (1935)

Of the solids 0 63 percent is organic and the re-

tnamder is inorganic material
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The secretion of the cecum apparently con-

tains cnzjincs corresponding to those found m
the small intestine, with the exception of entero-

kinase which is not present The secretion of

enzymes becomes progressively less and ulti-

mately disappears toward the distal colon The
large intestine has an extraordinary capacity to

secrete mucus and under certain circumstances

may secrete a surpnsingly large amount of the

matenal As el<cwhere in the intestine, mucus is

secreted in response to strong local stimulation or

irritation, hence, mucus is likely to be secreted

m unusual amounts in the presence of bacterial

infection or other causes of local irntation, such

as imtant cathartics The secretion is an active

process involving utilization of oxygen, it is in-

hibited by perfusion of the intestine with cya

mdc

Nlrvous CoNTnoL OF Colonic Slcretion

Florey (1930) and right et at {1933) found

that stimulation of the nervus cngcns caused the

colon to secrete a clear mucoid fluid, m contrast

to the practical absence of spontaneous secre-

tion, stimulation produced as much as 55 cc in

one 8 hour penod from the distal half of the

colon, the average rate was about 6 cc per hour

Reflex secretion was observed on stimulation of

the cut end of one nervus engens, the otlicr being

intact, the reflex center was located in the lum-

bar spinal cord Larson and Dargcn (1933) ob

servcfl secretion of mucus in an isolated segment

of the colon at the time of defecation It should

be recalled that the nervus engens supplies only

the distal portion of the colon with parasympa-

thetic fibers, the parasympathetic supply for the

proximal colon comes from the vagi Acetyl-

choline and pdocaipine increase colonic secretion

whereas atropine inhibits it Histamine has been

reported to cause a slight increase in secretion

Tlie secretion is reduced by anesthetics Cutting

the syTnpathetics does not produce paralytic se-

cretion in the large intestine, but stimulation of

the sympathetics dimini«hes the secretory ro-

spon'ie to stimulation of the ncrvai*! engens

The relationship of the secretory function of

the colon to the autonomic nerves has a bearing

upon the occurrcnie of certain diseases of the

colon m which there is excessive secretion of

mucus, for example, mucous colitis This is a

di'ea'xj in which excessive amounts of mucus ap-

pear in the stools constituting, in some cases, tu-

bular casta of the colon This has often been con-

sidered a psychosomatic disease and has a close

rcbtionship to abnormal emotional states

The Intestinal Mucosa as an Excretory

Organ

The feces contain small amounts of fat, even

dunng prolonged starvation, indicating that

some fat 13 eliminated by way of the intestine

Probably a great deal more fat is excreted into

the mtestinc than escapes in the feces, the ma
jont) being reabsorbed (Sperry and Bloor, 1924)

It has been claimed also that the colon excretes

calcium, phosphorus, iron and vanous heavy

metals Although this is probably true, it is not

likely that the intestine constitutes an important

avenue of excretion for these substances once

they have been absorbed

Although probably not normally an important

organ of excretion, the intestinal mucous mem
branc, by virtue of its permeability to numerous

(liffusable substances can be made to function as

an organ of excretion For example, if a double

lumen tube is placed m the intestine wxth one

opening high up and the other low down and

fluid perfused through so that it enters at a high

level and escapes through the tube after passing

through the intestine, it will carry away diffus-

able substances from the blood Use has been

made of this mechanism m cases of renal failure

m which nonprotem nitrogenous substances and

other toxic waste products accummulate m the

blood Since any diffusable substance wnll tend to

establish an equal concentration in the blood and

the intestinal contents, any mechanism which

continually replaces and removes the intestinal

contents will remove thp«e substances from the

b«ly, thus the intestine may be used an an

“artificial kidney ” One great difficulty wnth tins

procedure i3 that not only the toxic substances

which it 13 desired to remove, but all the diffus

able constituents of the blood are removed m
this manner It is necessary, therefore, that the

fluid used for perfusion should approximate the

composition of the blood plasma with respect to

all normal diffusable constituents insofar as pos

siblc The normal excretory function of the in-

testine, of course, has to do with the disposal of

the residues remaining after completion of diges-

tion and absorption m the small intestine This

IS accomplished mainlv in the large intestine

where the water and salts of the intestinal con-

tents are recovered and the solid residues formed

into feces (see ch 42)

The Absorptive Function of the Intestine

The mucous hmng of the small intestine is one

of the most remarkable organs of the body It
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secretes a \anety of hormones which help to

regulate gastnc secretion and motihty, the secre-

tion of the pancreas and of the intestine itself,

and the moi-emcnts of the gall bladder and the

intestinal vilh Tins endocrine activitj
,
which is

mamly concentrated in the upper intestine, has

led Dr E S Nasset to characterize the duo-

denum as the "hypophy'is of the abdomen ** The
same tissue which secretes hormones into the

blood forms an evtemal secretion containing a
variety of digestive enzjnncs, at least as numer-

ous as those found m the pancreatic juice During

absorption the mucosal cells perform a vanetj of

hydroljtic and synthetic operations upon the

food substances pa'^sing through them, greatly

modifying the character of the ab«'orbed mate-

rial E\en while producing their own secretions

the epithelial cells are transferring water and

dissolved substances from the lumen of the in

testme into the interstitial fluid to be taken up
by the blood This absorptive activity is highly

selective and frequently involves the expenditure

of considerable energj Probably now here, except

possibly m the Uver, is so great a variety of func-

tions performed by a single tissue

The ultimate aim of digestion is absorption

Only after the products of digestion have passed

through the epithelial lining of the digestive tract

and entered the blood stream are they able to

serve their purpose of providing nourishment for

the tissue cells of the body Absorption of such

materials takes place almost entucly from the

small intestine Although the stomach is capable

of absorbing small amounts of water and certam

food substances, notably glucose and some for-

eign substances such as alcohol, the absorption

that occurs here is negligible, partly because the

food IS not digested sufficiently in the stomach

to be readily absorbed, but mainly because the

gastnc mucous membrane is not adapted for ab-

sorption as IS that of the small intestme A pos-

sible exception is iron, which may be absorbed

in significant quantities from the stomach Al-

though absorption of food occurs mainly in the

small intestine, water and salts are absorbed m
significant amounts from the large mtestine

The mucous Iming of the small intestme is ad-

mirably adapted to its absorptive function The
structure of the epithelium has been described m
connection with the discussion of intestmal se-

cretion The intestmal inlli will be referred to m
the chapter on movements of the abraentary

canal It has been estimated that the presence of

the villi results m an increase of seven or eight-

fold m the surface area of the mucous membrane

of the intestine

Methods for sludy of iriteHinal ahsorplion The
methods described m the section on intestinal

secretion are al«o available for the study of ab-

sorption In acute expenments one places the

material, the absorption of which is to be studied,

in an isolated loop of intestme and, after a meas-

ured time, removes it and ob'^rves the volumet-

ric or chemical changes that have taken place

The Thiry or Thiry -Vella loop may be used in

the same manner In the case of substances that

can be readily detected m the blood, the mate-

rial can be placed in the mtact mtestine and its

absorption estimated by the rate of its appear-

ance in the circulating blood, or m the portal

blood, or the mtestmal lymph, if the experiment

IS of such a nature as to make these vessels

available In recent years it has been possible

through the use of food materials tagged with

radioactive isotopes to gam much information

that could not have been obtsmed by means of

the older methods

The development of tn ntro techniques for the

study of excised segments of intestine have also

greatly increased our knowledge in recent years

A variety of techniques for this purpose have

been described by di^erent authors, all depend

upon mamtammg the vitality of a portion of the

intestme that has been removed from the body

by keepmg it m contact with oxygenated fluid

of appropriate composition The preparation can

be so arranged that the fluid mside the intestine

which 18 m contact with the absorbing surface

can be kept separate from that on the outside in

contact with the serosal surface and the changes

m composition of the internal and external fluid

used to measure the degree of absorption by the

mucosa Studies of this sort are done chiefly on

smaller animals, such as rats guinea pigs and

hamsters since their relatively thin intestines are

more easily mamtauied m a viable condition in

an artificial medium

Absorption of Water

Much that has been published on the absorp-

tion of water from the intestme is of little value

because, until recently
,
it has been impossible to

distinguish betw cen the w ater that w as secreted

into the intestine and water fliat left the intes-

tine by absorption Changes observed m the vol

ume of water m the intestme did not reprerent

total absorption of water but merely the differ-

ence in the volume of water secreted into the

intestine and that absorbed Since there is reason
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to believe that water ino\ea freelj through the

intestinal mucosa it is essential that ne know

how much water entered the intestine m a given

time if we are to make an mtelligent estimate of

the amount leaving b> way of absorption in the

same time It has been possible to get around

this difficulty and to determme accurately the

amount of water leai mg the intestine bj absorp-

tion in a unit of tune by the use of heavy water

atcr containing hca\’y hj drogen can be readily

detected m the blood and al^o the amount re-

maining m the intestine can be accurately meas-

ured Since in a short period of time the water

secreted into the intestine will be normal water,

the change m heav’j water content represents

water actually absorbed Or if, as in experiments

on human subjects it is not possible to deter-

mine the amount of water remaining in the in

testine the amount of heavy water appeanng id

the blood can be u'ied as an estimate of the water

absorbed

Scholer and Code (1954) studied absorption of

water from the human stomach and small intos

tine using hea^’y water as a tracer They found

that when 60 grama of water were given 2 5 per

cent of this amount was absorbed per minute so

long as It remained m the stomach Wlien the

water was placed in the small intestine it was

absorbed at about ten tunes that rate 26 1 per

cent of the dose being absorbed per minute If

the water remained m the stomach it required

84 2 minutes to ab«orb 67 per cent of the ad

ministered amount whereas in the intestine this

percentage was absorbed in 3 7 minutes In the

inte«tine 9o per cent of the administered water

was absorb!^ in ten minutes In these cvpen

ments only absorption was mea-nircd and the

net 1 olume cliangc was not observed hence, no

account was taken of the water that might have

been secreted into the stomach or intestine dur

ing this same period of lime One mleresUng fact

brought out in these studies is the cvlremelj

rapid absorption of water from the mtestme

Another IS that there is an appreciable absorp-

tion of water from the stomach The statement

often seen in the literature that water is not

absorbed m appreciable amounts from the stom-

ach 13 based on the net change in >olume m
which no account is taken of the concurrent

secretion of fiuid mto the stomach Considenng

net absorption only, that is the decrease m the

\ olume of intestinal contents, it appears that

water is absorbed more rapidlj from the tcnntnal

ileum than from other parts of the small intes-

tine Jlost of what remains is absorbed from the

large intestine

The net absorption of fluids from the intestine

in influenced by hjdrostatic and osmotic pres-

sures Blickenstaff and others (19o2) found that

there was a sigmficant difference in the rate of

absorption of chlonde and water at different lei-

els of hydrostatic pressure Between the extremes

there was an optimal pressure at which absorp-

tion was most rapid He also noted that water

was absorbed more rapidly from dilute than from

concentrated solutions Absorption is accelerated

by an increase in hydrostatic pressure up to the

point where the pressure begins to interfere with

the blood supply to the intestinal mucous mem
brane Xasset and Parry (1934) found that neg

alive hydrostatic pressure tended to accelerate

the net flow of fluid into the mtestme whereas

increasing the pressure favored net absorption

provided the pressure exceeded 25 cm of solu

tion Between 5 and 25 cm there was no change

It has been suggested by Verrar and McDougall

(1936) that absorption of water from the large

intestine is largely dependent on the relatively

high hydrostatic pressure said by them to

mamtamed m this organ Other things being

equal it has been found that, within physiologi

cal limits, the rate of absorption of water is di

rectly proportional to the hydrostatic pressure in

the mtestme 'WTien considering net absorption

only, the rate ol absorption of water decreases

with mcrea^mg osmotic pressure of the mtestmal

contents but this relationship is not Imear More

water is absorbed from hypotonic than from iso

tonic solutions and more from isotonic than from

hypertonic solutions

AffSOUFTTOV OF ^^ORO\KTC SALTS

Of the inorganic salts that are presented to

the mtestme for absorption, the more important

are sodium, potassium and calcium chlorides, and

phosphate Absorption of iron will be considerc<l

m chapter 8 The absorption of chlondcs of

sodium and pota'isium are always accompanied

by absorption of water and the more rapidly the

water is absorbed the more rapidly wall the salts

be absorbed The salt concentration m the solu

tion passing through the mucosa from the lumen

of the mtestme toward the blood is not ncccs-

Bdtiiy the «ame as that of the intestinal contents

From an isotonic solution m the intestine the

fluid absorbed tends to be hy pertonic so that a«

absorption progresses the fluid in the intestine

becomes hypotonic doe to loss of salt (VTsscher

et ttl

,

1044) The salt concentration m the ah-
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sorbed mixture is proportional to the concentra-

tion m the intestinal contents but due to the

osmotic elTcct of concentrated salt "olutions on

the net moieracnt of water, less salt maj be

absorbed from a concentrated than from a dilute

solution Rabinoxitch (1927) found that the

greatest percentage absorption of water was from

salt solutions rangmg in concentration from 0 4

to 0 6 per cent and that the absolute amount of

salt absorbed incroa«cd with increa«ing concen-

tration of salt up to 0 8 per cent He noted also

that water and chloride are absorbed more rap-

idlj when potassium ions are present and that

absorption was accelerated exen more bj calcium

ions m the solution An interesting paradox is

that atropme, which inhibits most intestinal

functions, accelerates net iratcr and salt absoriv

tion This IS due to the inhibitory effect of atro-

pine on intestinal secretion

Calcium salts, including the phosphate, arc ab-

sorbed more readilj from the upper intestine

than from the ileum A problem in calcium

absorption is the relative losoluhilitj of the com-
monly occurring calcium salts, such as the phos-

phate ID alkaline and neutral solutions, conse-

quentlj
,
calcium is absorbed better from an acid

than from an alkalme medium, this fact roa)

explain the better absorption of calcium from

the relatively acid upper intestine It has been

noted that the phosphates enter the mtestmc
cbiefi} as phospboprotems or phosphohpids which

may not be readily digested m the upper m-
testuie where the prmcipal calcium absorption

occurs, hence, calcium and the phosphates may
be absorbed in different regions of the mtestmc,

thus avoiding the formation of insoluble calcium

phosphates Nevertheless m the absence of nor

mal hj drochlonc acid secretion bj the stomach,

calcium absorption tends to be poor, so that

achlorhydncs often suffer from a calcium defi-

ciency

Calcium is said to be absorbed more readily by
individuals suffering from a calcium deficiency,

indicating some control of calcium absorption by
sjstemic factors The presence of an excess of

magnesium is said to interfere wuth calcium ab-

sorption as does phytic acid which occurs m ce-

real grains and which may be responsible for the

tendency of these grains to produce rickets when
fed exclusively or m excess The admunstration

of vitamin D accelerates absorption of ealaum
from the lower Ueum but not from other parts of

the intestmal tract Vitamin D counteracts the

effect of phj*tic acid so that when given in ade-

quate amounts it offsets the tendenej of cereal

grains to cau'e rickets

The mechanism of tcaler and salt absorption

Constdenng the apparently free permeability of

the mteslinal mucous membrane to water and

the simple inorganic salts it is tempting to try to

explain the absorption of these substances on the

basts of simple diffusion or osmo'sis As we have

seen, the physical and chemical laws are opera-

tive m the transfer of water through the mtes-

tina! muco'^, but as our knowledge has mcrea'sed

it has become mcreasmgly evndcnt tliat these

principles are inadequate to explain all the ob-

«crvcd phenomena Ingraham and ^^sscher (1936,

193S) showed that, in the presence of a sulfate

solution, sodium chloride was absorbed against a

concentration gradient, that is, its absorption

went on until the concentration in the intestine

fell far below that m the interstitial fluid and in

the blood Likewa«e the osmotic activnty of the

fluid m the intestine decreased m their experi

ments until it fell to os much as lialf an atmos-

phere below the osmotic pressure of the blood

plasma, thus leaving no doubt that the absorp-

tion took place as the result of o«motie work bv

the intestmal epithelium. In a later study (1944)

m which they used isotopic tracer techniques so

that they could measure absorption and secretion

separately and determme precisely the amount

of water and salt absorbed, they were able to

determine that the rate of movement of water

from gut to blood (absorption) was often as

much as 100 tunes as rapid as it would have

been under the same circumstances if only the

laws of diffusion and osmosis were operatmg

Likewise the amount of salt moved m either di-

rection was often found to be at variance watb

the amount determined by calculation on the

basis of the laws of diffusion and osmosis Studies

oD isolated preparations have given results with

a similar significance

McHardy and Parsons (1957), studyung mtact

animals, found that chloride was absorbed from

solutions contaming from 20 to 50 m eq per hter

less than the blood plasma Sodium was ab-

sorbed from isotonic solutions containing from

45 to 75 m eq per hter less sodium than the

plasma They noted a statistically linear relation

between the total ab'^orption of solutes and the

absorption rate of water mdicatmg an mterrcla

tionship between the absorption of the«e two

types of products but they were unable to deter-

mme which was dependent on the other In iso-

lated preparations, Smyth and Taylor (1957)

found that the transfer of water from the muco-
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sal to the serosal side of excised rat small intes-

tine was dependent upon the presence of glucose

and oxjgen m the medium and was affected bj

temperature It was prevented b\ xanousmeta

bohe inhibitors indicating that the transfer was

an actne metabolic procees Others have found

that the transfer of a salt solution from the mu
cosal to the serosal side failed in the ab'^ence of

oxjgen

It is necessary to conclude that the absorption

of both water and salts, although influenced by
physicochemical forces, is for the meet part an
active process dependent upon the metabohe ac*

tmty of the mucosal cells of the intestine Little

IS known of the chemical mechanisms inxohed

but oxygen appears to be necessarj There re-

mains the possibihty that only one of the two

substances, water and salt, is moxed actively

smee the raoxement of either would necessitate

the transfer of the other m order to mamtam
O'motic equihbnum, thus either water or salt

may be absorbed actively and the other earned

pa«si\ely, but the evidence favors active transfer

of salt For example, in a salt restricted diet

sodium practically disappears from the contents

of the terminal ileum (Held ei a!

,

1955) This

suggests a sodium conserxing action of the upper

intestine and strongly implies selectixe absor^^

tion of sodium

ABsoBpnoN OF Cabbohtdrates

Only the monosaccharides are readily absorbed

by the inteetmal mucous membrane &me disac-

charides may enter the blood by diffusion, but

if they do they are promptly excreted and not

metabolized The intestinal epithelium is, in gen-

eral, impermeable to the polysaccharides The

important monosaccharides are dcstrose, lex'ulosc

and galactose Dextrose occurs as the final prod

uct of starch digestion and as one of the two

products of hydrolysis of sucrose and lactose

Lcxrulose occurs as a product of sucrose digestion

and also m certain natural products such as some

fruits and in lioney Galacto*^ is one of the con-

stituents of lactose Other simple sugars such as

mannose and pentodes are quantitatively unim-

portant The three simple sugars galactose, dex-

trose and lexmlosc are all actively absorbed from

the small mtestine galactose more rapidly and

levuloss less rapidly than glucose

The ability of the intestine to ab«orb gluco«e

against a concentration gradient has been repeat-

edly demonstrated, that is to say that glucose

can be absorbed when the concentration of glu-

cose in the intestinal contents is lower than the

concentration in the blood In an excised prepa

ration, glucose passes from the mucosal to the

serosal side even when the concentration on the

mucosal side of the preparation is lower than it

is on the serosal side Active absorption of glu

cose 13 prevented by phlondzm, a substance that

mhibits the enzymes inxolxed in phosphorjla

tion, this suggests that the phosphorylation of

glucose which IS knoxvn to occur in the mucosa!

eella, is essentially involved in the mechanism of

active absorption Glucose may still be absorbed

m the presence of phlondzm but only if a favor

able concentration gradient exists Absorption m
this case is by simple diffusion

PhMphorylation of glucose is of mtercst as

being probably typical of the mechanisms

through which active absorption can occur It is

believed that the glucose molecule enters the mu
cosal cell by simple diffusion where it is promptly

transformed into glucose-6-phosphate through

the action of glucokumse plus adenosine triphos-

phate (ATP) Since glueose-6-phosphate is a dif

ferent compound from glucose, its accumulation

in the cel! does not lower the concentration gra

dient from lumen to ceU so that glucose continues

to diffuse in to be phosphorylated The glucose-fl-

phospbate is hydrolyzed as the sugar passes out

of the cel] and into the interstitial fluid from

which it IS transferred into the circulating blood

as glucose The process involxes expenditure of

energy which la obtained by oxidation of a cer

tam percentage of the glucose, tlus appears as

lactic acid which is also absorbed Probably Icxti

lose and galactose are similarly phosphorylated

on alwrption Some of the lexTiIose is conxerted

mlo glucose in the epithelial cells but the con

version occurs mainly in the hver as it docs also

with galactose In addition to actixe absorption,

since the intestinal mucosa is permeable to the

simple sugars, some are absorbed by simple diffu

Bion when a favorable concentration gradient

exists This is usually the ca'‘e witli galactose and

lexrulo^ smee these sugars are nexcr present in

the blood inany considerable concentration (Can

terow and Shepartz 1954)

The sugars are absorbed much more rapidly

from the upper than from the lower small intes-

tine Usher and Parsons (1949), haxe shown that

there is a linear gradient in the intestine m its

ability to absorb glucose from the mtestinal con-

tents The rate of absorption is directly proper

tional to the distance of the segment m question

from the ileocecal xalve (see figure 40 1) Absorp-

tion of sugars is diminished in the presence of

sodium chlondc deficiency such as may occur in
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adrenal cortical insufEciencj This suggests that

the neutral 'alts phj a part in the active absorp-

tion of sugar, possibly bj being secreted into the

mtestmai contents to make up for the osmotic

loss when the sugar is taken awaj Ab^rption of

sugars IS accelerated in hj'perthj roidt«ro and de-

pressed m hj pothyroidism and m the latter case

administration of thjTOvin improves absorption

Pantothenic acid, thj amine and pj ndovine, mem-
bers of the B vntamin group, arc essential for

normal sugar absorption

It IS interesting to note that although the pen

toses are more diffusible than the hexo«os, the

pentoses are absorbed at a much slower rate,

proving again that the }jexo«es are activelj ab-

sorbed V, ith most sugars, particularly those tfiat

are not acti\ elj absorbed, the rate of absorption

mcreascs vnth mcrca«mg concentration m the

mtestinal contents ith glucose and galactose

however, this is true onlj up to about a 5 per

cent concentration, which for tho«c sugars is ap-

provimatclj isotonic with the blood Further

increase in concentration of these sugars fails to

increase or decrease their rate of absorption Fur-

thermore, if glucose and galactose are given si-

multaneous!} each suppresses the absorption of

the other (Con, 1931) so that the total amount of

«ugaT ab«orbed is not more than would be ab-

sorbed if onlj one of the sugars were present

The<e facts indicate that the mechanisms for oc

tive absorption can be saturated in a manner
somewhat analogous to the tubular maximum for

glucD«e in the renal tubules.

A certain amount of absorption of gluco^ and
other simple sugars may take place in the large

intcstme but in the human tins is relatively un-

important Absorption of carbohj drates from the

small mtestme is usual]} so complete that b}

the time the intestinal contents reach the ter

minal ileum there is no sugar present However,
glucose solution ma} be injected into the large

intestine in situations in wluch oral feeding is

impractical Such sugar is absorbed, althoi^
much more slowl} than from the small intestine

Tn certain animals m which cellulose constitutes

a considerable fraction of the diet, a major part

of the digestion of carbohjdrate may occur in the

Jaige intestine since it depends upon the actiou

of bactena and not uj>on digestive enzymes se-

creted b} the animal In such animals ab«orption

of sugars from the large intestine ma} be a nece«-

6.iry mechanism

Fir -to 1 Gluco«c nb«orption in survmng m
testtne Relation between glucose disappearance
from inner fluid and mean distance of segment
from ileocecal valve in 1 hour experiments From
Fisher and Parsons Courtesy of Cambndge
Universit} Press

PRorri’v Ab«orptiov

Some absorption of nativ e protein and of in

tcrmediate products of protein digestion may
take place m the small mteslmo but b} far the

greater part of the protein m the food is reduced

to amino acids before bemg absorbed Protein

absorption is, therefore, e«sentiall} ammo acid

absorption All available evidence mdieates that

ammo acids arc readil} absorbed throughout the

entire length of the email mtestme The} are

taken up about as rapid]} as the} are produced

by the action of digestive enzymes consequently

onl} small amounts of ammo acids can be found

at an} tune m the intestinal contents Also, an}

excess in the blood due to absorption disappears

rapidly so that it is difficult to trace the absorp-

tion of ammo acids from the mtestme fa} chem

ical means Although all the ammo acids are

rapidly absorbed from the intcstme, «orae are

absorbed more rapidl} than others The followmg
list IS m the order of rapidit} of ab«orpfion gl}

cine, alanine c}stme, glutamic acid vahne me-

thionine, leucine, try ptophane, tsoleucinc, norleu-

cine isovalme (Verzarand McDougall, 1936)

ttiseman (1953) has shown that the levorota-

tory, or naturally occumng forms of alanine,

phen} lalanme, isoleucine, vahne, methionme and

histidine are absorbed more rapidly than the

devtrorotatoiy isomers and that the levo- forms

could be transferred through the mtestmal wall

against a concentration gradient, whereas the
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dextro- forms tended to reacli the eamo concen-

tration on the two sides of the membrane (as did

glutamic and a«partic acids) Eldsen and others

(1950) hale found that if a racemic mixture of

amino acids is introduced mto the intestine, the

levorotatorj Lsomers will be absorbed as much as

SIX times more rapidly than the dextro-isoroers

These facts—and the fact that there are differ-

ences in the rate of absorption of ammo acids

that are not related to their diffusibility—as well

as the rapid disappearance of ammo acids from
the intestine, all point to the fact that there is an
efficient mechanism for the active absorption of

many of the amino acids and that their absorp-

tion does not depend upon diffusion and osmosis

This conclusion is further supported by the fact

that amino acid absorption is mhibited by ab-

sence of 0x3 gen and by several metabolic inhibi-

tors such as dinitrophenol and desoxypyndox-

inc (Fnedlander and Quastcl 1955) Phlondzm,

which interferes with pho^phorjlation and pre-

vents acti\ e absorption of glucose, does not inter

fere with active absorption of amino acids Nei-
crthelcsa ammo acids arc said to compete with

sugars for the absorptive mechanisms that is,

sugars are absorl^d more sloaly from a sugar

ammo acid mixture than from a pure sugar solu-

tion (Con, 1931)

Considerable transamination of amino acids oc-

curs m the mucosal cells consequently, they arc

not necessarily delivered to the blood m the same

form in which tliej are absorbed for evample,

glutamic and aspartic acids may be converted to

alanine during absorption If the absorption rate

IS slow, practically all the glutamic and aspartic

acids undergo such change, on the other hand,

during rapid absorption there is relatively less

transamination and considerable quantities of

glutamic and aspartic acids appear m the blood

(Ncame and ll'iscman, 1957) It has been sug

gestod that in this way the intestinal mucosa

modifies the ammo acid mixture that 19 bemg
absorbed from a particular meal, reducing the

amount of ammo acids that are in excess in the

digesting mixture and mcreasmg the amount of

those that are m short supply so as to more nearly

meet the needs of the organism for specific ammo
acids

Since many of the intermediate products of

protein digestion are soluble m water and some

arc diffusible, the question naturally arises as to

whether some proteoses and peptones may be

absorbed from the intestine without being re-

duced to ammo acids Peptone solutions certamly

disappear from intestinal loops but this docs uot

prove that the peptone was absorbed as such It

will be recalled that the peptidases of the intes-

tinal secretion arc believed by some to be intra-

cellular enzymes which arc not actually secreted

but appear m the intestinal contents as a result

of a breakdown of shed epithelial cells It seems

unlikely that peptides could get through the mu
cosal cells m any considerable quantity without

being reduced to ammo acids by the intracellular

peptidases The same rca'somng does not apply to

native protein which may have escaped digestion

for one reason or another by the pepsin of gastne

yuice or the trypsin of pancreatic juice Except

lor traces of pepsin in the Brunner's gland secre-

tion, there are no proteases m the intestinal «-

cretion or in the mucosal cells that are known to

be able to attack native protem It is not surpris-

ing, therefore, to find that egg albumin and milk

protein can sometimes be demonstrated in the

blood by immunological methods, after these pro-

teins have been placed m the intestine Absorp-

tion ol native protein is not necessarily a result

of a pathological condition of the intestinal mu
cosa, although the absorption may be greatly

increased by an inflammatory condition Gruskav

and Cooke (1955) have found that after feeding

1 gram of crvstalhne egg albumin per kilogram

of body weight to normal children, they could

detect ID the phsma of these children between

0 45 and 7 3 ^g of egg albumin per ml of plasma

In children recovering from diarrhea the amount

ranged from 4 to 63 yig per ml It seems likely

that many cases of food allergy result from such

absorption of native protein, either from a nor

mal or from an inflamed intestine Since the

absorption 13 greater m inflammatory states it

appears that some caution is mdicatcd m the

feeding of patients suffenng from enteritis

Absorptiov of Fat

Fat abiorption is a complicated process which,

even now is not fully understood It » known

tlial bile and pancreatic juice are essential for

normal fat absorption, yet appreciable amounts

01 fat can be absorbed from the intestine in the

absence of both Elaborate roechanL'ms exist m
the intestine for splitting tnglycendes into fatty

acids and glycerol, and yet the fat that appears

m the lymphatics after absorption is nearly all

tngly ceride fat

Efforts to explain fat absorption have been em-

bodied in two mam theories The older, known

as the hpoiytu; theory, was proposed by Pflugcr m
its original form and modified and supported by

Verzar (Verzar and JIcDougall, 1936) According
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to this theory all fat w hj drolj zed m the uiics*

hce to fatty acjds and gljcerol by the action of

pancreatic, gastric and intestinal hpasea Pre-

vious to hj drolj SIS the fat is emuhified by the

action of bile and, after some hjdrolysia has oc-

curred, by soaps produced by the interaction of

the hberated fattj acids with the alkali of the

mtestmal fluids Smee the upper mtcstme 13 us-

ually acid and the ileum only slightlj alkaline

the fatty acids are insoluble in the intestine at

the usual pH levels of the mtestmal contents,

they are made soluble through the formation of

compleTCS mth the bile acids, gljcochohc and

taurocholic acids chieflj During absorption these

complc\es enter the mucosal cells where the bile

acids are split off and, for the most part, returned

to the intestinal lumen The fatty acids are ro-

combincd with glycerol to form tngljcendes

which are then transferred to the Ij-mphatics

Somewhere m the process, cither during ah<»orp-

tion into the epithelial cells or during sjTithcsis

mto triglycerides, phosphorylation takes place,

the function of which is not clear but which is

assumed to be essential to the process Verzar

leans to the opinion that phosphorylation is es-

sential to the resynthesis of tnglj cendes Accord

mg (0 this theory, although some fatty acid may
be absorbed by way of the portaU*em, the amount
19 neghgible No fat is absorbed directly as tn
glyceride

Frazer (1946) has raised objections to the lipo-

lytic hypothesis and presented one of his own
which has come to be called the partition hy-

pothesis Accordmg to Frazer’s view bile and soap

are not adequate emulsifying agents under the

conditions found m the mtestme, chiefly due to

the acid reaction in the duodenum However,

emulsions can be formed in an acidmedium, if m
addition to bile, mono- and diglycendes are added

to the mixture These agents are produced by
the hydrolytic action of lipases in the mtcstme

as steps m the process of hydrolysis of tngljcer-

ides According to Frazer’s view, the function of

the hpa«es is mainly to form these compounds
for the purpose of emulsifying the fat Some
free fatty acids are produced in the process

and these are absorbed into the portal blood,

after forming complexes with the bile acids as

postulated by Verzar Accordmg to Frazer, the

important step m absorption is not hpolysis but

emulsification and when the fat has been reduced

to particles not exceeding 0 5 micron m diameter

they enter the epithehal cells as tnglycendes and

are directly transferred to the lymphatics The
small fat particlra are known as chylomicrons and

appear in the lymph and the blood as such Each
chylomicron has a coating consistmg of hpopro-

tem and phosphohpid and it may he that the

phosphorylation is concerned with producing the

necessary phospholipids for the formation 0/ chj -

lomicrons Resynthesis of fat m the epithelial

cells IS not a necessary part of the process of

absorption according to this theory

Neither theory conforms to all the known facts

but certam features of each are well substanti

ated ResjTithesis of fatty acids mto tnglj cendes

withm the epithelial cells, as postulated by Ver

zar, has been abundantly confirmed by many
investigators For example, Bergstrom and others

(1954) found that when free oleic acid labelled

with carbon-14 was fed, 63 per cent of the fed

acid was recoxered in the lymph as neutral fat

When triolein was fed 65 per cent was recov-

ered m the lymph These authors also found that

when fattj acids containing 10 or fewer carbon

atoms were fed they were absorbed by way of

the portal blood where they were transported

mamly as free fatty acids Longer cluun fatty

acids were synthesized in the epithelial cells into

tnglycendes and absorbed by waj of the Ijm

pliatics Kij asu. Bloom and Chaikoff (1952) also

found that short chain fatty acid» were trans

ported mainlj by the portal pathway and long

chain saturated fatty acids by way of the IjTaph

Therefore, a sort of partition does occur m the

intestine, but not based on the degree of hydrolj

6is as proposed by Frazer

Not all fat has to be reduced to free fatty acid

and glycerol before it is absorbed Reiser and his

coworkers (1952) fed animals triglyceride m
which both the gljcerol and the fatty acid were

labelled by means of appropriate isotopes They
found that only 25 to 45 per cent of the tnglj c-

ende wm completely hydrolyzed The remainder

was hjdrolyzed to monoglycende and absorbed

as such, resynthesis to tnglj cende occurred m
the mucosal cells If monoglycendes and diglyc-

endes are fed, only tnglycendes are found in the

mtestmal lymph It is mterestmg that the labeled

glycerol was not utilized m the resynthesis but

apparently took some other metabohe pathway

The mucosal cells, evidently, not only are capa

ble of synthesizmg glycerol for mcorporation into

tnglycendes but actually do so preferentially

even when glycerol is available from the hjdro-

lytic products

During digestion of fat there is synthesis as

well as hjdrolysis of gljcendes m the intestinal

lumen (I&oebel and Na®set, 1957), consequentlj

the tngljcendes that are absorbed may have an
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entirely different arrangement of the fatty acids

within the fat molecules than that which is fed

However, some of this redistribution probably

takes place during resynthesis in the epitbebal

cells (Bergstrom and Bergstrom,1956)

Although exclusion of bile from the intestme

greatly reduces absorption of ordinary fat, if

the fat 13 fed as an emulsion ligation of the

bile duct makes no significant difference in the

amount of fat absorbed (Coffee et ol, 1940)

However, even with emulsified fat removal

of the pancreas seriously interferes with absorp-

tion (Wells el ol 1955) These observations

sugge«t that bile is concerned m the emulsifi

uition rather than the absorption of fat and
raises a question as to the role of the bile salts m
absorption of fatty acids The results with pan
createctomy also suggest that hydrolysis of fat

IS more important than emulsification in deter*

numng total absorption Studies of the e\ci«cd

intestme of the rat (Smyth and Taylor 1957)

and of the golden hamster (Johnston 1958) show
that fatty acids are absorbed or may be absorbed

by the intestmal mucous membrane against a
concentration gradient and that this activity is

prevented or greatly reduced in the absence of

oxygen There is also suppression of absorption

by dmitrophcnol and in the absence of glucose,

but phloridzm has little effect These observa

tions indicate that fatly acids are absorbed by an

active process which involves oxidation but not

necessarily phosphorylation (the effect of phlo-

ndzin 13 somewhat equivocal, sec Jervis et al,

1950)

It 13 commonly stated that fat absorption

takes place most rapidly m the upper intestine,

particularly in the duodenum and upper jeju-

num, but several recent studies have suggested

that the ileum is the site of the major part of

fat absorption, this may have something to do

wnth the more alkaline reaction of this portion

of the mtestine For example, Kremcn and hi3

coworkm (1954) found that m dogs the proxi-

mal 50 to 70 per cent of the small intestine could

be removed with no apparent ill effects on food

absorption, particularly fat ab«orption However

if the distal 50 per cent were removed there was

a profound interference with fat absorption as-

sociated with loss of weight, under these circum-

stances, from 80 to 90 per cent of the fat intake

was lost m the feces Benson and others (1956),

aL«o found that m animals that were sacnficed

after a fat meal, the muco«a of the third quarter

ol the mtestine os measured fr^m the pylorus

I contained a greater amount of fat apparently in

processes of absorption than did any other por

tion of the intestine However, fat is certainly

absorbed from the upper intestine in appreciable

quantities, as anyone who has opened the abdo-

men of an experimental animal that has recently

eaten a fat meal will testify

Fat absorption is seriously impaired following

bilateral adrenalectomy, due to the absence of

cortical hormones The role of the cortical her

mones in fat absorption has not been clarified

but it has been suggested that they play a part

in the synthesis of triglycerides in the mucosal

cells (Verzar) Another suggestion is that the loss

of salt which follows adrenal cortical insufficiency

13 responsible for the poor fat absorption This

idea receives some support from that fact that

fat absorption is improved in adrenalectomucd

animals by administration of sodium chloride

solutions m adequate quantities

Abiorption of eholesierol Cholesterol absorption

takes place only in the distal one-half of the m
testine (Byers et al

,

1953) Absorption occurs

only m the presence of bile and a source of fatty

acid Since the cholesterol that appears ui the

intestinal lymph is practically all in the form of

cholesterol esters mth fatty acids, the function

of the fatty acid is probably to provide material

for estenficatioD Absorption of cholesterol is also

reduced in the ab«ence of pancreatic juico Opti

mal absorption of cholesterol occurs from a mix-

ture of fatty acid, taurocholate and cholesterol

in which the molar concentrations are m the

ratios of 8, 4 and 1 respectively C^'ahouny, 1958)

Cholesterol continues to appear in the intestmal

lymph for some time after it has disappeared

from the mtestmal contents This suggests that

there is a considerable accumulation of choles-

terol in the mucosal cells during absorption

Absorptiov of Vitamivs

The water soluble ntamms arc a'^sumed to be

freely absorbed by the intestinal muco«a along

with the other constituents of the foods m which

they occur It is generally believed that thiamin

13 less readily absorbed by older people than by

young people m good health This may be apph

cable aho to «omD of the other v ifamins and pro-

vides the basis for administration of ^^tamlD sup-

plements in the dietary of older people

Ab^nition of the fat soluble vitamins particu

hrly vitamins D and K, takes place under the

•«ame conditions as the absorption of fat In any

disease or dietary deficiency in which fat absorp-

tion 13 inadequate the absorption of the<e vita

mios IS apt to be unpairid This is well demon-
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strated bj the deficient absorption of \ntamin K
in ohstnictnc jaundice A deficienc> of this 'vita-

min causes inadequate prothrombin production

by the liver and a tendencj to hemorrliage, hence

jaundiced patients are apt to bleed on tlie ojv

erating table The situation is remedied by the

parenteral administration of \itamm K over a

period of time preoperatn elj until the prothrom-

bin level IS normal Absorption of vntamm E is

also said to be impaired in the absence of bile

Absorption of vutamin Bu, irhicJi is essential

for normal red cell production and perhaps for

cell dmsion m general, presents special problems

Although it 13 absorbed from the mtestmc, its

absorption takes place onlj in the presence of a

certain constituent of the gastric juice known,

for want of a better name, as intnnsie factor

There maj also be some intrinsic factor m duo-

denal secretion This name comes down to us

from the days nben ntamm Bi* itself nas un-

known, (see ch 9)

Vitamin A is absorbed chicfij m the form of

esters of the vitamin A alcohol with fattj acids

The esters are hj drolj zed in the intestinal lumen

but re-estenfied in the cpilhohal cells This mech-

anism parallels the one that is supposed to

operate in the absorption of fat, it is not surpris-

ing therefore to find that the conditions that

favor fat absorption also favor absorption of

vitamm A The presence of bile in the mte«tme

apparent!} is necessar} for the absorption of

carotene, a precursor of vitamm A, but not for

vitamin A itself The absorption of the fat solu

ble vitamins is adversely effected by the presence

in the intestine of unabsorbable oil, such as

mineral oil, it is therefore necessarj to pay

particular attention to the supply of these vita-

mins if mmeral oil is to be administered m any
considerable quantity over a period of time
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MOVEMENTS OF THE ALIMENTARY CANAL: MASTICATION,

SWALLOWING, MOVEMENTS OF THE STOMACH

Rlastication

The first mechanical process to nhich the food

IS subjected in its progress through tbe alimen-

tarj tract is mastication, or chewing, nhich

serves to break down the food particles into

smaher ma^es, to enable tbe saliva to lubricate

and moisten dry food and to distribute the

saln-ary constituents throughout the food mass

The decrease in the sire of the food parliclea is

accomphehed by the action of the teeth through

the movemenU of the lower jan The moistening

IS occompLshed b> the addition of saliva to the

food and lubrication is due to the mucus secreted

by the salivary glands Starch digestion in the

mouth by the salivary amylase is unimportant

but the presence of food m the mouth gives nse

to stimuli which serve to initiate reSexes that

are important m the later stages of digestion

’I'his relationship has been discussed in connec-

tion with the reilcY phase of gastric secretion

(ch 37)

The importance of mastication as a health

measure has been the subject of considerable dis-

cussion, much of it speculative Among the few

efforts to obtain scientific information on the

subject, are the experiments of Erik Reckcr

(1927) who undertook to determine the com
pleteness of digestion and absorption of protein,

fat, carbohydrate and minerals m a patient by
studying the losses in the stool of these vanous

Eulistances He studied his patient dunng a

period of time when her teeth were in very poor

condition and not satisfactory for chewing, then

again after her tcetli had been removed and be-

fore she liad been fitted with a prosthesis, and

finally after she had been fitted with a good set

of false teeth which enabled her to chew satisfac-

torily There w ere no significant differences in the

three sets of data For example, when the patient

hail no teetli she lost 15 2 per cent of the ingested

protein in her stool, 52 per cent of tbe ingested

fat, 4 2 per cent of the ingested carbohydrate

^nnd 25 9 per cent of the ingested minerals Alter

being fitted with false teeth, the corresponding

figures were 16 0 per cent for protein, 5 4 per cent

for fat, 5 2 per cent for carboby drate and 25 9

per cent for minerals The total calories lost were

6 per cent with no teeth and 6 7 per cent after

being fitted with teeth These experiments are

open to the criticism that no ob<5ervations had

been made when the patient had a good set of

natural teeth These might have given better

results

The Form, and Structure of (he Teeth

A tooth eoDsists of a crown, a neck and a root

The crown is the part projecting beyond the gum,

tbe root fits into tbe socket or aheolut of the jsw

bone The neck is the junction between crown and

root, and normally, lies just below the gum
Three kinds of tissue, enamel, dentin and ee

menlum, compose tbe hard portion of tbe tooth

The cavity occupying the center is filled w it h a soft

substance, called the pwfp, composed of connective

tissue fibers and a gelatinous matrix in which the

nerves and blood vessels are embedded (fig 41 D
Tbe enamel, which is of epithelial origin, is a

white translucent, and very hard matenal—the

Jjardest in the body It is composed of calcium

ealte (95 per cent) in the form of apatite crystals

(ch 50), with from 3 to 5 per cent of organic ma
terial Us structure consists of thin prisms or rods

running through its entire depth, perpendicular to

and resting on the denim, the prisma are cemented

together by protein material or one containing

protein The dentin surrounds the pulp cavity

except at the apex of the root where tbe nerves

and vessels enter, it resembles bone chemitally

and structurally, but la harder, and contains nu

irierous canaliculi—tbe dentinal tubules—which

radiate from the pulp cavity In the pulp lying

against the dentine are large elongated cells xnth a

radial and epitheliumlike arrangement, they are

called odontoblasts and send fine proees'cs (fibers

of Tomes) into the overlying dentinal tubules

The cementum surrounds the root outside the

dentin, it is a bony material, but (except in ^d

age), lacks Haversion canals It is penetrated by

bundles of coarse fibers (Sharpej ’a fibers) derived

ffom the pertdonial membrane, this membrane lines
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tbenlveoJu*! for which it servos as ppriosteum, and
acta as a close bond between the cementumand the

bone Bone cells arc embedded m the cementum
near the apex of the root The viabiht\ of the

cementum is dependent upon the integrity of the

periodontal membrane, it undergoes necrosis when
the latter is dcstrojed

Like bone tooth structure is in a continuous

state of flux, minerals, calcium and phosphorus

being continuallj removed and replaced

Denial Decay, or Denial Cartes

Calcium salts, which constitute such a la^
proportion of dental tissue, arc soluble in acid,

an increase in the aciditj of the Bah\a was

tbijugbt, tJip/f/ore, to /over drcalcJ^eaiioD of tJ)e

teeth, and in this way prepare them for the in-

roads of microorgamsms But the safiva is nor

mallj slightlj acid, and anj significant increase

in its aciditj has not been demonstrated in

canes (Geis)

Bacterial decomposition of carboliydrato food

with the production of lactic acid especiallj in

regions where food is likely to collect, as in

crevices between the teeth and at the margin

between the tooth and gum, has long been rcc

ognized os an important clement m tooth dccaj

Sugar, especially if liiglilj refined is undoubtedly

potent in increasing susceptibility to the disease

Sugar has been shown to facilitate the penetra-

tion of the H ion into the enamel ‘

Another local factor which has been suggested

as predisposing to cones is the mucin content of

the saliva A juice nch m mucin flows less freely

and as a result of its high s isco^ity is less likely

to penetrate into, and flush out the smaller

creiices wliere microorganisms lurk and fiounsh

upon food debns Mucin may also encourage

decay by forming a tenacious coating upon a

sheltered surface of the tooth and thus '•erve to

protect underlyang bacteria from the action of

the sahva

The investigations of Pmeus suggest that de-

calcification of the teeth by acid is of less impor-

tance than an attack upon the organic substance

of the enamel by proteolytic bacteria Such a

process has been su^sted earlier bj Hines

Pincus claims that digestion of the protein ma
tenal permits the enamel pnsms to fall apart

and this occurs apparently without a prehmmaiy

production of acid Sulfunc acid hberated by the

hydrolysis of chondroitin sulfate, according to

Pmeus causes, secondarily
,
decalcification of the

enamel Atkinson and Matthews agree that the

‘ This action is analogous to the elTect of sugar
in favoring the penetration of toxins

primary point of attack is upon the organic

matrix of the enamel but tint dccalcification of

both enamel and dentine is produced by the

liberation of aspartic and glutamic acids They

found some IS ammo acids present in normal

dentine including aspartic and glutamic acids

These two ammo acids were found in the free

state in canous dentine but not m healthy den

tme Tlie well known brown discoloration of

canous teeth is due to a melanin which is thought

to be formtd by the oxidation of tyrosine b\

proteolytic bacteria

Tlie researches of M Mellanby on the teeth

of dogs suggest that m some cases at least the

structure of the teeth themselves—maldevelop

ment, or an inherently poor tooth structure—or

dietary deficiencies (espccally of vitamin D)

may play a part in the occurrence of the disease

Contrary to the general belief, caries in wild

animals is not so very uncommon It starts wnth

few exceptions in the dentine or cementum of

the root where this has become bare, and not m
the enamel The decay is most hkely to occur in

Situations where food tends to pack and stagnate

In domestic animals and animals m captivity,

cancs is much commoner and the first signs of

decay appear in the enamel, as in man A surv ev

of some 280 wild animals belonging to 60 differ

ent species was made by Sprawson, and the

tooth enamel compared with that in human
teeth Hie etmefure of the animal enamel was

found to be less dense, less fully calcified and on

the average of poorer quality than that of hu

man enamel, a finding which, taken in conjunc

faon with the Ic'-s common occurrence of canes

m wild animals, suggests a dietary factor in the

production of the disease in man
The beneficial effects of small amounts of

fluorine upon tooth structure has received no

small amount of attention since Dean and his
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associates pointed out the low incidence of canes

in distncts where there was evidence of high

concentrations (over 1 part per million) of fluo-

rine m the drinking water Ficcssively high

concentrations of fluonne in the drinking water

cause mottling of the enamel Fluorine has afeo

been shown to inhibit acid production by the

LactobanRus acidophilus and in a concentration

of 0 5 to 1 part per nulUon to be protective

against dental canes Another possible action of

fluoride is to reduce the solubility of the enamel

by acid Stannous fluonde is more effective as a
preventive tlian the sodium salt From the den

tal examination of som 7 000 children m over 20

American cities it was found that the incidence

of canes was inverselj related to the concentra

tion of fluonne in the dnnkmg water Afottling

of the enamel does not occur in concentrations

below 1 part in a million

A cunous condition known as dermeua occur

ring in domestic animals and man is seen m
North Africa and is attnbuted to a high concen

tration of calcium fluonde m the dnnkmg water

It 18 charactenicd by dystrophy of the eecond

dentition Kilbors has also reported the endemic

occurrence of a severe arlhntis and spondylitis

in a region of Southwest China which apparently

18 induced by the drinking of water nch in fluo-

ride

It IS quite evident that the problem of dental

canes is not a simple one Several factors are in

volved in its production and much work must bo

done before the details of their actions are known

and the relative value of each can be appraised

But from the point of view of prevention the

most valuable measures are the curtailment of

sugar m the diet and the addition of fluonde to

the dnnkmg water ta those communities m which

the latter has a low concentration of this element

The movements of the lower jaw in chewing

are accompli'hed by the muscles of mastication

which include the mas^etcr the temporal muscles

and the internal and external pterj goid muscles

all of which receive their nerve supply from the

mandibular division of the trigeminal nerve The

buccinator muscle which may also be considered

a muscle of mastication is supplied by the facial

nerve Thiough the action of the muscle of the

jaw the mandible may be moved m any one of

several directions Simple closing of the mouth

as in biting or crushing food is accomphshed by
the combined action of the masseter temporal

and internal pterygoid muscles Opening the

mouth 13 accoftiphshed by the action of the
relatively weak and myloid muscles

and aided by gravity The grinding movements
of the molar teeth are accomplished by a rota

tional movement of the jaw which results from

contraction of the pterygoid muscles of one

side Contraction of the right pterygoid muscles

for example causes protrusion of the right half

of the mandible whereas the left half remains

relatively stationary This results in a rotational

movement with the lower teeth on one side

shding over the upper teeth of the same side

The jftw vs retumed to a midpositioa and then

rotated to the opposite side by contraction of

the left pterygoid muscles This kind of chewing

13 accomplished by the alternate contraction of

the nght and left pterygoid muscles IVhen all

four pterygoid muscles contract protrusion of

the jaw results Retraction of the jaw is accom

pltshed by contraction of the posterior fibers of

the temporal muscles and the geniohyoid mus-

cles

The force of the bite apparently is limited by
the sensitivity of the pendental membrane and

not necessarily by the power of the muscles of

mastication In the human the molars have been

observed to exert a pressure m excess of 270

pounds (122-t- kg) (Black 1895) The pressure

exerted by the incisor teeth is necessarily less

due to the lesser mechanical advantage in this

location Accordmg to Howell and Manly (1948)

pressure exerted by the incisors ranges from 11

to 25 kg These authors found a force of 29 to

90 kg for the molars A dog when chewing

bones may exert a force as great as 165 kg

(Tnsca 1924)

Chewing may be earned on volimtanly but for

the most part it is a reflex act The dual nature

of the nervous mechanism is mdicated by the

fact that chewing movements may be elicited by

eleclnca! stimulation of appropriate areas of the

cerebral cortex (Ferner 1880 Magoun and

others 1933) as well as by sensory stimulation

of the mouth in decerebrate animals (Shernng

ton 1917 Basett and Penficld 1922) Magnus

(1945) reports that there is a center in the

medulla which mediates rhythmic movements of

the jaw m response to stimulation of receptors

in the mouth but that this center is dominated

by a thalamocortical center which is responsible

for the finer regulation of the movements Effi

cient chewing is accomplished only when the

higher centers are functiomng

Deglutition

Alagcndie (1S3S) described the act of swallow

mg as occurring m three stages which he dc-
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Bcnbcd as follows “For the better understanding

of the subject we shall divide deglutition into

three stages In the first the ahments pass from

the mouth into the pharynx, in the second they

pass over the opening of the glottis and nasal

fossae and am\e at the esophagus, in the third

they pass through this canal into the stomach ’*

It 13 convenient to refer to Mngcndie’s first stage

as the oral stage, the second stage as the phar>Ti

geal stage and the third as the esophageal stage

The FinsT on Or-u. Stage of Swallowing

During the first stage the food is mo\ed b>

the action of the muscles of the checks and

tongue into position on the dorsum of the

tongue, the tongue is pressed against the roof of

the mouth progressively from the front back

ward, causing the food to moie backward toward

the oral pharynx In this situation the food mass

IS put under pre'^ure, mainly by contraction of

the mjlohyoid muscle, and the act passes into

the second stage

According to Hegncr (1936) who made his

ob«en ations with a laryngoscope, the first phase

may a ary dependmg upon the circumstances at

the tune the food is swallowed He distinguishes

what he calls "pure swallowing" from “maslica

tiOD swallowing" Food swallowed during masti

cation passes from the mouth into the phaiynx

iTith very httle muscular effort and goes down
the side on which it is being chewed In pure

swallowing, with conscious effort, it may pass

down on both sides but usually also in thu case,

down the accustomed side, this is most often the

right side The lack of muscular effort m thej

first stage dis^inguisfiea mastication swallowing/

from pure swallowing ^ j
The Secontj ob Pharyngeal

Stage of Swallowing

Understanding of the second or phaiyngeal

stage of swallowing will be easier if we keep in

mind the fact that the alimentary tract cros'ses

the respiratory tract tn the region of the pharynx
so that the swallowing movements have to serve

two quite different functions one, to propel the

food through the pharynx and mto the esopha-

gus, and the other, to protect the airway, both

abo\e and below, from the possible entrance of

food particles Although the propulsive and the

protective mechanisms operate simultaneously,

it IS simpler to describe them separately

Food 13 propelled from the mouth, through tlie

pliarynx and lato the esophagus by muscular

movements which increase the pressure m the

mouth and oral phaiWTix an tj dcrrm'T it in thp

jipp^r enrrnf the esophagus Pressure in the oro-

pharyngeal space Ls increased by contraction of

the mylohyoid muscle which pre^^es the tongue

against the rool o! the mouth The intrinsic mus
dcs of the tongue assist by making the tongue

firm and insuring a proper chstribution of the

prc&sure, which increases progressively from the

front backward Although the pressure is nsmg
m the mouth and oral pliary nx, it is decreasing

m the laryngeal pharynx and upper esophagus

(Barclay, 1930) Tlie cricopliarvngpus muscle,

which serves as a sphincter for the upper end of

the esopliaguo, relaxes and at the «!ame time the
'

larvTigcal asgembly
, mcludmg the hyoid bone ,

krv nx and cricoid cartilage, moves forward and

upward cany mg the anterior w all of the esopha

gus with it Since the posterior esophageal wall

remains in contact with the prevertebral muscles

the movement of the anterior wall tends to create

a space between the walls and so lowers the

pressure m the upper end of the esopliagus

M'hen the bolus reaches the base of the tongue

its movement is accelerated by a rapid down

ward and backward movement of the tongue,

which takes place at the same tune as the for

ward movement of the larynx mentioned above

As a result of the combined forces acting on it

the bolus moves with such speed that it is often

projected deep into the esophagus In a remark

able study made with fiuoroscopic motion picture

technique, Rushmer and Hendron (1951) ob-

served that a bolus approached the pharynx mth
a velocity of 9 feet per second Passing through

the pliarjnv it attamed a velocity of feet

24 feet and feet per second, m successive

frames,' then slowed to 12 feet per •second and

finally to 5 feet per second as it passed into the

esophagus The«e data were obtained with the

subject in a borisontal position, m the erect post

tion the bolus mov ed even faster The nhan ngeal

musglesjiflubtless participate in the second stage

m some way but their action is not essential

The relative importance of the oral and pharyn

geal muscles in this stage is indicated by the

fact that m the expenments of Kroneckcr and

Meltzer (1883) denervation of the pharyngeal

muscles in the dog caused little or no di«turbance

in swallowuig, whereas the animal was unable to

swallow after the mylolivoid muscle had been

(Icnervated

The development of negative pressure m the

upper esophagus dimng the second stage of

swallow tng lias been denied by some mvestiga

tors but has recently been confirmed by Code
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£)£GLUnT/OM PRESSURES
AT THE PHARyNGO-ESOPMACr>lL JUNCTION

Rteordtd Al HlQh Sp«*tf (5 em./s»eond)

WrOGWlFH

Fig 41 2 Records of pressure changes in the pharjnx nharsngoesophsgeftl junction (sphincter)
and upper esophagus during the second stage of saallomne The increase in pharnceal pre«sureand pn
marj decrease in esophageal pressure are clearly shown From Code cl al 195S Courtesy of Charles C
Thomas Co Springfield, 111

and hi8 coworkers (1958) («ee figure 41 2) in a
careful stud} of the esophageal pressure by

modern, highly accurate techniques The nega-

tive pressure is of brief duration and is therefore

easily mi«se(l, the entire second stage occupies

less than 1 second (Kupferle, 1913)

e must now consider how the airway is pro-

tected while the food is passing the pharyngeal

crossroads It will be recalled that there are

four possible outlets from the oral pharynx

through which food may be expelled The«e are

back into the mouth, up into the nasophaiynx,

forward into the larynx and downward into the

esophagus The swallowing reflex has to be so

coordinated that the food takes only one of these

possible paths, namely that into the esophagus

Return into the mouth is presented by the

position of the tongue against the roof of the

mouth and the high pressure developed in this

area Passage into the nasopharynx is normally

pre\ enteil by the combined action of the tensor

V eh palatini and the lex ator veh palatini nnisdcs

which together stiffen tlie soft palate and cause

it to press against the posterior pharyngeal

wall It thus forms a protectne partition be-

tween the oral pharynx and the nasopharynx

If these muscles arc paralyzeil or if there should

be a defect in the soft palate, food enters the

nasopliarynx and swallowing becomes extremely

difficult or impossible An important factor m
prexenting entrance of food into the respuntory

tract durmg swallowing, is the inhibition of res

piration which occurs during ttie second sta^e of

swallowing (Magendie. 18381

The exact mechanism by which the larynx is

protected during the passage of the bolus has

been the subject of much study and controversy

It seems clear from the vanous descriptions that

are available that the larymgeal opening is closed

during the act of swallowing bv the nDnroxima-

tion of both the true nwd the, false xwnl chords.'

in addition, the epiglottis serves to divert the

oncoming bolus to one side or the other of the

larynx Only when liquid is being swallowed in

considerable volume does the swallowed material

cascade oxer the end of the epiglottis In any

case, it usually prexents the passing material

from coming directly m contact with the upper

surface of the larynx The position of the epiglot-

tis at the moment of the passage of the bolus has

been the subject of considerable argument, how-

ever most obserxers agree that it is earned into

a honwmtal position by the backward mox ement

of the tongue and the forward movement of the

larynx This same combination of moxements

results m the larynx being drawn up under the

base of the tongue where it is completely out of

the nay of the oncoming bolus

Many authors prefer to combine the first and

second stages into a buccopharyngeal stage The

buccopharyngeal stage has been desenbed by

Pancoast, Pendergrass and Schaeffer (19-10) as
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DEGLUT/TION PRESSUac SEOUEWCE
tN MID-ESOPHAGUS

Pft$ut» Pick-Up 5 cm. Apotl

occurring m four pliases, first, filling of the

mouth and movement of the base of the tongue

backward toward the postpharyngeal wall, sec-

ond, as the bolus begins to move backward from
the mouth, the base of the tongue comes against

the postphar>T3gen! wall and the epiglottis goes

backward and downward Simultanoou<»ly the

larjnx n‘H>s and the arytenoid cartilages come in

contact with the under surface of the epiglottis

so that the tongue, epiglottis and arytenoids

form a smgle homogenous X-ra} 'shadow The
meeting of the«e tliree structures clo'^'S the air

passage to the larynv Third, the bolus enters the

laiyngeal pharynx and immediatelj passes down
into the esophagus, and fourth, the structures

return to the resting position

The depth to which the bolus penetrates into

the esophagus depends on the con=:istency of the

materia! being swallowed and also on the position

of the individual In a horizontal position, if the

food IS solid, It usually comes to rest at about the

level of the clavnelo and is not unmcdiatelj pro-

pelled into the thoracic esophagus until the

third stage of swallowing begms In the up-
right position even solid food maj be projected

into the thoracic c«opliagus Liquids, on the

other hand, are apt to be earned all the way to

the cardia if the subject la m the upnght por-
tion, and some maj pass directly into tlie stom-

ach (Aleltzer, 1807)

The Thikd or Csopoaqeal
StaOE of SWALUlWINO

A peristaltic wave appears in the upper end of

the e«iophagus associated with each swallowing
effort, regardless of whether the food is swal-

lowed This wave consists of a constriction of the

esophagus caused by contraction of the esopha-

geal mu«cle at the site of the wave, and relaxa-

tion beyond The contraction and associated re-

laxation move together down the esophagus and
eventually reach the cardia The advancing wave
0/ relaxation affects the cardiac sphincter, caus-

ing it to relax Although the contraction phase
canes the bolus ahead of it the relaxation phase
facilitates its pa'?sagc through the esophagus, es-

pecially m the region of the cardia, failure of the

cardiac sphincter to relax can be a cause of diffi-

cult swallowing It there is a succe‘'‘!ion of swal-

lows, as for example, in dnnking a glass of water,

the relaxation phase of the second swallow in-

hibits penstalsis initiated bj the first and so on
throughout the senes, a penstaltic wave follows

onl^ the last of the series (Meltzer, 1899) The
t)pe of peristalsis which is always associated

tfiCVUqSRAPH
WrdcRAFH

I I i
“ "

Lm [t] m M I 'hi l-b l 't-4= ii=i='N
Fio 41 3 Pressure changes caused b> passage

of a pnmarj peristaltic wave over the niidportton
of the esophagus The arrow 00 the myograph reo
ord indicates the moment of voluntary Bwallowing
effort From Code et al 195S Courtesy of Charles
C Thomas Co , Springfield EJ

with the act of swallow-mg, and does not require

the presence of food for its appearance, is known
as primary ttophaged pmslahxi (Figure 41 3)

If for an> reason the esophagus is not emptied,

by the primary wave, contact of the food mass

with the Wall of liic esophagus wiU imtiate addi-

tional penstaltic waves, these compnse secondary

esophageal penstalsis They do not require the

swallowing reflex for their initiation but occur

whenever the esojJiagus contains a bolus, usually

they continue until the e'^ophagus is emptj , or

until the reflex responsible for their mitiation is

fatigued

As will be explained later, if the vflini«t nerves

are cut, swallowing immediately becomes im-

possible, however, in some amroals m which the

lower portion of’the esophagus contains smooth
muscle, as it does m the cat, monkey and hum^.
rome degree of peristalsis ultimately reappears

fti the smooth muscle portion This enables the

esophagus to empty itself of such material as

has accumulated m the upper portion This phe-

nomenon was first ob'^erved and given the name
of teriviry esophageal penstalsis by Cannon m
1907 This IS the onl> type of esophageal peristal-

sis recogmzed phj-siologicallj as tertiary ,
how-

ever, m the clinic, “tertiary” peristalsis maj
mean any one of sev era! types of abnormal move-
ments seen in the lower third of the esophagus
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in elderlj patients or m patients suffenng from

some form of neuro«js

There is considerable difference in the rate of

progress of food through the esophagus m differ-

ent animals and in man in different positions,

for example, in the goo'=e food takes from 9 to

12 seconds to reach the stomach, but in the dog
it takes only 4 to 5 seconds (Cannon and Moser,

189S) Food moves more rapidly m the upper

tno-thirds of the esophagus than in the lower

third, this 13 in accordance mth the difference in

the rate of contraction of stnped and smooth

mu«cles In man food takes longer toj'each.the

stomach in "the horizontal position th^n in the

l erh^ .pTisTnon this Hifference ia P«apt»cially pro-

nounced if liquids are swallowed Hurst in 1907

and Schrciber in 1915 studied swallowing in the

human in the inierted po‘‘ition Hurst reported

that m the inverted position fluid could be seen

steadily ascending the esophagus at about one-

third the rate it travels in the normal position

Sometimes a little fluid could be seen Bowing

back from the stomach into the esophagus Well

chewed bread beliavcd like liquids Cachets , how •

ever, mo\ed verj slowly Schreibor noted that 30
seconds after a single swallow, with the subject

standing on his head, the contrast medium was
onlj at the level of the seventh cemcal vertebra

at the entrance of the esophagus ASTien a large

amount was swallowed the esophagus filled and
became distended but the liquid did not enter

the stomach Both sets of obscr\ations point to

the fact that m the human, gravity is an impor

^nt faftor in the progress of foods through the

4^opliagU3 However it is obvious that in ani-

mals such as the goose and the horse, which nor

mally dnnk with the head down peristalsis is

capable of moving liquids against granty

Associated with the swallowing reflex there is

cessation of activity and loss of tone m the entire

gastric musculature but whether this is an c\ten

Sion of the relaxation phase of the esophageal

peristalsis or the result of a separate reflex is not

clear at the moment This behai lor of the stom-

ach was desenbed bv Cannon and Licb in 1910

and IS known as the receptive relaxation of the

stomach The relaxation also commonly invohcs

the first portion of the duodenum where On the

dog, at least) it persists for a considerable time

after the last swallow (Thomas and Cnder,

1935)

^The Swallowing Reflex

The first stage of swallowing, Lke chewing,

iiiaj be initiated voluntanij but is nonnally a

reflex action A large part of the second stage

and all of the third stage of swallowing are en-

tirely mvoluntary If one wishes to swallow when
the mouth is free of food or foreign matenal a

little ^liva 18 passed backwards by the tongue

and thus senes a? a mechanical stimulus for the

initiation of the second and third phases of the

act which are purely reflex If the mouth is kept

perfectly free of saliva deglutition becomes im

po^ble
take chewing swallowing may be nroduced bv

stimulation of appropriate areas of the cerebral

hmtex (Miller, 1919, Rio^^nd brenner, TU38)

or by stimulation of local receptors even in the

decerebrate preparations (Ferner, 1886, Bazett

and Penfield 1922) The receptors for initiation

of the swallowing reflex wre

cinity of the entrance to the oral nharvnx in all

animals but are distributed somewhat differently

ID different species

^ The most sensitive areas for initiating swallow

)ing in a rabbit is the membrsne of the soft palate

2^bove the tonsils Receptors are also located on the

upper surface of the epiglottis and the posterior

wall of the oral pharynx below the soft palate In

this animal the soft palate is innervated bj the

second division of the trigeminal nerve and the

phar>ngcal wall b> the glossopharjngeal, the

epiglottis IS supplied by the superior laryngeal

nerve In the dog the posterior pharyngeal wall

(he dorsal surface and the base of the epiglottis

and the soft palate contain receptors for the swal

lowing reflex Cutting the second division of the

(ngeminal nerve eliminates the reflex from the

upper part of the pharynx and the soft palate

The posterior pharyngeal wall is innervated by
the glo'wipharyngeal The superior laryngeal con

tains afferent fibers for the swallowing reflex in the

dog but IS said not to be stimulated by food that

takes the usual pathway (Kahn, 1903) In cats the

distribution of receptors and afferent nerves is

similar to that in the dog In monkej-s the upper

part of the palatine arch near the tonsils is the

most sensitive area This region is innervated b>

the trigeminal nerve Less sensitive areas are the

soft palate and the postpharyngeal wall Heflexes

may abo be obtained in the monkey from the false

vocal chords and the base of the epiglottis (Kahn

1903)

In the human the receptors for the swallowing

reflex are distributed in a nnglike fashion around

the entrance to the oral pharynx and are found

m the mucous membrane coloring the anterior

and postenor pillars of the fauces, the tonsils,

the soft palate, the base of the tongue and the

postenor pharyngeal wall \ecordmg to Pom

merenko (192S) the most sensitive areas in the
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human are m the \ncimtj of the antenor and
postenor pillars of the fauces and the ton^ls

Thf SnAUomNQ Ccxter

IVNERVMION of the MCSCLF-S of DEGLm-
noN Coordination of the numerous somatic and
\Tsceral mu«clcs invoked in the act of snalloxnng

13 controIlwJ b} a group of neurons m the Boor

ofjhe fourth \entnclc known as the swallowing

cc^r, fiRt oe'cnbeu b\'‘ JfarLwald m 18S9 He
found that destruction of the brain substance

abo\-e and somewhat lateral to the alac cuiereac

of the medulla eliminates, the swalloiMng reflex

while leanng respiration intact Destruction of

the abe ctnereac stops respuation but does not

interfere with swallowing Tlius the swallowing

center is closclj a-vvociated with, although dis-

tinct from, the rc'piratoi^ center This fact ts of

considerable chnical interest because m diseases

of the medulb as l^ulbar polio or hnin tumor
^

difficult} m swallowmg often precedes respirator} >

failure and xs therefore an omioou- «ign in suchj

conditions
—

The efferent nene fibers invoked in the act

of swallowing are chiefi} m the h}poglossal,

glo’!»ophar}Tig<!al and Migus ner\e« The hjpo-

glossal and glo^phai^Tigeal nencs arc chiefi}

concerned with the buccophai^mgeal stage, the

iagu«, with the esophageal stage of swallowing

The vagus ner\ea suppk the striped mu«cle of

the esophagus with motor fibers, hence, one of

the more senous consequences of cutting the 'lagi

aboie the origin of the mam e«ophage3l branches

13 interference with swallowing The stnped mus-
cle of the esophagus is permancntl} paral}zed

after a high lagotom} (eg , m the neck), but
the smooth muscle of the low er third shows some
degree of recoi er} , pcnstaUis m this portion ma}
return and sw allowing ma} again become possi-

ble (Cannon, 1907) In animab such as the dogj
and rabbit m which the entire esophagus, tar

made up of stnped muscie
,
hign lagotom} re-^

suits in pfiftEanenfiSaZ/jiity to siralloir Paralj-

sa of the etophagus with the resultant accuinab-

tion of food and hquid in the esophagus and
pharynx, associated with the loss of the sensorj

inner%ation of the larynx, results m the aspira

tion of food and hquids into the lungs, the animal

either suffocates or dies of aspiration pneumonia

CAspiration pneumonia is the most common cause

i^f death after a high \agotomy in dogs

y The fact that penstakis, at least in the stnped

muscle portion of the esophag;us, is coordinated

outside of the esophagus it«elf, withm the cen-

tral ner\ ous ^-stem, was demonstrated m e^ien-

menta b} Mosso m 1870 He made a trans\er=e

section through the esophagus of the dog and

pbced a small woo<lcn ball m the part below the

cut The anunal was then stimubted to swallow
,

one or two scconda after contraction of the pha-

TjTigcal mu'cles the penstaltic wa\e began to

traverm the csopliagus The wave did not stop at

the point of the incision but m due time appeared

below and earned the ball mto the stomach

These observations were bter confirmed b}

Mcltscr in 1899 Meltrer observed that if he

used ether ane-the-ia he obtained results simibr

to those of Moaro However, if the animal was

oarcotired with morphine alone the peristaltic

wave did not progress bc}ond the transver=e

incision Likewise it stoppi^ at a longitudinal

incision which permitted the contents of the

csopliagus to escape Evident]} under tbe^ cir-

cum«tances, local reflexes initiated b} the con-

tact of food with the mucosa of the fcophagua

were tssential to the normal progress of penstal

S13 Meltzcr concluded that penstnlsis m tlie

stnped mu«cle portion of the esophagus is coor

dinated in the central nervous but is

aided b} local reflexes arising within the e«opha

gus

Consideration of the manner of endmg of the

motor nenes to the esophagus will aid us in

understanding this situation The stnped muscle

13 direct!} inDervalcd b} the vagus nerves, the

fibers ending on the muscle cells without the

intervention of an} local ganghon eelk In the

'mooth mu'cle portion, however, there is an

extensive local plexus mcludmg nerve cells and

their branches similar to the m}entenc plexus m
other parts of the gastrointestinal tract In tlus|

part the vagus fibers do not go to muscle cells

/

but end on nerve cells within the esophageal}

plexus It is true that a Jess dense plexus extends^

into the stnped muscle portion, but this is per-

bape concerned with secretion of fluid b} the

esophageal mucous membrane rather than with

contraction of the musde As we hav e alread}

noticed, the local nerve plexus is capable of

coordinating peristalsis in the smooth muscle

portion of the esophagus, even in the absence of

the extrinsic nerves

The Cardra

The muscular nng enorchng the lower end of

tl^ esophagus is commonly known as the cardiac

sphmeter, although, as a matter of fact, m man
the thickness of the muscle m this situation is

scarce!} greater than that m the rest of the tube

We have alread} seen that the cardia is held
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tonicallj contracted, but relaxes upon the ap-

proach of a penstaltic wa^e or maj c\en remain

relaxed during a senes of swallows, as in dnnking

(p C87)

Cxpenments upon animals suggest that the

cardia is supplied with bqjh motor and inhibitory

fillers from tlie vnpits. stimulation of this neKe,
although followed in manj cases by relaxation

of the sphincter, at other timra cau«es contrac-

tion^ Although in some animals a tome contrac

tion of the cardiac sphincter follows section of

the xagi, Hwang and his associates found that

bilateral \agotomy in the dog in no instance

caused increased tone of the =phincter, as would

result had thej an inlubitorj function, but hjpo<

tonia was sometimes the result of tins operation

However, the character of the response, inhibi

tor} or excitatory, depends, apparenti}, upon

the degree of tone, high or low respectively, ex

hibited b} the sphincter at the moment of sUmu
lation Species differences may also bo responsible

for the vanabsUty of results Observations upon
cardiospasm (q i ) suggest that in the human
subject the chief influence exerted by the lagalfibers

14 inhibitory

Cardiospasm Cardiospasm is the term anolied

to a condition in which the sphincter does not relax

properly during deglutition, dithcult} in swallow-

ing (d}8phagia) results the subject complaining

that the food ‘sticks in his throat \ ray ex

uninalion frequcntlj shows that the lower portion

ot the esophagus is diUted into a funnel shaped or

fusiform structure The condition is usually one of/

incoordination between the muscle of the esopha T
geal wall and the ephincter-'-ocAohm^—ratherj

than one of actual spasm Hurst showed that in

mo'it instances a tube weighted with mercury

passed readily through the obstruction and sug

gesled the term achalasia in these cases in prefer

ence to cardiospasm The mode of its production is

not know n for certain In some instances it ma> be

reflex m nature and due to the irritation of afferent

fibers in the stomach, gall bladder or other ab

dominal viscus In two cases reported by Rake
from which tissue was obtained for histological

examination, degeneration of Auerbachs plexus

(which receives vagal fibers) was found Degenera

tive changes in the ganglion cells of this plexus

have been described by several investigators The

recent observations of Code and his coworker*

(IDSS) led them to the conclusion that achalasia w*
associated with degeneration of Auerbach's plexusC

and is eharaeterized by abjenec of perista!*!* ink

the bod} of the esophagus A remarkable findiOgin J

their cases was incrcasc'd response of the e«opliii^

geal muscle to Mecliolj 1—a choline compound that

acts like acetylcholine

The cardia is also innervated by the sympi
thetiCi but there has been uncertainty again as

to whether this nerve exerts an inhibitor} or an
exatatory action As in the case of the vagus,

both inhibitory and motor effects have been

reported (Luckhardt) to result from its stunula

tion In man the sy-mpathctic has been thought

to have a motor action The fact mentioneil

earlier—that in some animals bilateral vagotomy

causes spastic contraction of the cardia—would

also suggest that the usual action of the sympa-

thetic upon the sphincter is excitatory, were it

not /or the observations of Hw ang and associates

that sympathetic ganglionectomy is without any

effect upon sphmeter tone, whereas vagal section

may be followed by bypotoma Knight, m
expenmenta upon cats, found that although

vagal stimulation m all instances, caused relaxa

tion of the cardia, sympathetic stimulation in-

variably resulted in contraction

Thus, as m the case of flie vagus, the conflict

of expenmental resuUs in respect to the sympa
thetic innervation of the cardia does not permit

any clear cut statement to be made The confu-

sion IS likely due to species differences Observa

lions m cases of cardiospasm (see below) Iiave

8uggeste<l 8 motor action of the sympathetic in

man but Gnmson and bis associates have thrown

doubt upon such a function as they could find no

change m sphincter action after double supra

diaphragmatic vagotomy
The cardia relaxes much more readily to pres

sure appbed to its esophageal aspect than to

pressure from within the stomach In ammals, a

pressure of 5 to 7 cm of water on its upper

surface is sufficient to cause relaxation, but a

pressure of 25 cm is required to be exerted from

the stomach side Alvarez found however, that

m the human subject the mete pressure of the

stomach contents upon the cardia may cause it

to relax This fact was brought out by placing

persons in the head-down position The tonicity

vanes in degree in different individuals and m
some, simply bending over forces the cardia, and

causes a reflux of fluid into the pharynx or

mouth, as a result, no doubt, of the compression

of the abdomen, and the consequent elevation of

mtragastric pressure It is to be recalled m this

regard that the pTcssure in the esophagus is,

like that within the rest of the thorax gener-

ally, sufantmosphcric In mdivnduals in which

the tone of the cardia is lessened, the ‘nega

Uve” pressure in the esophagus (together with

any increase of pressure in the abdomen) will
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encourage the regurgitation of fluid from the

stomach

The tone of ttic canhn is inhibited b> mtld

sUmuhtiw ol ti L gastricjnuco^a anci b\ gon'ton

impul cs nn«ing in the moutii and pharin\ Its

tone increases^s^ige«tion nroceciU The factor

r^ponsiUle lor the mcrta‘5c<i tone (toes not ap-

pear to be the aciilitj of the gastric contents

the hjpcrtonicitj npparentlj is a part of the

general increase m tone that occur? m the fundic

portion of the stomach with the progress of

digestion

The tone of the sphincter mav be tnereused

refle\l\ bj abnormally strong stimulation of the

stomach Or of more remote regions of the nlimen

tary tract \ffcrent impulses arising from a dis-

eased gall bladder and other abdominal organs

have been held responsible for abnormally hyper

tonic states of the carilia

\vnprRi3T«-Ris JN THE Esopihqds

HrMiTounN Brunitvo

According to \harez reverse wavelets or rip-

ples commencing at the cardia and passing up-

wards along the esophagus to the pharynx are

not an uncommon occurrence m man but true

reverse peristalsis is not ^een unle«s «ome ol>-

struction exists The reverse npplcs in the

esophagus are thought to be rcspon«ible for

some of the symptoms of dyspepsia eg the

deposition of fur upon the bach of the tongue

bad breath and regurgitation of fluids into the

mouth Evidence for the existence of reverse

movements in the e«!Ophagu3 was obtained by
Kaat who found that lycopodium spores swal

lowed m a capsule were recoverable from the

mouth washings next morning in ov er 50 per cent

of a senes of human subjects The possibility of

material from even the lower bowel reaching the

mouth is strongly suggested by the fart that

lycopodium spores introduced into the colon by
enema have been recovered some hours later

from washings of the stomach

Hevrtbtox is a^enbed by Alvarez to the

stimulation of the mucosa of the Upper part of

the esophagus by acid flmd regurgitated from

the stomach Payne and Poulton suggest that a

tome spasm of the esophagus set up by the acid

stimulus IS responsible for the sensation Jones

and Richardson produced it in normal persons

by distension of the low er third of the esophagus

The introduction of acid cold water or gastric

contents into this part of the esopliagus also

caused the burning sensation Spasm of the wall

of the tube was observed at the level in contact

With tlic material and reversed peristalsis above
It is generally agreed that thp sensation docs not

originate within the «tomacli itself

BrLCiiixo The tendency after a meal for

small amounts of gas to bo expelled from the

stomach into the esoplugus and mouth is evpen

enced by most normal persons It is brought

about most probably by reverse waves originat

ing in the cardiac region of the stomach and
ascending the esophagus The repeated belching

of gas 13 however abnormal The gas m the«e

instances is not as a rule produced by digestiv e

or fermentative processes m the stomach but is

simptv air which lias been previously swallowed

(aerophagy) it has the composition of atmos

phene air The greater part of the swallowed air

docs not enter the stomach but is held in the

lower part of the esopliagus until a sufficient vol

ume has collected to give the subject a certain

satisfaction when it is belched The condition is

seen m the nervous type of subject or in one who
lias some gastric discomfort he resorts to the air

swallowing tnch in an effort to gam relief The
j^ntrjgastnc prc&surc is not increased above tl_o

nomal. apparently, in subjects who have the

sensation of gas on tfie stom i^h and tl^ pres-

sure IS not lowered after gas has been belched

Movements of the Stomach

Before attempting to tlescnbe the mov ements

of the stomach it is desirable to define the ana

tomical terms that mil be used (see figure 4] 4)

The stomach as a whole consist? of a/uRdu« bodj/

anil n pplcnc portion (antrum) The fundus is

that portion of the stomach which m the human
in the upright position lies above a bonzontal

plane passmg through the esophageal opening

The body of the stomacli (corpus vcntnculi) ev

tends from the fundus to the innsura angularis

OD the lesser curvature and to a corresponding

notch on the greater curv ature The mcisura i» a

conspicuous notch on the lesser curvature which

serves not only to separate the anatomical

divisions of the stomach but also marks the

position of a band of smooth muscle which has a

higlier degree of tonus than most of the remain

der of the gastric muscle and causes a narrowing

of the gastnc lumen at this pomt The pylonc

portion (pars pylonca) extends from the mcimra
angularis in the leaser curvature and the cor

responding notch on the greater curvature to the

junction of the stomach with the duodenum The
jqloric portion differs from the remainder of the

stomach m having much heavier musculature

The cardia is simply the esophageal onBce
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Fir 41 4 Dissram showing tbe posiliOD aod

subdivisions of the atomach A B and C represent
J reversed L and steer horn types of stomach re
epeclively D stomacn oi ttie J shaped type «ith
the greater curvature Ijing well below tbe level of
the umbilicus Antrum is also known as the vesti
bule

that IS, the opening between the esophagus and
the stomach Properly speaking it refers to no
anatomical strucltiie, nevertheless the term is

often used to refer to the entire region of the

stomach surrounding the cardia and in that sense

it includes the roucoua membrane and muscle in

the immediate vicuutj of the orifice The cardia

IS surrounded by a sphincter muscle knonn as the

cardiac sphincter This sphincter, although it ap-

pears thicker and heavier than the adjacent mus-

clc when in the contracted state, is diflicult to

see in the dead stomach The pylorus is the

opening between the stomach and duodenum

and, like the cardia, refers to no anatomical

structure However, the term is often iwed to

designate the pjlonc portion of the stomach

Likewise the pyloric sphincter is sometimes re-

ferred to as the pylorus These usages are incor-

rect and often give rise to misunderstandings

The lumen of the pjlonc portion may be divided

mto an antrum and a pjlonc canal The separa

tion between the«e two portions is marked bj a

sulcus intermcdius when this is present The
portion to the nght of the sulcus is known as the

pj lone canal and the portion to the left as the

pylonc antrum, the antrum, too, ls not a struc-

ture but a space, nevertheless, the entire jijlonc

portion IS often called the antrum tn clinical

literature

The Periodic Activity of the Empty Stomach

The smooth muscle of the stomach is seldom

completely inactive, but its activity increases

during gastnc digestion and penodically when
the stomach is empty The activity of the empty
stomach was first observed by Schirokich (1901)

whose observations were extended by Tschesch-

kow (1902) and later by Boldyreff (19(M) all

working in Pavlov's laboratory in St Petersburg

Boldyreff, in particular, noted periodic activity

of other organs of digestion including the small

intestine and pancreas The contractions of the

empty stomach were further studied by Cannon

and Washburn at Harvard in 1912 These au-

thors recogmzed the relation between the con-

tractions and the sensation of hunger and pro-

posed for them the name hunger contraclwns

Later, hunger contractions were studied and de-

scribed JD detail by Carlson (1916) and his co-

workers at the Univereity of Chicago

Hunger contractions are peristaltic waves

superimposed on contractions of the gastnc

smooth muscle as a whole In contrast to diges

live penstahi s, which is evident chiefly YETthe

d^Ppart of the corpus and pjlonc portion of

tbe stomach the hunger waves travel the entire

length of the stomach

Carlson recognized three types of hunger con-

tractions Type I occurs when the tone of the

stomach is feeble It consists of single contrac-

tions «openmposed on a low tone level The
tonus of the stomach does not nse between con

tractions and there is always an interval of time

between the end of one contraction and the be-

ginning of the next Each contraction lasts for

about 30 seconds and the interval between con-

tractions is from second to 3 or 4 seconds

These contractions occur during ajjungcc-peoed

which lasts for from 15 to 30 minutes The hun

ger periods are separated by rest penods lasting

for from H hour to 3 hours Type 11 hunger con

tractions occur when the tonus of the stomach is

strong TTiere is no intervening pause between

the contractions each of which lasts for 20 to

30 seconds The tonus of the stomach tends to

nse as the contractions follow one another Often

toward end of a scries of contractions there

ts a penod of incomplete tetanus of the stomach

lasting for 1 to 5 minutes This tjTW of hunger

contraction tends to be continuous m the sense

that there are no reaL pcnoda tictWCCn'thc iiun-

ger periods Type III hunger contractions ap-
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Fio 41 5 Dia^am shoeing the mrthoil u*ed to record tbe gastric hunger contractions A kymo
graph record of the increase and decrease of volume of the gastric balloon B, C, time records in minutes,
D, record of the subjective experience of hunger pings, E record of (he pneumograph placed about the
waist (From Cannon

)

Pio 41 5 Upper, tracing of tbe tonua rbytfasi of the stomach (man) 3 hours after a meal Lower
tracing from the stomach during the culmmation of a period of vigorous gastric hunger contractions
(From Carlson

)

pear when the tonus of the stomach is very hi^
and tends to increase with the 6rst contraction

Tbe characteristic performance of the stomach is

an incompletojtetanus which for 1 to 10

imnutra^Supeninpose3~onthe hightoneTe^
are indiindual contractions lasting from 12 to 15

seconds each

Carlson noted that hunger contractions are

apt to begin soon after the stomach has emptied

In the beginning they tend to be type I and the

hunger periods at first are of short duration As
the fast contmues the hunger penods become

longer and tbe rest penods shorter and even-

tually the contractions become type II m char-

acter TjTie HI contractions are seen m animals

after prolonged fasts, they rarely occur in hu-
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mans Hunger contractions are more^ngorous/ loss of appetite Extreme hunger, maj , of itself,

in young than in older persons and thesensa-/ reduce appetite through producing a sensation

tions associated with the contractions \ary a
great deal in different people In some people

the\ are definitely painful, \Nherea3 others are

conscious merelj of a \ague feeling of emptiness

which is exaggerated during the contraction

pliasc but IS apt to be more or less continuously

present

Associated mth severe hunger contractions are

certain sj-stemic effects nhich ore of interest m
explaining the discomfort and inefficiency that

IS associated xvith sciere hunger There is for

example, an increased excitability of the reflex

centers of the central nervous system which can

be demonstrated bj studying the knee-jerk At
the same time there is general restlessness and
increased movements in those anunala that are

goierned bj instinct this doubtless has to do
with the ecarch for food There is an increase m
heart rate during the actual contractions and an
increase in the sahv-ary flow mth each contrac-

tion The latter is evident during strong contrac-

tions onlj There is apt to be a feeling of weak-

ness and a general indisposition to make any
vigorous effort mental or phj-sical Along with

the sensation of emptiness winch is referred to

the epigastrium there is often headache The
headache of hunger is peculiar m that it is re-

lieved at once on taking food, it is probably reflex

m ongm Finally there is apt to be a sensation of

nausea mth sex ere hunger As pointed out by
Ixy and his associates in 1923, this latter effect

is probablj due to contractions of the duodenum
Tlic duodenum and upper jejunum ususllj par-

ticipate in hunger contractions

Hunger contractions are inhibited by htkmg

iood The presence ot almost anj substance in

the stomach is sufficient to inhibit the contrac-

tions for a time, food m the mouth or in the m
tcstine IS also effective Strangelj enough, hunger

contractions cease on the presentation of food

even though the food is not eaten

Hitsgfr covTnvcnoN'i and appetite AI

though the sensation of hunger is associated with

clunges in the viscera which can be easilj

demonstrated by physical means, this w not tnie

of appetite Appetite is largely due to antiapa-

tion of the plra^ire of rating, ilUhou^l it is

D^ccssanlv so One mav have his hunger com-

pletely satiScd and still have an appetite for

palatable food Likewise one may be hungry but

because the food presentetl is distasteful, or the

surroundings disagreeable, he may suffer from

of nausea This subject is discussed more fully

in chapter 43

Digestive Peristalsis

As soon as food is taken the hunger contrac-

tions cease and, after a variable period of time,

thQ are replaced by digestive peristalsis The

outstaiuLng characteristic of this type of gastric

peristalsis is the constancy of its rhythm IMien

the stomach contains food, peristaltic waves

occur regularly at a frequency of about three per

minute in the human four per minute in the dog

and about five per minute m the cat Each wave

begins as a slight circular constriction of some

part of the body of the stomach or corpus ven

tncuh (Cannon 1698, 1911b) The exact point

of ongm vanes with conditions one of which is

the amount of food m the stomach Tlie con

traction appears in the X-ray silhouette as a

slight indentation on the greater and lesser cur

xaturos which travels toward the pylorus, be-

coming deeper meanwhile, until it finally ends

with a contraction of the pyloric sphincter

(\Vheelon and Thomas, 1920, 1921) Not all gas-

tric waves reach the pylorus in this manner

Some appear to terminate at the mcisura angu-

lans (Ilofmeister and Schuts, 1886) or they may
end at some point on the pylonc portion most

frequently m the region of the pylonc canal

Mlicn this happens the portion of the stomach

beyond the point of termination of the wave

appears to contract concentrically
,
expelling its

contents either into the duodenum or back into

the proximal portion of the stomach

The difference between waves that go all the

way to the pylorus and those that appear to

slop short may be explained by assuming that

all waves progress peristaltically until thev be-

come deep enough to obliterate the gastric lumen

This would cause a sudden nse in pressure in

the space beyond and might act as a stimulus

causing the muscle surrounding this space to

contract It is probably significant that the an

tnil muscle shows a greater tendency to contract

in response to the stimulus of stretching than do

the other gastnc muscles (Gellhom and Budde,

1023)

A pcnataltic wave takes one minute, more or

less, to travel from its point of origin to the py

lorus Since there are three waves per minute,

the stomach will usually be occupied by three

waves at one time, or by four or more if the on-

pn B near the fundus (figure 41 7) If the ongm
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IS low onlj one or two ma> be socn Cole rccog

niied this fact and spobe of one-, two-, three*, or

four cj cle stomachs, depending on tlie number of

wa\e8 that were M^ible at one time

During digestion the body and fundus of the

stomach, which sene tlio re^cn'Oir function pn
manlj

,
behave quite differently from the pylonc

portion which serves mainly the function of

mechanical digestion and propulsion The mus-
cle of the body and fundus are relatively thin

and participate to only a moderate extent m
visible penstabis It is llus portion of the stem

ach that undergoes the greatest changes in size

and shape, accommodatuig itself through changes

in tonus to the volume of its contents

The Tonus of the Stomach

Tonus IS a word that has a variety of meaning?

and IS difficult to define precisely, nevertheless,

there are certain characteristics of smooth mus-

cle for which no other name is available Tonus,

as applied to smooth muscle, refers to the rcia

tion between the length of the muscle and the

tension which it maintains, thus, it may mean
either the tension m the muscle when main

tamed at constant length or the length which

the muscle assumes under constant tension This

IS another way of saying that a change in the

tonus of a muscle constitutes a change in its

clastic properties In the digestmg stomach, the

length of the muscle libers is determined largely

by the volume of the gastric contents In these

circumstances changes in tonus express them
selves primarily in terms of tension and are m*
dicated by the pre^uie within the stomach If

the stomach is empty, changes m tonus will

express themselves largely by changes m the

length of the muscle fibers and this becomes

manifest through changes in the shape of the

stomach The shape of the human stomach is

subject to wide vanations Some of the shapes

which it may a'isume are illustrated in figure

42 4, 8> b, e, d The shape of the stomach is, of

course, also influenced by the volume of its

contents and by the posture In the reclining

position it tends to assume a more nearly trans-

verse position, whereas m the upright position

the midportion of the stomach has a tendency

to descend, producing more of a J shape

The tonus of the gastnc mu'cle, m so far as it

IS mversely related to the average volume ca

pacity of the stomach, must increase progres-

sively as the stomach empties durmg digestion,

otherw^ the intragostnc pressure would fall to

a level too low to mamtam emptying Whether

this necessary gam m tonus takes place by con-

tinuous gradual shortening of the fibers as pos-

tulated by Cannon (I9Ilb), or m a stepwise

manner as proposed by Cole (1911, 1917) is still

uncertain Cole described what be called “sys-

tole” and “diastole” of the stomach The«e are

contractions and relaxations, respectively, of the
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entire gastric musculature occurring appro^-

matcly once every twenty seconds in man
Dunng each sj-stole the penstaltic waves in-

crease in force as indicated by deeper indenta-

tions on the greater and lesser curvatures as

seen in the X-ray silhouette Decrease in the

vigor of penstalsis is associated with the phase of

diastole If Cole’s de«cnption is correct, the

problem of gam m tone becomes merely a matter

of a slightly lessened relaxation after each suc-

cessive sj'stole, the resulting decrease in volume

corresponding to the volume of material ex-

^lled from the stomach

/ The tonus of the gastne muscle and the pen-

Vtaltic movemcnta~are closely Tel*\ted . anything

I

that decreases gastric tonus depresses peristalsis

' and any mcrea'e in tone is apt to be associated

-Tvilh an increase in the vigor of the penstaltic

waves For example, if the vagus nerves are

cut the stomach becomes hjpotonic and propul-

sive penstaltic waves cease After several weeVs

or months the tonus is partially restored and
with it peristaltic activity The apparent depend-

ence of penstalsis on tonus suggested to Cannon

(19Ua) the thought that rhjthmic pcnstahis

arises in muscle fibers that are under a certain

optimal degree of tension, depending on the

relationship between the volume of the gastne

contents and the tonus of the muscle Since sys-

tole and diastole of the stomach as described by
Colo occur approximately once every twenty

seconds, which is also the interval between peri-

staltic waves, it may be that each penstaltic

wave IS initiated by an increase m the tone of

the entire gastric muscle

As already pointed out, the tonus of the stom-

ach increases progressively dunng a prolonged

lioA, itni tvwrtrcn^/o W-vtHinft'i.xftKi’iuv

in shape ^\*he^ food is taken the stomach begins

to relax progressivelj witli each swallow so that

the mtragastne pressure does not nse dunng the

act of eating, this is the receptive relaxation of

the stomach referred to earlier in this chapter

Once the stomach is filled, the tonus begins to

recover and after it reaches a certam level diges-

tive penstalsis makes its appearance

The ItEuvnov Betweev JIirvcEn Coktrao-

T10S3 AAD Digestive Peristaisis

Hunger contractions and digestive penstafea

have been de«cnbed as though they were en-

tire!^ separate and distinct tj^pes of activity

This 18 Vargelj the result of their liaving been

investigated by different authors under different

exjienniental conditions In the pjlonc portion

at least, one cannot distinguish between a hun-

ger contraction and a penstaltic wave such as

might occur during digestion The contractions

of the entire stomach that are seen during tiie*

^nger penods are very similar” to the systoles

mid diastoles il^ribed~b} '̂ole (.ibii; as occur-

TiDg whence stomach filled with a banum
mixture It is not unlike!^ that such real differ-

ences as there are between hunger contractions

and digestive penstalsis are due merely to the

different conditions under which they occur, and
that ttwy really represent the operation of a

single motor meclianism ^
Coordination of antrum, sphincter and

DUODENUM The fact that there is a relationship

between duodenal motilitj and the gastric pen
staltic cicle was first noted by Joseph and

Mcllzer In a study on rabbits they observed

that “dunng each contraction of the pyloric part

of the stomach, the duodenum stops its rhythmic

gptmty and lo^es tone, only to resume both

•Tigain as soon os the contraction of the stomaciT

Msses off
”
'fliev remarkwl that thft nhennm^on

resembles the relaxation of the stomach that

occurs during the act of swallowing Later

WTieelon and Thomas (J922) and Thomas and

Cnder noted a similar relationship m dogs As
mterpretated bj Thomas and Crider (1935), a

typical gastroduodenal c>cle is as follows as the

gastne peristaltic wave approaches the pylorus,

the tone and the rhjthmic activity of the first

part of the duodenum are progressively inhibited,

reaching their lowest point just before the gastric

wave reaches the p>Iorus As the gastne wave

ends in a contraction of the pjloric sphincter

the duodenum resumes its tone and rhythmic

aclivitj The contraction of the sphincter is

wcianifpininji by » vuiATai-Vruii ifi Vrit

duodenum Since the rhythmic contractions of

the p3 !onc sphincter coincide with contractions

of the duodenal cap they are probablj concerned

pnmanly with control of regurgitation of duo-

denal contents into the stomach

The GASTnoDooDEVAL Pressuhe Ctcle

Numerous efforts have been made to measure

pressures in the stomach and intestine, but the

methods used were so inadequate that the ob-

servations contnbuted little to an understanding

of gsatnc function About 1940, Brody, Merle,

Aleschan and Quigley devised methods for the

precise determination of intraluminal pressures

in the gastrointestinal tract Tliey utilized

modem precision manometers connected to small

open tubes or tubes ending m small, metal-
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shielded balloons The open ends of the tubes

or the end that was fitted with balloons was
placed in the areas from which pressures were

to be recorded The e\porimental animals were

unanesthctizcd dogs provided with appropriate

fistulas Ordinarih the rccemng ends of the

pressure tubes wore placed just abo\c and lust

below the pjlorus, hence, intragastrie prf?ssuros

were recorded from the terminal antrum and

duodenal pressures from the duodenal bulb In

some of their studies graphic methods were com-

bined with X-raj and fluoroscopic obscraalions

This method jieldorl, m addition to pressure

measurements, significant information regarding

gastnc and duodenal motlllt^, pjlonc «!pliinctcr

activitj and the passage of contents through

the pjlorus Brody and Quiglej and their as«o-

ciatcs extended the stud^ to human subjects

ISTien the stomach is at rest (peristalsis ab-

sent) or m the interials between gastnc pcn«tal-

tio waxes the antral and duotlenal (bulbar) pres-

sures arc low, being slightlj abo\c or below

atmospheric lex els Tliese pressures arc referred

to as basal pressures Basal pressure m the an

trum is 1 to 2 cm of fluid aboxe the basal pres-

sure in the duodenum Taking food increases

basal pressure m both the antrum and the duo-1

donum, but the pressure nse is greater id the\

antrum, hence the pressure difference between \

the antrum and the duodenum is increased
'

a peristaltic waxc approaches the pylorus

the antral pressure increases, usually to txitween

15 and 30 cm HsO, followed bj an increase in

bulbar pressure Howexer, the bulbar pressure

nses more rapidly than the antral pressure so

that the two reach their peaks simultaneously,

after which they both fail again to basal levels

This cycle is repeated, with only quantitative

variations mth each gastric cycle By other

means it was established that contraction of the

pyloric sphincter usually begins near the start

of the nse m bulbar pressure but outlasts the

increase m bulbar pressure

In the fluoroscopic studies, passage of gastnc

contents through the pylorus could be seen to

begin as the antral wave approached the pylorus

but before the elevation in antral pressure could

be detected Exacuation continued through the

earlj part of the nse in antral pressure but

ceased sometime dunng the succeeding nse in

bulbar pressure (and the sphinctenc contraction)

Consequently the tune dunng winch gastnc con

tents could be seen passing mto the duodenum

could be dixaded mto tw o distmct but contmuou*

phases—one during which only basal pressures

served fls a drmng force and resistance at the

pjlonw was low (designated cx'acuation period

"A") and another dunng which the antral pres-

sure substantially exceeded the duodenal pres

sure and the pjlonc resistance was n«ing (called

evacuation penod “B”) (Quig!c>, 1943, 1944)

Figure 41 8 is an attempt to correlate the

gastroduodenal pressure cjcle with the motility

cjcle dc^enbed in the preceding section The
antral pressure n«c is seen to be related to the

terminal phase of the antral contraction The
bulbar pressure n«e is clearly a remit of the con

traction phase of the duodenal cycle Both are

closcI> related m time to the contraction of the

sphincter muscle Bj way of explanation let us

assume that a strong antral wave is approaching

the pjlorus Frc^umably it obliterates the gaa-

tnc lumen at eome point and would put pressure

on the contents of the terminal antrum if they

were not free to escape bj way of the pjlonis

Fig 41 S Composite diagram showing the sue
cesaive contractions of the pars pjJonca ( an
trxim ) pjlonc sphincter, and duotleniim during a
single gastric ejefe and the associated intraluminal
pressure changes Evacuation periods A and B are
also shown The contraction curves are traced
from a Ljmographic balloon water manometer
record The pressure curves are approximate
rxpua? fit tip earv£9 /lubJxsbad b> QujyJ^ el at

19oO Vertical lines mark simultaneous points
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HowcTCr, they do escape at first (evacuation

period “A”) hence no pressure nse is evidenced

Presently as the wave approaches the sphincter

the contraction of that muscle begins, the pylonc
lumen narrows, resistance increases and the

trapped contents of the terminal antrum are put
under pressure, recorded as the antral pressure

nse At first the pressure is sufficient to overcome
the increasing resistance at the pjlorus (e\acua*

tion period ‘ B ’) but the rapidlj contracting

sphincter soon closes the pylorus and puts an
end to this cycle of e\acuation It is not to be
inferred that the stomach always empties m the

manner desenbed Liquids haie been observed

to lea\e the stomach without any rhjthmic
changes in intragastnc pressure or any esndenee

of gastric peristalsis (Thomas, 1957, Shay and
Gershon-Cohen, 1934)

GsSTRIC FiLUNO AND FiimiNO

It IS possible to determine how sobd or semi

Bobd food arringes itself nithin the stomach of

an animal bj marking successive portions of the

food mth djes or pigments so that tliej can be

identified later After the stomach is filled the

animal » killed and the stomach removed and
frozen, or othenM«c fi^ed, and sectioned In thi«

nay it has been found that the first food eaten

lies against the greater cun. ature m the bodj and

fundus of the stomach Successive lasers lie

progressncly nearer the lca«cr cun ature until

the last portion eaten is near the upper end of

the lesser curvature m the vicinity of Uie cardiac

orifice Liquids, on the other hand, tend to re-

mam near the le«ser cun ature of the stomach

and to flow toward the pjlorus along a V-®hapcd

groove formed bj the muscle m this region This

IS the so-caflcd magenitrasse which is evident in

some animals but less so m the human In any

case, if a large volume of liquid is swallowed it

flows around the food mass and tends to be

distributed over the entire intenor of the stomach

between the food mass and the stomach wall

V rclatuclj small part of the energy expended

by the gastnc muscle is utilized in propelling

food from the stomach into the intratme through

the pj lone onfice Tlie vngor of the gastnc mus-

cular contraction is such that if it were all uli

lued m propulsion the stomach would empty

itself within a very few minutes By far the

greater part of the work is utilized m mechanical

digestion, senmg to macerate the food particles

and break them up into small fragments This

work 13 done largely by the pylonc portion which

in some ways resembles m function the gizzard

of birds The powerful contractions of the pylonc

muscle dnve the food against the pvlorus All

but the small part that escapes into the duo-

denum is forced back through a narrow onfice

formed by the contractiOQ wave, into the body
of the stomach It is this mampulation of the

food mass which results m its being broken down
and mechanically digested in the pj lone portion

of the stomach

The rate at which food leaves the stomach is

determined by a vanety of factors among which

are the total volume of the gastnc contents and

the consistency, chemical composition, pH, and

osmolar concentration of the food Hunt and his

coworkcra (1951) have shown that for any indi

vidual and type of meal the amount evacuated in

a unit of tune is a function oTThe volume of tlie

gastnc contents The effect of consistency on

rate of emptying is best seen by companng the

emptying of liquids with the emptying of solids

Inert liquids, which neither stimulate the stom

ach chemically nor osmotically, leave the stom

ach rapidly Water, for example begins to leave

the stomach almost as <oon as it is swallowed

Solids, on the other hand, are not normally

evacuated from the stomach until they are

reduced to a fluid or semifluid consistency Un
digested «o!ids arc not norraally allowed to pass

the pylonc sphincter but are returned to the

body of the stomach (Cannon 1911b)

The influence of the chemical composition of

the food on emptying is shown by the relative

rate of emptying of the three major foodstuffs

Cannon (1904) showed that for meals of a given

site a meal consisting mainly of carbohydrate

left the stomach more rapidly than one consisting

mainly of protein or fat and that a protein meal

lell more rapidly fhan a lat meaT Fat, especially

if eaten in large quantities, remains in the stom

ach for a very long time It is not unusual to find

food in a dog’s stomach as long as 24 hours

after a meal consisting largely of fat meat

The osmolar concentration of the gastnc con

tents has a profound effect upon the rate of

gastnc empty ing One of the earhest facts to be

detemmed with respect to gastnc emptying was

that phy«iological saline leaves the stomach

faster than salt solutions of eitlicr greater or

lessor concentration More recently Hunt (195C)

has shown that in human subjects adding salt

to water hastened emptying of the water from

the stomach up to a concentration of about 100

ineq perkier Above 150 meq per bier the emp

tymg was delayed In this way he showerl that

malung the gastnc contents either hypertonic or
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hiTiotomc \Mth respect to the blood caii<sed a de
lay m emptjnng This is an important factor in

the alow eraptjmg of sugar solutions although, as

nill be pointed out later, sugar slows gastnc

emptvang m another wa>
Tile effect of acid on gastric empli ing has been

the subject of considerable stuilj and evtensue

<5pecijlation Tiie fact that strongly aerd solutions

loa%e the stomach slo^l> and that the rate of

emptying of such solutions can be accelerated

bj neutralizing the acid is well known For

e\ample, in «ome cvpcnnjcnts by Cnder and
Thomas (1937) 300 cc of physiological salmc

left the stomach of a dog in an a^ crage time of

17 minutes, whereas it took 42 minutes for the

stomach to dispose of an c<jual amount of N/20
hydrochloric acid However, it docs not ncces-

sanly follow that h\drochlonc acids plays an
important part in regulating gastnc emptying
under ordinary circumstances Tlic acidity of

the gastnc and intestinal contents is usually not

great enough dunng digestion to matcnally affect

gastnc emptyang For cvamplo, a pll of 3 0 m the

duodenum la necessary in order to influence the

rate of empty mg of the stomach but the intcs*

tinal contents usually haic a pH that is well

abo\e this le\el, pH aalucs of 4 0 to 6 0 being

most common Nevertheless, tlie mhibitory effect

of acid on gastnc emptying has an important

function in protecting the duodenal mucous
membrane against excess acidity

Reffidaiicn of Gastric Emptying

At least two mechanisms are available for

regulating the rate at which the gastnc contents

pass into the duodenum One is the powerful

sphincter muscle that surrounds the pjlonc on
flee at the junction of the stomach and duo-

denum Strong contraction of the pylonc sphinc-

ter could, if maintained, effectively prevent the

passage of the gastric contents through the

pylonc onfice The other mechanism has to do
with the control of gastnc motor activities In

the early days of physiology it was taken for

granted that gastric emptying was controlled en-

tirely by the pylonc sphincter This was the

result of reasomng from structure to function,

there was no other apparent use for the powerful

sphincter muscle so strategically situated be-

tween the stomach and duodenum However, a

closer scrutiny of the function of the j^Jonc

portion of the stomach reveals the fact that a
sphincter muscle is necessary at this point to

enable the pylonc muscle to cany out its func-

tion of comminution and maceration of the food

mass It 13 important, too, to liave a sphincter

to wrv e as a V al\ e to prev ent e\ce?si\ e regurgita-

tion of duodenal contents into the stomach

Another fact which has contnbuted to the

concept of pylonc control of gastnc emptynng is

the cvistcncc of a powerful pylonc reflex This

reflex 13 elicited by mechanical or chemical

stimulation of the duodenum and results in con

traction of the pylonc sphincter muscle One of

the stimuli which i3 capable of eliciting a pi lone

reflex » relatively strong hydrochlonc acid m
the duodenum This fact, along with other ob-

servations made m connection with hi* classical

studies of gastnc motihtv Jed Cannon (1907) to

propose his theory of the acid control of the

pylonc sphincter lie assumed that the pylorus

remams closed and thus prevents emptying of

the stomach until the gastnc contents become

acid m reaction As soon as the secretion of h\

droclilonc acid m the stomach is sufficient to

acidify the gastnc contents m the pylonc portion

the pylorus opwns and allows some of the chvme
to escape into the duodenum The acid chyme

in the duodenum then elicits a pylonc reflex and

causes the py lonis to cIo«c and to remam clo«ed

until such tune as the duodenal contents are

neutralized This attractive theory faded to take

into account the facts that gastnc emptying

proceeds normally in persons who «ecrete no

hydrochlonc acid that there is no failure of regu

lalion of gastnc emptying when the pylonc

sphincter area has been removed surgically
,
and

that the aenhty of the duodenal contents neces-

sary to clo^ the pylorus is far m exce^ of that

w hich normally occurs m the duodenum Thomas
et at (1934) found that even when the pylonc

sphincter does contract m response to duodenal

imtatioQ the contraction is of brief duration

and 13 followed by relaxation to below the pre-

vious tone lev el

If the pylonc 'sphincter were to act as a regu

lator of gastnc erapyting it would be nece«‘5ary

that the sphincter muscle and the muscle of the

remainder of the stomach should be reciprocally

innervated, that is, that the innervation would

have to be so arranged that when the sphincter

IS contracting the stomach would relax, and vice

versa The true situation is quite the contrary,

stimuh which cause contraction of the gastnc

muscle also increase the tone and activity of the

pylonc sphincter, whereas tho'e which cause re-

laxation of the sphincter also cause relaxation of

the gastric musculature (Thomas and MTieelon,

3922)

It has been shown that the major factors
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regulating ga«lnc emptj'uig are still effective

even though the pylonc sphincter is mechamcally

prei-ented from contracting bj placing an open

tube in the pjloric onficc (Cnder and Thomas,

1937) In the^e circumstances the differences in

the rate of empt^nrig of acid, saline, alcohol and
olive on are in no way modified bj maintaining

the pylorus in an open condition except that the

emptying time for alcohol and fat ate eomewliat

prolonged This is evidently due to the fact

that duodenal contents regurgitate freely into

the stomach nhen these two substances are

being emptied through an open pylorus

The ENTEROQASTRic REFLEX As soon as it

became apparent that the characteristic response

of the pjlonc sphincter to acid in the duodenum
was not contraction, although this sometimes

occurs, but prolonged and persistent relaxation

and that this is associated with loss of tonus and
relaxation of the remamder of the gastnc muscle,

it was evident that the acid control of the pylonc

sphincter could not be a major factor m the

regulation of gastric emptying A more adequate

explanation was found in the diminution of

gastnc peristalsis and gastnc tone with the

consequent decrease in intragastnc pressure

which follows duodena! stimulation So long as

the pressure in the stomach is below that m the

duodenum, emptying cannot occur Further

study revealed that not only acid but man)
other constituents of the gastnc chjTne such as

products of protein digestion (Thomas and

Cnder, 1939), products of starch digestion (Quig

loy and Phclps, 1934), fats and fatty acids, when
present in the duodenum, all cau«e inhibition of

the gastnc muscle None of these substances,

with the exception of hydrochloric acid, causes

sphincter Mechanical distention of the intestine

bj means of saline al«o has a moderate inhibitory

effect on gastric motihtj However, this particu

lar method of stunulation also causes sustained

contraction of the pylonc sphincter, hence, the

inhibitory effect on the gastric muscle is probably

of little consequence in regulating emptying in

response to mechanical stimulation Thomas,

Cnder and Mogan (1934) found that the inhibi

tory effect of many chemical substances dis

appears after the vagus nerves have been tut

They concluded that the inhibitory effect of tlwsc

substances is caused by a reflex involving the

vagus nerves and proposed that it be designated

tlie enlerogaslnc refiex

Enterogastrone The inhibitory effect of fat on

gastnc motility has been known for many years

and was recognized by Cannon who exempted

the delayed emptymg due to fat from his acid

control theory Fat exerts its effect m the absence

of any available nerve supply (Farrell and Ivy,

1926) Kosaka and Lim (1930, 1933) and also

Quigley, Zettleman and Ivy (1934) showed that

fat inhibition is caused by a hormone which

lam (1933) called enterogaslrone This hormone is

releas«i from the intestinal mucous membrane
by fat or fatty acids and by some other sub-

stances m the duodenum and, while circulating

in the blood, it is earned to the stomach where

it has an inhibitory effect on the gastnc muscle

The fact that it also inhibits gastnc secretion

was mentioned m chapter 36 Quigley and

Phelps (1934) were also able to demonstrate

inhibition of the denervated stomach by carbo-

hydrate substances when present in the intestine

It IS assumed that cartwhydrates also release

enterogaslrone or some closely related substance

In the experiments on vagotomized animals,

Thomas and Older (1934) noted that jn dogs

hydrochlonc acid continued to evert some (al

though slight) influence on gastnc motiLty after

the vagus and splanchnic nerves were cut They
concluded that a hormonal as well as a nervous

mechanism was probably involved m the action

of hydrochlonc acid Schapito and Vioodward

(I96S) have found that acid in the intestine

inhibits ga«tnc motility in human subjects

equally well whether or not the vagi are intact

In summary, we can visualize the events

following a meal approxunately as follows gas-

tnc emptying begms as soon as any part of the

gastnc contents become fluid enough to pass

through the pylorus Once started it proceeds

rhythmically, a small amount being evacuated

CTAy 2f? ssssvwJj AT fflsciS d
emptying begins as soon as the evacuated matc-

nal haa accumulated in the mtestine to the point

where any one of the numerous stimuh to the

intcstme associated with the chyme reaches

threshold value The'c stimuh are comprised m
the clwmical constituents of the chyme and to

some extent m its volume The chemical stimuli

include the following, listed in the order of in-

hibitory potency in the concentrations usually

encountered fats, fatty acids, proteoses, jiep-

tones, ammo acids, sugars and other products of

staTch digestion, and hydrogen ions, al«o effec-

tive are osmotically active substances and non-

specific imtants The effect of these stimuli is to

decrease the tone and peristaltic activity of the

stomach, thus reducing the pressure gradient

vhiidi develops with each gastnc cycle and which
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IS responsible for the passage of fluid through the

p>lorus With the more powerful mhibitors, eg,
fat, the gradient may be reN ersed and duodenal

contents will then regurgitate into the stomach

The inhibitory effect is everted through a reflet

involving the vagus nerves {the enteroffostrte

reflex) or through a hormone (cntcroffosfnme),

released into the blood from the intestinal

mucous membrane, or both Products of pro-

tein digestion, acid and nonspecific imtanta act

mamlj through the reflet mechanism, fats and

carbohydrates act mainly' through the hormone,

enterogastrone However, there may be a reflet

element in the effect of the latter group and there

13 undoubtedly a hormonal component in the

effect of hy drochlonc acid The py lone sphincter

play's a part by preventing regurgitation of the

duodenal contents into the stomach, it aPo
contracts rhythmically in such a way as appar-

ently to limit the volume evacuated at each

cycle but there is as yet no cv'idencc that this

function is utilized in regulating the over-all rate

of gastric emptying

Voinma

Voimtmg IS a reflex which serves to relieve the

upper gastrointestinal tract of its contents Hus
may occur either because the contents are

irritating, or because the organs tbemselv’cs, or

the nerves that supply them, are more irritable

than normal, in either ease there is an unusual

degree of stimulation of some part of the tract

The most sensitive area is the tot portion of the

duodenum (LucUiardt, Phillips and Carlson,

1919) but adeguate stimulation of other parts of

the intestine or of the stomach, can induce the

reflex Even mild mechamcal stimulation of the

pharynx or fauces is effective m most people

Inflammation, or mechanical disturbances in the

mteslme such as appendicitis, obstruction, or

strangulation, may induce violent emesis Vomit-

ing may be induced by abnormal stimulation of

sensory receptors on organs outside the gastro-

intestinal tract, for example, the uterus kidneys,

heart or semicircular canals Effective stimuli

may also enter by way of the eyes, nose or mouth

in the form of nauseating sights, odors or tast^,

these give rise to what is called psychic vomitmg
It IS not unusual for a soldier to vomit on going

mto battle, or at some time dunng the battle

experience, some people vomit at the sight of

blood

Vomiting that 13 induced by imtation of

organs other than tho«e of the gastrointestinal

tract 13 sometimes referred to as ‘ reflex” vomit-

ing Hiis is an incorrect distinction however

since nearly all vomiting is reflex m ongin Even
psychic vomiting is probably the result of con

ditioacd reflexes

Vomiting may be induced by certain types of

motion as, for example, in seasickness, air sick

ness, carsickness, and the nausea and vomiting

that some people experience when m a swing

This 13 probably the result of unusual stimulation

of the equilibratoiy sen«e organs of the labyTiath

The Vtmtling Center

The vomiting center lies m the dorsal part of

the lateral reticular formation of the medulla

obloo^tfl close to (and to some extent mcluding)

the tractus sohtans It Ucs in clo«e relation to

(but 13 quite distinct from) the respiratory

centers It is one of a constellation of visceral

centers in this situation—sahvatory nuclei, defe-

cation nnd vasomotor centers, as well as the

vestibular nuclei—a relationship consistent with

the phy'^iological reactions (^ahvation, va«omotor

and respiratory, etc ) associated with the v oniit-

mg act The efferent fibers arc contained chiefly

m the plircDics, the vagi and the sympathetics,

but fibers arc also conveyed by spinal nerves to

the abdominal muscles and by crsmal nsms to

the muscles of the phaiynx, palate, etc The
afferent unpulses reach the center along a multi

tude of routes, the chief being the vagal and

aympatbctic fibers of the stomach and abdominal

viscera

“central” vosimNa Vomiting may occur as a
result of direct stunulation of the vomiting cen

ter in the medulla Certain substances such as

apomorpftine, ipecac (or emclinc), ptcrofoxine,

when administered mtravenou'ly cause vomiting

through a specific action upon the center The^e

substances induce vomiting in animals when

appbed directly to the center Typical v oiniting

efforts (retching) follow the injection of apomor-

phine after removal of the stomach and mtes

tines The expenments of Wang and Bonson
point to a chemoreceptor "trigger” mechanism

in the ala cmerea which, through its connection

with the voimting center itself, induces vomitmg
when stimulated by these emetics Copper sulfate

was found by these mvestigators to act as an

emetic both peripherally, through the gastro-

intestinal tract, and centrally
,
a lesion in the ala

cmerea abohshed the central action only

Most important cUmcally is the central vomit-

ing caused by traumatic stimulation of the

center due to head injuries, increased intracranial

pre'siire, bram tumor or meningeal irntation
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This Ivpc of \ortiitmg is charactonted b> the

great force with which the lomitus is ejected

( piojecWe%omiting ) There is also a imnmnim
of nau«ea and a relative absence of participition

of the voluntarj muscles

The persistence of pernicious tomilitig oj preg

nanaj is probablj due to increased e\iitabilit>

of the center resulting from gome metabolic

disturbance According to Harding the imi>ortant

factors in its production arc carbohydrate star

vation and dehydration wath keto«is Ordinary

morning 'icktiess is looked upon as a minor form

of thus condition and differing from pernicious

vomiting onlv in degree As a result of the de-

man is of the fetus liver glycogen is low during

pregnancy After the fast of the night the re-

strvia of carbohydrate arc further reduced a
mill ketosis results which leads to nausea and

V omiting The <Iistaste for food by hindenng the

replcni«hment of the carbohydrate stores ele-
vates the ketosis Thus mommg sickness merges

insensibly into the pernicious tvpe of vomiting

V neurotic element is nNo frequently a potent

influenci. in the development and persistence of

the condition The obvious eorrccUvc measures

are high carbohydrate feeding the free admin
totralion of fluids injections of glucose if neces-

sary mild FiaJatives rest and quitt

The limiting \f(itemonU

\omiting usually begins with nausea which is

cliaracterizod by secretion of cvcessive quantities

of saliva containing a large amount of mucus in

addition to certain well known disagreeable sen

sations In the dog in which it has been possible

to anaUze by graphic methods the sequence of

events in vomiting the first muscular movement
to occur in a strong sustainevl contraction of the

upfjer small intestine Iscvt the pylonc sphincter

contracts and then the pylonc portion of the

stomach These changes all take place during the

period of nausea and result m emptying the

contents of the upper jejunum <luodenum and

pylonc portion of the stomach into the fundus

and bo<ly of the stomach which are relaxed and

ililatod After tins has occurred the voluntary

muscles come into play and at the same time the

cardiac sphincter esophagus and c*op]iagopha

ry ngcal sphincter relax Folloinng an iD«pinitory

movement the glottis is closed and the abdominal

muscles contract in a chancteristic jerky manner

(retching) compressing the stomach between the

contricteil diaphragm and the abdominal organs

The resulting pressure on the gastne contents

causes their evacuation through the relaxed

esophagus

The precise sequence described above vs

probably not always followed and the mechanism

may differ somewhat in different animals for

example, Cannon (1911b) gives the following

graphic account of the act of vomiting m a cat

as observed by means ofX rays

The upper part of the stomach showed com
plete inhibition of its tone and appeared as a

perfectly flaccid bag the cardia relavcd There

then followed several deep peristaltic contrac

tions which commencing about the middle of

the body of the organ, swept downward toward

the incisura angulans where they came to a

standstill forming a sharp rmg of constnction

From this point a weaker w'ave continued to the

pylorus Finally a very deep strong contraction

at the incisura appeared to almost divide the

stomach in two the upper part of the stomach

and the cardia meanwhile remaining quite re-

laxed A sharp contraction of the diaphragm and

abdominal muscles then followed and ejected the

gaetnc contents through the open cardia into the

esophagus The stomach played a more or less

passive part in the process its evacuation being

effected by the strong compression to which it

was subjected by the sharp descent of the dia

phragm and the contraction of the abdominal

muscles Antipenstalsis was observed only once

and then the wave did not proceed beyond the

antrum The deep contraction at the incisura

offered an effectual barrier to the passage of

stomach contents m a downward direction Simi

lar movements have been described in man
Definite antipenstaltic waves la the stomach

are rarely seen although violent churning move-

mcala may occur* In certain types of vomiting

c g intestinal obstruction or in persistent

vomiting from other causes antipenstalsis ansca

in the small intestine and swoops material into

the storaach or there may be a strong contraction

of the duodenum which reverses the pressure

gradient between the antrum and tlie duodenal

bulb Such movements of the duovlenum occur

* la certain lower forms however eg the fish

and the frog which of course have no diaphragm
vomiting 18 earned out by the activity of the
atORiach alone antipcnstaltic waves carrying tl e

food through the cardia This more primitive typ®
of vomiting 1 e where reverse perwfaNis and re

taxation of the cardia are the pronuoent features
occurs normally in infants The excess fluid of an
oversized meal is regurgitated without the oa

sutance apparently of the abominal muscles or

diiaphragm positionj and external pressure upon

the abdomen following the meal sometimes no
doubt also play a part
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sometime poor to the actual \Dm»tjng or at the

same time, it accounts for the fact that a short

time after the stomach has been thorouBhlj

tt ashed out, bilMtaincd fluid or fecal material

ma> be aomitcd According to Al\arc2
,
merse

peristalsis starting m the tipficr boiicl is itself a
potent cause of nausea and vomiting

Relaxation of the cardia is an essential part

of the vomiting act, for the stomach is "ubject

to strong compression during coughing, defoca*

tion, etc
,
jet the gastric contents are not as a

rule forced mto the e«opliagus The tone of the

cardia is probablj actuallj increased at these

times Jt has been mentioned that divisjon of

the vagi m animals causes the cardia to enter

mto a spastic state Hatcher and Weiss found

that if after such a procedure a vomiting reflex

was initiated, mucus was expelled from the

esophagus and the usual muscular movementa
sere called into pJsj, nith the exccpttoa ot

relaxation of the cardia That is, the animal

retched but matcnal was not expelled from the

stomach It is well known that with some persons

vomitmg IS difficult whereas m others little dis-

tress js experienced Difl’erencea m the degree of

tone of the cardia are probably responsible for

these individual peculiarities (tabic 42 1)

Dunog the ejection of the vomitus the esopha-

gus IS relaxed throughout, the glottis is closed

and the rc«piratioas are inhibited, the larynx

and hyoid bone are drawn upward and forward

and are held rigidly m this position The throat

IS thus enlatged to allow free ewt for the stomach

contents which arc prevented from entering the

nasopharynx by the elevation of the soft palate

Abnobmal Gastbic Motiutt

Either hyper- or bjTromotibty of the stomach

may be seen oluucaljy In the absence of specific

diseases involving these conditions, such changes

are most often p^chogemc and result from acute

or chronic emotional disturbances Acute emo-

tional up«et3 are usually associated with relaxa

tion of the gastnc muscle due to increased ac-

tivity of the thoracolumbar sympathetic nerves

and the adrenal medulla Hypennotility is said

to occur more frequently in prolonged or chronic

emotional states mvolving resentment or pro-

longed anger Hyperpenstalsis is seen to pjlonc

obstruction, m this situation it is due in part to

the absence of inhibitory reflexes from the duo-

denum (the enterogastne reflex) and probaUy
also in part to contmued stimulation by retained

gastnc contents Excessive belching, heartburn

(pyrosis), regurgitation of food, hiccupmg and

TABLE 41 1

Dmrs 1

Affertnl AutoDoraic Fibers '

AcU<l Qpon
^

Organs ConUia
Isg Susceptible

FibeA

Mercune Sympathetic and Stomach
chloride vagus

Tartar Vagus Stomach
emetic

i
duodenum
and heart

Digitalis Sympathetic and
vagus

Heart

rilocarpinc

|

Sympathetic and
vagus

' Heart

other tjpes of gastnc distress arc probablj trace-

able to some abnormality in the movements of

the stomach but the relationships have not

been well defincil

Ilypotonus or general loss of tonus in the

gastnc muscle is hkelj to bo associated with the

delcnoration of all body function =cen m asthenic

states fijportonus is supposed to be associated

mlh a condition called laffolonia I^ogotonia, if

it exists IS a form of hjiieractivitj of the para-

sjTnpathetic innervation of the viscera but the

condition ha<i never been well defined chrucally

Cardiospasm and pylorospasm are conditions in

which thc^e sphincter muscles are supposed to

bo in a state ol sustained contraction Doubtless

such abnormalities occur but probablj much
less frequently tlian they are diagnosed Cardio-

«pasm for example could be easily coafu«ed with

lo«s of power in the esophageal mu«cle or ab-

sence of esophageal penstalsis, pjlorospa'm Iite-

wi«e IS often diagnosed when the true condition

IS failure of the gastnc peristaltic mechanism to

develop adequate gastnc pressures, e g ,
follow-

ing the operation of vagotoraj In such instances

the pylorus is usuallj less contracted than nor-

mally the appearance of a closed pjlonis being

due to failure of the gastric muscle to develop

sufficient power to force the gastnc contents past

even a relaxed pylonc sphincter True pyloro-

spasm occurs as a congemtal condition in mfants

who suffer from hypertrophj of the pylonc

It is al«o seen m adults, associated vnth

irritative lesions m the region of the pjlorus,

either of the duodenum or pj lone portion of the

stomach
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MOVEMENTS OF THE ALIMENTARY CANAL—Coniinuetl

SMALL AND LARGE INTESTINE. INNERVATION

MoTcmenls of the Small Intestine

The innjor part of the smooth muide of the

«niall intestine is distributed in a thick circular

lajcr and a much thinner longitudmal lajcr The
circular la3cr is responsible for moat of tbeaisiblo

intestinal mo%cments The longitudinal lajer un
doubtcdlj participates in the movements but the

relation of its activity to that of the circular mus
tie has been described differently by different

authors and is therefore somewhat uncertain

The outstanding characteristic of the mu«clc is

its rhj’thmicit) which is manifest under appro-

priate conditions by altcrcnatc contractions and
relaxations at a remarkablj regular frequencj

Rutthmic Seosievtino CONTTUenONS

The more common tjT>c of rhythmic contrac

tions occurs at regularly spaced intervals along a

«cction of the mtestme dividmg it into short seg

ments, also, they may occur singly, m pairs, or

in a varietj of other arrangements The area in

volved in each segment maj be less than one

centimeter or it maj be several centimeters long

In tlie cat Cannon (1902) saw a certain t^-pc of

rhj thmic contraction in which a section of intes

tine was divided into short segments by rings of

contractions occurring at regularlj spaced inter

vals ^^’hea the contracted areas relaxed, the

relaxed areas between contracted, dividing each

segment mto halves The two halves of adjacent

segments joined together to form a new segment

(Fig 42 1) Cannon desenbed these contractions

as segmenting contractions and that is the name
that IS most commonly applied to them at the

present time

The rhythmic nature of this activity reminded

LudwTg (1861) of a jicndulum, hence he applied

the name ‘pendulum’ movements to these con

tractions Ludwig used the pendulum as a ^mbol
of rhvthm only , but some authors have attempted

to apply the simile in the sense of the to and fro

motion of a pendulum Swaymg movements of

the intestinal coils are to be seen at times aa well

as a to and fro motion of opaque masses withm

the intestine as is seen wath a fluoroscope Alvarez

(1940) described them as follows ' in the rabbit,

and to a certain extent m other animals and in

man, a local mixing of the intestinal contents with

digestive juices, similar to that produced by the

segmenting contractions is brought about by sway

or ‘pendular’ movements A segment of bowel is

pulled first in one direction and then m the other

The wall apparently being drawn over its con

tents like a stocking over a foot My unprc««ion

from watching these movements in men and

nomeo who have taken a banum meal is that, in

man, activnly is more like a short pendular move-

ment than a rhythmic segmentation" However

to identify these movements and these only as

pendular movements is confusing, since the term

as ongmally used and commonly applied is ‘^ym

onymous merely with rhythmic movement with

out regard to the effect of the activity on the

mtcstinal coils or their content If we exclude

(he swaying movements desenbed by Alvarez,

then the rhythmic segmenting contraction and

pendular movements arc one and the ^ame thing

The frequency of the rhythmic contractions

vanes with the 'species of ammal and with the

region of the mtestme in which they occur For

example, m the rabbit the contractions occur at

a frequency of about 20 per mmute in the duo-

denum and about 10 per minute in the lower

ileum In the dog they occur at a frequency of

about 18 per minute m the duodenum and 8 to

0 per minute m the lower ileum The frequency

m other parts of the intestine is intermediate be

tween these extremes, becoming le^s frequent the

greater the distance from the pylorus The fre-

quency 13 Bupnsmgly constant in any one area

and IS not sHected by stimulation of the extna^ic

imrves or by neurotropic drugs In excised mate

nal the frequency vanes with the temperature

He variation m frequency at different levels
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Flo 42 1 Diagram representiog the process of
rhythmic segmentation Lines 1 2 3 4. indicate
the sectuence of appearances in a single loop The
dot lines represent the regions of (Jmsion The
arrows show the relation of the particles (eg

,

a and b) to the segments they subsequently form
(c) (After Cannon 1911

)

GRADIENT OF RHYTHMICITY
IN SUIU. INlCSriNC

mn mu /vwv
OUOOtNUH JEjURUK IkCVM

Fla 42 2 Diagrammatic representation of the
gradient of rhythmicit} m the small intestine The
2tg zag lines are stylized representations of ky
nographic records of the contractions and relaxa
tioQs of segments taken from the indicated levels
of the intestine The sloping line suggests » linear
distribution of the gradient, hoaever, there is no
evidence that this is so

of the intestine suggested to Alvarez and his

pupils the idea that there is a gradient to the

various phj Biological properties of the intestine,

the activity being highest at the duodenal end

and lowest at the ilcal end of the small intestine

Among the propcrtiesfor whicha gradienthaa been

established are rhythmicity, irritability, shortness

of latent ponod, susceptibility to drugs, and ccr

tarn others of le«3 obvious importance {Alvarez

and IIosoi, 1929) The most easily observed is the

gradient of rhythmicity manifested by the vana

tion m frequency of rhydhmic contractions (fig

422)
An mterestmg question with respect to the

rbythnuo contractions of the intestine is whether

they onginatc m ner\ous or muscular tissue All

the available e\ iden.ee indicates that the rhythmic

eontrations are myogente The problem has been

studied by Magnus (lOO-l), Gunn and Underhill

(1914), Aliarez and Mahoney (1922) and numer

ous others Usuig various methods of eliminating

the mflucncc of nerves upon the smooth mu«de,

each of these groups of m\ estigators was able to

demonstrate rhythmic activity m denervated in

tcstinal muscle Probably the most complete

denervation was accomplished by Gasser (1926)

81^ van Esveld (1928) who made eenal sections

of fheir preparations and found a considerable

number in which no nerve cells could be found

Such preparations, however, still respond to cho-

linergic and adrenergic drugs When excised prep

aration of mtestme are treated with high concen

trations of nicotine (1 mg per ml ) the response

of the muscle to stimulation of the mesenteric

nerves and also the response to the autonomic

drugs disappears, the autonomic receptors are

apparently paralyzed by the nicotme The smooth
muscle, however, continues to contract rhytb

nucally (Kuntz and Thomas, 1923) It should not

be inferred from this that the rhythmic activity

13 uninfluenced by the mtrmsic or extrinsic nerv es

Although the frequency of the contractions is ap-

parently not subject to nervous control they can

be made to increase or decrease m amplitude or

to disappear altogether by stimulation of appro-

priate extrinsic nerves or by the application of

drugs which mimic the action of the autonomic

nerves

Although the frequency of the rhythmic con

tractions is not influenced by ordinary nervous

stimuli. It may be modified or perhaps the con

traction may even be initiated by stunuli of

another sort In 1929 Douglas repotted that the

frequency of rhythmic contractions in the dog’s

lejunums changed from about IS per minute to

12 per mmute if the jejunum was cut off from

the duodenum This observation suggests that

the rhythm of the pendular contraction is not

detennuied locally but by ronductrd impulses

which arc initiated at a higher level and which

arc conducted along the mtestme m an aboral

direction as a wave of excitation The electneal

studies of Ambache (1947), Bozler (1949) and of

Milton and Smith (1956) lend support to this

view The'e authors have described the electneal

activity of the intestine as consisting of slow

waves which are frequently
,
but not necessanly,

associated with local muscular contractions, and

rapid, spikelikc waves which appear only when

the muscle contracts The slow wavTS have the

same frequency as the rhythmic contractions,

whether or not these are present, and (according

to Milton and Smith) they are regularly

conducted along the intestine m an aboral direc

lion It IS interesting m this connection to recall

that Bayliss and Starling (1899) saw shallow

waves which travelled aborally ov’er the intestine
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at regular JDter\als and nhich seemed to tbcTn

to irotiatc the rlijibniic contraetjons in an area

subject to local stimulation Thc'^e «a\cs could

ha\e been cau*^ bj the regularly conducted im
pulses described b^ Milton and Smith

The function of the rhjthmic contractions is

evidcntlj to agitate the intentinal contents Such

agitation facilitates 6e\cral processes it tends to

increase the degree of subdmsion of food par

tides, to mix the food with the intestinal sccre

tions and other digesti\e fluids, and constanilj

to change the laj ers of fluid in contact with the

mucosa, thus facilitatmg absorption Changes m
pressure brought about bj these contractions may
also be a factor in mtealinal absorption

PEIUSTALSig JV THE SsftLl. laTESTISE

Stimulation of the intestinal smooth muscle

causes contractions which tend to traael from the

stimulated point m both directions Howcicr,

Under normal circumstances the progrc«s of the

contractions m an oral direction is qutcUj in

hibited and the contractions disappear Tlie con

tractions nhicli traiel in an abora! direction tend

to persist, 80 that the intestine maj be said to be

polarised m the sense tliat conducted contractions

tra>clnonna]]> inonlj tlic aboral direction Such
aborallj conducted contractions arc commonly
described as pcrutalsis The term has been u«od

to describe a variety of contractile phenomena
which lla^e onlj one thing in common, namcl>

the direction of tra^el The common conception

of peristalsis as consisting of a a avc of contraction

progressmg smoothlj o\cr otherwise relaxed in

testme is erroneous Usually the peristaltic moi e-

ment is superimposed upon the rhji-hnuc seg-

menting contractions in such a waj that the two

are present simuItaneou«h The peristaltic con-

traction makes itself manifest as a nse in the

tone level of the mteslmal muscle without any in-

terruption in the rhj thm of the segmenting con

tractions, mdeed, these are usually increased in

amphtude at the peak of the na>e This of course

has the effect of narrowing the lumen of the intes-

tine at the point at which the increase in tonus

occurs and it may actually obliterate it As this

wave of contraction, or tonus, travels down the

intestine it tends to sweep the contents forward,

or toward the distal end of the intestine In an

other tyiie of propulsive mo^emc^t rhythmic

contractions, although retainmg their rhythmic

character, recur at successn elj more aboral leveb

and thus appear to travel along the intestine as

a wa\e of peristalsis Ordinarily, penstaltic waves

appear m the email intestine at irregularlatenals

and traicl for \aryms distances (Bajliss and
Starling), some tniel only a few inches, others a

few feet

Under the influence of especially strong stimuli

such as imtmt cathartics, a penstaltic wave may
sweep o^ er the entire length of the Email intestine

without interruption, or seicral such wa\e8 may
occur m succession Peristaltic w a\ cs of this char

acter were desenbed by ^an Braam Houckgoe^^t

m 1872, he called them ‘ rollbewegungen” but

they arc usually described m the modem htera

ture as rush u.'aves or as penstaltic rush, after the

tcrmmology proposed by Meltzcr and Auer m
1907

Wicthcr the conditions that gi\e nse to thy th

mic contractions on the one hand or to peristaltic

moioments on the other, differ qualitatively or

only quantitatrtely is not known It is known

that both mochamcal and chemical stimuli are

cffccti\c in promoting peristalsis and that mild

stimulation fa\ors rhytlimic actmty Doubtless

not onh the nature and strength of the stimuli

but a!<^ the imtability of the mtestmal oeuro

muscular raechaoKm play a significant port m
deteroiizung the nature and location of the ac

tinty The latter may be influenced by local and

central reflc'ces and by circulating hormones and

metabolites, as well as by the previous bistorv of

the mu«clc (c g , by refractoriness or fatigue fol

lowing a period of activity)

THE LAW or THE INTESTINE The polanty of

the intestine, tliat is the fact that penstaltic w a\ es

charactcnstically travel m one duection only

has been the subject of much interesting specu

lation but no satisfactory explanation has os yet

been offered Bayhss and Starling (1899, 1901) to

whose classical studies we owe most of our ba'ic

knowledge of intestinal motility, observed tliat

the response of the small mtestine to local stimuli

consists of a contraction of the smooth muscle

above and relaxation below the stimulated area

“nus,” they said, "is the law of the intestine
”

Since the contraction wave and the preceding

inhibition usually travel down the mtestme m an

aboral direction from the stimulated point,

Bayhss and Starlmg thought that mtestmal

peristalsis might consist simply of a succeesion of

responses to stimuli manifestmg the law of the

mtestme In their opimon, a particular mass

m^t give rise to stimulation resulting m con

traction above the stimulated point with relaxa

tion below and this w ould cause the mass to mov e

aboraliy, in its new position it nxiuld aho act as

a stimulus and again cause contraction of the

muscle above and relaxation below, again being
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Flo 42 5 X ray photograph ahoning Miller
Abbott tube in the small infestmo

and Abbott (1934) maj aa^e the patient’s life

(w fig 42 S)

Hie cause of postoperative ileus nas investi

gated bj Cannon and Murphy (1900) and found

to be reflex inhibition of motilitj through reflexes

from the irritated peritoneum in trhich the

splanchnic nerves were an essential part of the

reflex path Thoj found that cutting the splanch

me nerves prevented the ileus There nosone ex

ceptton to this finding, if the uvte«tine itself was
subjected to severe trauma, ileus ensued even

with the splanehnscs cut Apparently, in this m
stance, the local nerve plexus serv es as a pathway

for the inhibitory reflexes It lias buico been shown

that intestinal paresis from a variety of causes

(c R ,
pentoiutis) is relieved by spinal anesthesia,

which is nourologically equivalent to splanchnic

section

Acute Intestinal Olistiuction

Symptoms of intense severity result when the

lumen of the small bowel is completely ob<dnjcled

as a result of constriction by an aclhc^iie band,

kinking, twisting or pressure by new growth, in

(ussusccption, strangulation by a hernial rmg, etc

The condition is ushered in by severe cnunplike

abdominal pain, vomiting and shock If the con

dition is not relieved by operation, reverse pen

stalsis arises above the point of obstruction, in

tcstinal contents passing into the stomach and the

vomiting becomes fecal in character Later the

bowel above the obstruction loses its tone, be

coming dilated and filled with intCBtiiud secre-

tions and gas The loss of fluid m the v omilus and

the drainage of large quantities of fluid into the

distended bowel leads to a fall in blood chlmde,

alKalosis and dehydration (p 24) Other blood

changes arc a nse in the nonprotein nitrogen and

an increase in the fibrinogen eonieni The former

is the result of tissue destruction combined with

impairment of renal function Great prostration

occurs, ending in death

EXPEBruENTVL OBSTnucTio\ IV hen the intes-

tine of an animal is tied across, the symptoms
wluch follow are chiefly weakness prostration

and vomiting The animal shows little or no evi

dence that it is Buffenng pain The higher in the

intestinal tract the obstruction is made, the more

severe are the symptoms, and the shorter is the

duration of life after the operation Following

obstruction of the colon the animal may survive

for some weeks whereas after obstruction of the

jejunum or duodenum it dies as a rule within five

or six days Reduction in blood volume (anhy

dremia) fall m blood chlonde (see below), m
creased alkali reserve and nonprotein mtrogen of

the blood, and a nse m the percentage of fibrino

gen occur

Paralytic ileus may be producedm dogs by the

injection of a solution of iodine into the peritoneal

cavity It was shown by ^^arkowlt^ and Campbell

that the intestinal inhibition produced in this

way could be abolished by spinal ant^thesiawhich

apparently blocked inhibitory impulses reaching

the bowel through the splanchnic nerves (p 723-

725)

A COSSIDERATIOV OF THE CaUSE OF DeATII IV

MeCHAAICAL OnVTRUCTlOV

A number of theories have been advanced in

recent years m attempts to given an explanation

for the symptoms and death in acute mechanical

obstruction of the bowel We may, at the outset,

dismiss the possibility that death is simply the

result of blockage of the alimentary tract, and the

prevention of the passage of food along its lumen

It was shown originally by Stone Bcrnhcim and

WTiippIc that if a few inches of the bowel were

excised, both ends of the segment closed and the

continuity of the digestive tract then re^tab
lished by an anastomosis of the cut ends of the

bowel, death occurred even more rapidly than if

the bowel had been obstructed by Lgation The

survival time after the closure of such an isolated

segment or loop is rarely more than 3 or 4 days

ard may be only 24 hours

Tone Theories

A baelenal theory in one or other of its modifica

iioQs lias bad its adherents The toxm of the
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W ekh bacillus has been suspected by some, but

little support has been Ei\ cn by recent n ork to the

belief that this or an^ other bacterial toxin is re

sponsible /or the s^TUptoms Others have thought

that A toac Agent derned from the hactcnal

decomposition of protein witlun the mtcstinal

lumen was the lethal agent It is impossible to

consider senouslj anj bacterial theorj of intes

tinal obstruction, for such tbcorics ignore the fact

that the 8\'mptoms diminish in intensity, and the

sur\i\al time is lengthened, the lower in the m
tcstmil tract that the obstruction is produced

Bacterial ptjnth, protein decompo«ition ond
hi«bmine concentration on the other hand, are

all greater m the loner than in the higher reaches

of the intestinal tract

The Dtchlonnahon and Dehydration Theory

It i\aa first shown bj Hartnell and Iloguct

(1912) tint obstructed animals which 8ur\n\ed

for «omc daj-s show ed marked dchj ctration Vom
iting it was claimed, was re«pon«ible for the re

duction m bodj water, the ejTnptoms of obstruc

tion and death were bchciod to be the direct

consequence of the dehydrated state They
showed and their obser\atton was confirmeil by
Haden and Orr and others that the life of an
animal with an obstructed intestine could be pro-

longed b\ the subcutaneous or intravenous ad
ministration of saluie

That the loss of chlonde m the lomitus may
cause a profound fall m blood chloride and de-

hydration IS an established fact Hastings Mur
ray and Murray found that in dogs obstruction

at the pylorus caused a reduction m the blood

chloride to 50 per cent of the normal wUhm a few

days after the operation Gamble and Ross con

firmed this observation and made a more extended

study of the changes m blood chemistry which

follow py lone obstruction They consider that loss

of chloride, by leading to a reduction m the elec

trolytes of the body, is the primary cause of the

dehydration They state that a withdrawal of

the electrolytes of the body fiuids will be ac

corapanied by a proportionate reduction m the

^oIume of body water and that this change can

only he repaired by replacing both the lost water

and the lost electrolytes There observers

showed that the Joss of chlonde m the %oiniUis

IS repaired for a tune by the retention of carbon

dioxide and the consequent increase in bicatbon

ate By this means the concentration of eleetnr-

lytes IS maintained In other words, the sum of

(Cl ) sad (HCOi ) rerasias coastaot for a iaae

(30 houre or so) after the obstruction has been

PYLORUS CBSTRUniO

established A degree of alkalosis, howeter, re

Bulta which is countered by a loss of base (Xa)

m the urme, a reduction m (Cl ) 4* (HCOi

)

occurs llie reduction m ionic conceutration of

body fluids resulting from the depletion of base

which unlike Cl cannot be substituted for, is

accompanied by a proportionate loss of water

(fig A2 6) The value of sodium chlonde injec

tions in prolonging life in obstructed animals de-

pends chiefly upon the fact that the replenish

rnent of the stores of sodiumpermits the retention

of water Chlondes such as NHiCl or KCl are

without any beneficial effect, nor will water alone

or a solution of glucose prolong life

The reductionm the blood chlonde is not neces

sanly the result of vomiting The accumulation of

secretions above the point of obstruction mil ;ust

as surely cau'^e chlonde depletion and dehydra

tion In the rabbit for example, which cannot

vomit, obstruction causes the characteristic blood

changes A most powerful stimulant to secretion

IS distension of the bowel wall, the dilated bowel

in the later stages of obstruction thus becomes a

receptacle for large quantities of fluid In the care

of the rabbit, fluid amounting to thirteen per cent

or so of the body weight may be found m the

stomach and bowel after death The fatal effect

of distension has been shown by Hertin and Meek
They distended a loop of bowel by means of a

balloon and allowed the contmuous secretion

n>jz;£h re^iUtod io dram to the e:Ttor>or The am
mals died m from 6 to 14 day s A loop of bowel
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opening to the extcnor but not distended cau’^es

no injurious efTect Hernn and Aleek concluded

that the loss of chloride in the aecrctions was the

essential factor leading to the death of their am
mak Dragstedt and Ellia have ako shown that

the profound fall in blood chloride which follows

the drainage of the gastnc juice to the extenor is

accompanied by graie simptoms and ultimately

ends m death The sjmptoms arc rapidlj relieved

bj the administration of saline Fine and hjs as

sociates have reported a pronounced reduction

m the plasma \ olvune of patients BuSenng from

acute obstruction of the stcall intestine

There is no doubt that chloride loss and de

hj dration are important factorsm the later stages

of obstruction The admimatration of saline is one

of the most valuable measures possessed by the

clinician for combating the condition at this stage

either before or follonmg operation

Nevertheless, although the blood changes at

this time undoubtodlj prejudice the animal a

chance of eurvival itisunliKelj that they plaj the

pnmary role m causing death For one thing

correction of the blood chemistry although it

prolongs life, docs not permit survival More
over, death frequently occurs before anj eignifi

cant change in the blood chlorides takes place

whereas on the other hand, the blood chlorides

may be maintained at a level considcrobl> lower

than that usually seen in obstruction without the

animal becommg ill The following experunents*

indicate a nervous element os the pnmarj cau«c

of the tram of symptoms seen in acute obstruc

tion A balloon was placedm the lower duodenum

and distended to a pressure of about 100 mm
Hg A large sized rubber tube attached to one

side of the balloon and extending into the bowel

below prevented any actual obstruction X ray

examination showed that a hanum mixture

moved freely beyond the distended region 'Hiesc

animals had symptoms mdistinguishable from

acute ob«tmctioa yet Lttle fluid was lost by

voniitujg and the blood chlondes showed prac

tically no change On the other hand, otherwise

normal animals who had had the blood chlondc

depleted by means of histamine injections (to

stimulate gastric secretion) and apomorphine

(to mduce vomiting) remained in apparent good

health even though the blood chloride bad been

maintained at a level 50 per cent below the normal

for three weeks

It 13 evident that in the balloon experiments

just mentioned, distention of the bowel caused

death in some way other than by chloride deple

•Taylor Weld and Ilamson

tion Another group of animals in which the bowel

was distended by a balloon as described, but m
which the segment of bowel had been first de

nervated survived for a much longer time than

those m which a preliminary denervation had not

been performed This result indicates that afferent

impulses arising from the distended segment of

bowel are concerned m some way with the severe

symptoms of obstruction Hemn and Meek ako
observed that if a distended drainmg loop were

denervflted the nmmals survived inde&itely

They , however, offer an explanation of the benefit

derived from denervation based upon the theory

that dechtonnation plays the essential role,

namely that when the vomitmg and loss of ap

petite produced reflexly from the distended loop

are abolished by nerve section, chloride loss is

reduced and chloride ingestion increased The
importance of afferent impulses from the mtestine

m the production of the symptoms of obstruction

therefore must be admitted, that they may cause

death quite independently of dechlorination is

undoubted. It is well known that many reflex

effects upon the cardiovascular system and upon
several important functions can 1^ initiated from

the gastrointestinal tract The severe pam and

collapse wluch result from the distention of other

hollow viscera eg, the gah bladder, stomach,

kidney pelvis, etc
,
may also be recalled m this

connection Moreover the severe symptoms and

early death which result from the mere distention

of the bowel by a balloon calk to mind the anal

ogous clinical condition known as Richters

hernia In this condition only a portion of the

mtestmal lumen is pinched off and isolated from

the mam passage The bowel is not obstructed,

yet all the symptoms of acute obstruction are

present It is quite conceivable that acute disten

tion cd the small isolated pocket by secretions

and gas is resjKinsible for the symptoms

The importance of distention as a factor in

acute obstruction of the intestine is now generally

tecogmied end \l has become the practice in suit

able cases to decompress the bowel by suction

drainage through a tube passed from the mouth to

the duodenum fWagensteen and Paine) or as in

the method of Miller and Abbott to insert a long

elender tube through the nose into the stomach

and allow it to be carried to the level of the ob

struction The tube has a double lumen and is pro

vided at its tip with a small balloon which can be

moderately mHated after it has entered the duo

denum The balloon serves as a stimulus to pen

stalsis which carries it and the tubing along the

bowel to the point of obstruction (fig 43 5}
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The Ileocolic Aahc (\alvula Coh)

This structure permits the passage of the con

tents of the small intestine at inter\als into the

cccura, but when competent hinders the return

of the material into the ileum Its abiht\ to do

this depends, according to one \icn, not upon an>

mechanical aalvehke dc\nce, but upon the con

traction of the circular fibers of the gut which are

tiuckened in this region to form a sphincter guard

for the ileocecal orifice But, although a sphincter

like tluckcning of the circular muscle fibers is

found m this situation, most anatomists agree

that the competencj of the ileocolic ^aUe is

mainlj, or at least partlj due to a ^alwlike con

stniction Tlie ileum enters the cecum obliquc)>

and m doing so m\aginatcs the cecal wall, this

alone would tend toward a ^•al\cllke action Tlic

%al\c proper is formed as follows As the lower

end of the dcum enters the cecum, the im sgimtwl

portion of the cecal wall forms two trans\cr<c

folds or bps, one abo\e the other on the eccal

aspect of the ileocolic orifice Tlie lips fu^c

laterally to produce a fold on cither <idc of the

onfice (tAe /reitula coli) which arc continued

around the interior of th< cecum As the cecum
distends the frenula are stretched and pulling

upon the lips from either «ide draw them firmlj

together Thus the salrc can mtlistand a high

pressure m the tocum but jnelds to a low prc«surc

fromaboNe Materials introduced bj cneEnaroa)

in some instances pass through the \ ai\e into the

ileum Such incompetence mav permit the enema
fluid to reach the duodenum The ileocolic open

mg has been ob«er\cd m man tlirough a cecal

fistula It apjiears as an oval or round opening

from 2 to 3 cm in diameter situated in tho center

of a small papilla ^Tien tightlj closed the valve

was found to offer considerable resistance to the

passage of the finger IMnIe digestion was m
progress the papilla was ob«ermJ to Sw’b,

its color altermg from a pale pink to a \n\ id red

The onfice opened rhj'thmicallj at frequent inter

\als and allowed a jet of fluid to escape into the

cecum Emotional etcitement or the siraUowmg

of food mcreased the frequency of the ejectioiw

(gastroileal rejlex) During fasting nothing passed

through for long penods, but m from H to 4
mmutes after food was taken into the month,

fluid appeared m gushes of about 15 cc e\ery

half minute or bo

The functions of the ileocohc vah e appear to

be (a) to prevent the contents of the ileum from

passmg into the cecum before the digestive proc

esses have been completed, (b) to serve as a bax

ncr which prevents the bacteria laden contents of

the large bowel from contaminating the small

intestine

Mo%cments of the Large Intestine

Tlie colon receives the mired residues remain

mg after completion of intestinal digC'tion and

ab^rption The«e consist of undigested or undi

gestible food residues, wliatcver remains of the

digestive secretions including con«H!erabie quan

titles of water, and the fluid tliat lias been

swallowed or secreted and hasereaptd absorption

in the small intestine The colon extracts the

waterfrom this mixture and forms tlie indigestible

residues into fee'll masses which are lati r evacu

ated The motor activities are appropriate

to these functions, thev mav be divadcd into two

classes, first, tho^e tliat appear to lie de«igncd

primaniv to facilitate ib'^rption second tbo«e

concerned principallv with propu)«iDn

Movements of the first tjpe have been studual

pnncipailv in experimental animals since the

human colon does not lend itself readilv to

expenmentaj stud> Barcroft and Steggerda

(1932) studied the evtcnonzed cccum and proxi

mal portion of the colon in dog« In their experi

ments the organ to bo studied was brought out

through an incision in tlie skin and after healing

had taken plan observations were made without

ane«Uiesia Thev observed what thej called

kneading movements antipenstalsis and ma«a

peristalsis The kneading movements seemed to

them to resemble segmenting contractions in the

small intP'^tme, except that thej occurred at a

'lower rate and mvohed longer sections of the

intestine, thej appeared at intervals of about one

half minute intiperistaJtic wav ot appeared w hen

the colon became distended and followed each

other at a frequencj of 5 to 7 per mimite The
‘ mass peristalsis" belongs to the second class of

contractions and will be considered a little later

Cannon (1902) studied the movements of the

colon m cats bj means of X raj's He noted that

the characteristic mov ement of the transv erse and

ascending portion was aDtipenstal<iis He de

Bcribed what he called mass contractions of the

cecum and ascending colon which forced mate

nal mto the transverse colon from which it was

dnven back bj antipenstaltic naves This is ob-

viously a Btimng and mixing function and is not

concerned with the transport of material in the

aboral direction

Templeton and Law«on (1931) studied the

movements of the colon in dogs, u«ing multiple

balloons and manometers M ith these thej were

able to determme the extent of the contractions.
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if anj , and whether the> progressed and in what
direction Thej de'cnbed three tj-pes of contrac

tions winch thej designated as type I, type II and
type III respecti\ely T>pe I mo\ement8 were

simple, rapid contractions and relaxations, fre

quentli simultaneous o\er the three balloons but

often confined to one balloon These they con

sidered to be stationary , rhy-thmic contractions

They are eMdently analogous to the segmenting

contractions in the small intestine Type II are

slower contractions on which type I moxements
were 8upenmpo‘=ed Analysis indicated that these

either swept analward, oralward, or remained

stationary They might start in one direction,

become stationary, then move in. the other direc

tion Antipenstaltic waves would be of this type

but some were obviously peristaltic Type II con

tractions are suggeslne of the kneading rooxe

menta described by Barcroft and Steggerda Type
III contractions were tone changes on which were

superimposed type II contractions They were

apt to be in opposite phase in the proximal and
distal colon and to increase in one region while

decreasing in the other These movements would

result m a to-and fro raolion of the intestinal

contents and are suggestuc of Cannon s alternate

moss contractions and antipenstaltic movements

Clhot and Barclary Smith (1904) observed anti

peristalsis in the colon of the dog cat rabbit and
rat

Todd (1930) observed slow peristaltic move
merits in the cecum of human subjects when it

was being filled with barium from the ileum He
desenbed these as follows ‘As the ileal coils

fio 42 7 \ ra> photograph of normal large

bowel completely filled (After Barclay )

empty themselves, slow peristalsis taking place

meanwhile, the outlines become better defined

and the cecal peristaltic raov ement is plainly seen

The shadow of the cecum becomes denser as more

contents are poured into it and slow massive

movements occur, involvmg its entire outhne

How they can dnve the contents onward is alto

gether obscure but the dense barium shadow does

progress upward ” He also observed a ‘ con

certina like” action of the transverse colon, which

he attnbuted to contractions and relaxations of

the teniae

In the rabbit and probably in other animals

there are contractions of the haustra (which are

the bulpnp of the wall of the colon between the

teniae) Alvart-Z (1940) describes these contrac

tions as resembling 'those of the jointed curtains

of two roll lop desks facing one another First one

top IS pulled down and then the other ”

To summarize this rather confusmg mass of

data it appears that the colon agitates its con

tents by means of eegmentmg contractions similar

to those seen is the small intestine, haustral con

tractions m which the colonic walls roll back and

forth over the contents, kneading movements m
which fairly large segments con contract while

adjacent segments are relaxing to be followed by

contraction and relaxation in reverse phase^ and

finally, by means of alternate peristalsis and anti

peristalsis It should be pointed out that these

movements occur principally in the ascending

and transverse colon where absorption of most of

the water takes place It is not to he inferred that

each type of movement occurs in every species

of animal e can only be certain that they occur

in those species in which they have been, observed

for example antipenstalsis has rarely been oh

served m the human colon In spite of the variety

of movements desenbed it » common to find no

activity whatever on X ray examination of the

human colon Templeton and Lawson observed

that in spite oj the presence of balloons in their

animals periods of activity m the colon alternated

with penods of complete rest

The second class of movement consists of those

which propel the colonic contents analward and

locludcs colonic pensfalsis and mass movements

IVnstalsis of the colon has been observed by a

number of investigators, beginning with Bayliss

and Starling m 1901 It docs not differ materially

from peristalsis m the small intestine, except per

haps m frequency of occuTrence It consists of a

contraction wove precedetl by relaxation (\uer

and Kreugcr, 1917) and its forward progress is

dependent upon the mtegnty of the mycntenc.
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plexus The inovomont procewls with greit power,

particularly m the descending colon, due pcriiips

to the hard dry character of the material to be

moved Auer speaks of seeing a hemostat with

which the intestine w as clamped, tw i«te«l opart bj

a peristaltic movement m the descending colon of

the cat Peristalsis is relatively rare in the human
colon except m association with mass movements

or during the act of defecation (Todd, 1930)

Mass movements occur at rclativeli infrequent

mtervals and, goncrallj, m the pa«it, have been

confused wntli peristalsis, however Code and his

coworkers (1954) have pomted out that these

movements, although their propulsive nature lias

not been questioned, are not true peristaltic waves

since thej involve simultaneous contractions of

large segments of the colon Holzknccht (1909)

(Fig 42 8) was the first to describe these con

tractions and thej were later studied in detail by
Hurst (1907) and bj Hertz (Hurst) and Newton

(1913) The latter authors noted that they occur

usually after a meal or on any occasion when the

stomach is being filled with food They described

the mcrcase m colonic motor activatj following a

meal as the gasli-oeoltc reflex Hurst later observed

that tlie terminal ilcum also became h>T)cractivc

following meals and proposed to call this phe

nomcnon * the gastrehikac" reflex Douglas and

Mann (1940) found that the entire small mtestioe

manifests increased motiiitj under these cirevm

stances and that the excitation is transmitted

along the intestine, and not bj wa> of the central

nervous sj stem In any case, not only mass move
ments but all motor activities of the colon are

increased at this time, for example in the expen

ment of Barcroft and Stcggerda, kneading move
ments and antipcristalsis were increased in dogs

after feeding Hurst remarked that the taking of

food 13 the most powerful of all stimuh to the

motor activity of the colon in man He found that

the feces advanced considerably after each meal,

much more progress having been made in one

patient for example, during the hours in which

dinner was taken than m the previous four

hours

The mass movements of the colon serve to

empty the contents of the proximal colon rapidl>

into the more distal portions Frequently such

movements are followed bj a desire to defecate

and it IS assumed that on these occasions the

movement has been vigorous enough to carry

fecal masses mto the rectum Since normally a

desire to defecate does not follow every mass

movement of the colon it must be assumed that

on some occasions the forward movement of the

1 z

3 4
Pio 42 8 lIolzknechtB diagrams of the hap

peniDgs during a mass movement of the large m
testine 1 distribution of the food before an}
change was noted

, 2, the haustral segmentation in
the transverse colon has disappeared 8 the whole
colon bc>ond the hepatic flexure passes on sud
dcnl>,4 It IS again a picture of "still life a few
seconds later and the haustral segmentation has
returned (After Barclay

)

colonic contents stops short of the rectum People

differ considerably with respect to their suscepti

bihty to the gastrocolic or gastroileac reflex

Alvarez (1940) describes a patient in whom e\CT}

mass movement resulted m defecation He found

that even the sight orsmell ortaste of foodmduced

the gastrocolic reflex, so that m walking down the

street it was necc'^ary for him to avoid passing

ID front of restaurants if he wished to avoid

trouble

Desxcation

As pomted out b> Hurst (1909) tbe rectum is

normally empty The fecal masses dnven forward

by the mass movements of the colon are stored,

not m the rectum, but m the sigmoid or pelvic

colon Fecal matter does not collect elsewhere if

defecation is regular, if, however, defecation is

long deferred the descendmg colon becomes filled

when the pelvic colon can hold no more The de-

Biro to defecate occurs when, as a result of a mass

mowment, some feces enter the rectum While

the usual stimulus is the takmg of food, a glass of

cold water or smoking a cigar may hav e the same

effect Many people find that a glass of cold
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orange juice or lemon juice and water is an effec

ti\e stimulus to the gastrocolic reflex Tlie desire

to defcctatc may be mduced by straining effivts

which may rai^e the abdominal pressure to as

much as 200 mm of mercury and force feces into

the rectum

The act of defecation is m the adult, preceded

by a voluntary effort comsisting of assumption of

an appropriate posture voluntary relaxation of

the external anal sphmeter, and usually com
presston of the abdominal contents by means of

straining efforts These movements in turn prob

Fic 42 9 Diagram of the innervation of tl e stomach small intestine and proximal part of the colon.

GTSPLN great splanchmo nerve SMSPL’V small aplanchnic nerve L SPL least splanchnic nerve

CG, celiac ganglion SM superior me«entcnc eangliop IJtl inferior mesenteric gxnglion Continu

outlines vagal and sympathetic preganglionic fibers broken lines sympathetic postgangl omc fibers

ganglion cells and postganglionic fibers ot vagoa in gastromtestinal wall
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ablj gi%e nse to stimuh which augment the vis-

ceral reflexes although these originate primarily

in the distended rectum As a result of these

reflexes peristaltic waxes appear in the entire

colon (Hurst, 1909) and the internal anal

sphincter relaxes Peristalsis in the descending

colon carries its contents into the pelvic colon

Tihich in turn transfers them into the rectum

exentuallj to be evacuated wa^ of the anus,

hence, the entire distal colon from the splenic

fleJcure to the anus may be emptied at one tune

A prominent mechanical feature of the final act

of evacuation is contraction of the longitudinal

muscle of the distal colon which is most pro-

nounced in the rectum itself The sliortening of

the distal colon tends to elevate the pelvic colon

and obliterate the angle which it norman5 makes

with the rectum This straightening of the pas

sage doubtless facilitates evacuation Shortening

of the rectum itself is an important factor m ex

pellmg the feces tlirough the anal orifice

The act of defecation provndes another instance

of a reflex that ts under some degree of vofunlarj

control The voluntary regulation consists of the

abiLty to inhibit the reflex under normal circum

stances and to initiate it v o1untanl> provided the

nece«8ary visceral stimulus (recent distention of

the rectum) is pre«ent Reflex centers for defeca

tion have been located in the hj-pothaiamus, in

the lower lumbar and upper sacral segmentsof the

spinal cord, and in the gangliomc plexus of the

gut The intrinsic intestinal plexus of the lower

colon IS able to take over the function of con

trolling defecation even m ammals in which the

spina! cord has been deslroj ed For this reason,

in severe spinal lojur}, the defecation reflex

suffers less than docs, for example, the reflex of

micturition

The coiiposmoN op the feces According to

Cantarow and Schepartz (1954) adults on an
average diet excrete from 75 to 170 grams of feces

daily, about 25 to 30 per cent of which ts made
up of solids, the remainder is water If the diet is

nch m vegetables the quantity is greater, espe

ciallj if the vegetables are eaten raw Bacteria

comprise about one-tbird of the drj weight of the

feces under average conditions The pH is 7 0 to

7 5 The feces contam tho'se ino^anic substances

which are relatively insoluble at alkaline pH
ranges such as calaum phosphate and oxalate,

iron phosphate and similar compounds The or

game material is principally cellulo*^, protein and

fats About lialf the protem nitrogen of the feces

13 of bacterial ongm, the remamder represents

unabsorbed intestinal secretions and digestive

fluids, mucus, and desquamated epithelial cells

from the mucosa Only a small amount is actual

food residue Enzymes arc also present but m
Very small quantities the«e are pancreatic amvl

asc and trjpsm, nuclea'^s, maltase, sucrase, li

pase and lysozyme Fats comprise from 5 to 25

per cent of the feces under normal circumstances,

they are greatly mcreased m conditions in which

there is interference with pancreatic or biliary

function In total absence of pancreatic juice from

the intestine as much as 90 per cent of the in

gested fat may be excreted in the stools Much of

the fecal fat has undergone digestion as indicated

by the following average composition of feeal

bpids neutral fat, 7 3 per cent of dry weiglit of

feces, free fatty acids, 6 6 per cent, and soaps,

4 6 per cent

The color of the feces is due chiefly to bile pig

inents, stercobilm (urobihn), produced by reduc

lion of bilirubin by the mteatinal bacteria The

charactensCic odor is due largely to uidole and

skatole, but is contributed to also by hydrogen

sulfide and other odoriferous substances

Gas in the intestine A vanable amount of

gas IS always to be found m the small and large

intestine, priDcipally the latter This consists of

the respiratory gases—oxygen and carbon

dioxide, nitrogen, metliane, hydrogen and small

amounts of other gases including the rate atmos

phene ga«es The av erage compo’ittion accordmg

to Pognind and Steggerda (1948) is as follows

carbon dioxide, 7 5 per cent, oxvgen, 3 0 per cent,

methane, h\ drogen and other rare ga^es, 9 3 per

cent, and mtrogen, 80 per cent The source of the

oxygen, nitrogen and carbon dioxide is swallowed

air and diffusion from the blood Bacterial fer

mentation and putrefaction of food residues in

the intestine produce the methane and hydrogen

No matter what the compo''ition of swallowed

air may be it quickly comes mto equilibrium with

the venous blood with respect to oxygen and

carbon dioxide, and more «lowly with respect to

mtrogen, hence, the relative constancy of compo-

sition of mte<5tinal gas with respect to these gases

The amount of putrefactive gas is much more

vanable It is the rapid expansion of these gases

that gives nse to mte'dmal cramps on a«cendmg

to high altitudes in an impre^nzed plane Some

of this gas IS absorbed mto the blood and some

escapes from the rectum as flatus The amount

m the intestine can be reduced by giving the

subject pure oxygen to breathe This reduces the

partial pressure of nitrogen in the blood and thus

favors diffusion of mtrogen from the mtestine

toward the circulating blood Since mtrogen dif
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fuses ^e^3 slowlj it is nece'sarj to continue the

trcitment over a long period of time m order to

obtain anj beneficial rebults The same

could be obtained bj using oxjgen diluted with

helium or other inert gas, as long as nitrogen is

not present

Abnobmai. CoLo^^c Motilitv—Constipation

Abnormal motor actnit} in the colon is one

of the most common comlitions for which the

phjsician maj be consulted Tlie causes 11133 be

local onl3 or thc3 ma} miolve s3stenuc disease

Ps} chic factors arc important and it can be safe!}

asserted that no other part of the gastrointestinal

tract IS 60 profoundl3 affected by emotional dis

turbances as is the large intestme This statement

IS supported by laj observation as well as clinical

experience and also b3 experimental observations

on suitable human subjects It has been possible

to demonstrate changes m tone, motihty, or vas

cularity of the large intestine in response to

expenmentallj induced emotional reactions For

example, m three children, four, nine and ten

3 ears old studied b} rnedman and Snape (1946),

changes in color and motility were obsened dur

mg emotional exatement, mild, painful atimub

or even the suggestion of pain or discussion of

unpleasant experiences caused blanching of the

mucous membrane, the sight or smell of appctis

mg food cau«cd reddening During eating the

mucous membrane was engorged, but relumed

to normal after the meal These changes of course

indicate con«tnct!on (blanching) or dilation (red

demng) of the blood % easels In tn 0 adults studied

liy Grace, Wolf and Wolff (1948), expenmenlally

induced anger or feelings of guilt or resentment

or of hostility caused hyperfunctioning of the

colon, tlicre was increased motor acUvity, m
creased blood flow, incrcasid ly sozyme production

and increased secretion of mucus, acute fear

caused pallor and relaxation Increased motor

actmty and blood flow were also obscrxeil m

these subjects while they were eating a meal Dur-

ing psychometric examination subjects also

showed hy perfunction of the colon

The most frequent manifestation of malfunc

bon of the large mtestine is constipation For a

discussion of the various causes and the treatment

of this condition, appropnate clinical texts should

be consulted It may be mentioned here that one

of the most frequent causes of chrome constipa

tiOQ IS neglect of the call to stool The desire to

defecate is experienced nheneier the pressure

within the rectum is increased An mcrease in the

volume of the contents of the rectum of from 15

to 25 ec has been shown to be sufficient to produce

an urge If the rectum is not emptied at such a

time, the sensory mechanism becomes adapted to

the pressure and the urge is no longer felt, it then

requires a further increase m \olume with a cor

responding increase in pressure to produce a «en

sfltion This mil al'^o pass if neglected and a still

further increase in volume is required to arouse

a sensation, finally the irntabdity of the rectum

18 60 reduced that an urge is no longed induced

Usually the subject will then take a cathartic

which further injures the sensory mechanism

Frequent repetition of this cy cle results ultimately

m dependence on cathartics An important factor

m the prevention or treatment of such a condition

IS the establishment of a conditioned reflex

Taking advantage of the gastrocolic reflex which

follows a meal the subject selects a convenient

time of day for going to stool, usually after break

fast He then makes an effort to defecate at this

time each day whether or not he gets the urge

In the bcginnmg mild laxatives may be necessary

to facilitate the establishment of the reflex but

once it IS thoroughly established they can be omit

ted Such a conditioned reflex can become «o

firmly establLshed that one feels the desire to

defecate at a particular tune of day whether or

not a meal has been eaten
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feces) toMc doses arc prevented from entering

Intestinal Intoxication
circulation b> the barncr offered by

Thelabqeivitstive Scxcralsubstanees some
bowel wall and through the detOMtat

intensely toxic in character are formed in le
action of the lixer Indole, for example,

large inte«tme as a remit of the decorapo«ition o gnen to the human subject by mouth m
protem by the normal bacterial flori (colon type

amount (1 gram), which is more than would

nf firMflieml AtnnTn» loich putrcfactixc produc
nrp<a>nt in the bowel at one time, pro-

IJiuicui uj me nonirii «
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decomposition of lecithin, andchohne
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traces of ncurine Some observers unprewed y
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ever be pre««iit m the bowel at one time, pro-

duces no symptoms, 2 grams causes only some

dizzmess and flight headache, whereas hrp

amounts may be introduced mto the colon with

out ill effect The slight abmrption of mdole

and skatole under ordinary circumstances is m
. . , *1. . t pQQ

traces of ncurine Some observers impres^-u
Bkatole under ordinary circumstances i

the powerful actions of these substances when although the feces con

injected into ammals, have suggested that their
considerable amounts of both the«e su^

absorption into the general blood stream is re
the detoxicated product indtcan may be

sponsible for many ills, and particularly for the On the other hand the

weU known symptoms of constipation M^h protect the Iwdy agai^t

mkoff (1907) arraigned the colon as the bodys
eytstances is shown by the observation that

greatest enemy Arbuthnot Lane, in more iwent
amounts of indican are constantlv pr^nt

tunes (1918), mveighed against this ce^t and ^ P^^am mdividuals, showing that

recommended its extupation under ccitain cir
^^j^arable quantities of the putrefactive prod

cumstance No reliable evidence can,
ucts are absorbed, yet such persons enjoy good

be cited to connect any of the toxic p “ health

mentioned wnth the symptoms of disease > choline may be gn en by mouth with impumty ,

of them ate produced only m mere
rehenrelatnely large amounts (15 to 20 mg

eren though eome, such as mdole are p^ucM mtraceaouslj no

m relatmely large amounts (60 mg are produced Smee Ihn, substanm B

Herter (1907), may be present m itw F
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rapidly destrojed m the blood stream, lai^ie

amounts may be injected slowly over a period of

tunc without noticeable effect

Histamine, another powerful depressor sub

stance was found b} hlcalona and Harington in

mmute amounts in the cecum but only insignifi

cant amounts, thej conclude, pass through the

mtestinal wall Even after the introduction of a
large dose into the small bow el onlv shght absorp

tion was evident Koeaalcr and Ilanke (1924) gave

the amine by mouth in doses of 100 mg to gumca
pigs, there were no ill effects, and upon anal^'sis

of the inte«tinal contents 24 hours after the ad
ministration of this amount, loss than 2 mg were

recovered The chief protection against the toxic

effects of histamine is apparently in the bowel

w all itself It has also been found by eiss and

associates that m the case of the human subject

20 mg of luslamine may be injected per hour

without causing a depressor effect 500 mg given

orally were inert

Accordmg to Alvarez the symptoms of consti

pation~headachc, furred tongue, foul breath,

malaise, etc , are of reflex rather than of toxic

origin Afferent impulses set up from the wall of

the overloaded rectum appevr to be responsible

Distention of the rectum by inert matenat such

as absorbent cotton has been shown to produce

almost all the symptoms of constipation In the

dog, pacKing the rectum in this way causes a nso

of some 10 mm Ilg in blood pressure which is

maintained until the foreign material is removed

The manifestations of constipation referable to

the alimentary tract, namely, the loss of appetite,

coated tongue and offensive breath are, according

to Alvarez, probably due to small waves of con

traction originating in the wall of the loaded

bowel and travelling in a reverse direction over

the small intestine, stomach and esophagus (p

691) A strong argument against the symptoms

of constipation being due to toxic absorption is

the almost immediate relief which follows cvacua

tion of the bowels—it would certamly take some

time for the blood to be cleared of a poisonous

material Furthermore, in constipation the feces

are relativ elj dry and liard, conditions much less,

rather than more favorable to the ab«orption of

putrefactive products One should expect, indeed,

that the latter would occur more rcatldy during

diarrhea Apart from all the indirect evidence

against a toxic element being concerned in consti

pation, 13 the positive fact tliat many subjects

of the disorder, even though th« is of a severe

grade, do not excrete indican in the unne and, as

>> mentioned abov e, other individuals who for some

unknown reason excrete large quantities remain

free from symptoms

There seems httle doubt that tone products of

the bacterial flora of the large intestme are pre

vented from entering the systemic circulation in

amounts that are pathologically significant

The svull intestine The immunity of the

l)ody to autointoxication apphes only to the large

intestine The small intestine is not equipped m
the same degree to re«ist the passage of toxic prod

ucts into the blood stream Normally, however,

the bacterial flora of the small intestme arc quite

diSercut from those of the large intestine The
inicroorgamsms (e g ,

Bacillus bifidus) m the

former situation have a fermentative action not

a putrefnctivD action Through their action upon

carbohydrate, organic acids—acetic, butync and
lactic—are produced The acid reaction of the

ileal contents is unfavorable to the growth of the

protcoly'tic bacteria As long as the supply of

carbohydrate niatenal is adequate the mieroor

ganisms of the acid produemg type flourish and

any of the bactena of the large intestine which

may have invaded the small intestine are unable

to gam a foothold Dnder certain circumstances

however, especially in infants, this does occur

In y ouDg children, in whom the protective power

of the small intestine is even less than t^t of

adults, a severe type of toxemia results, charac

terized by vomiting, diarrhea, dehy dration, acido-

sis, fever, emaciation and great prostration

Some believe that guanidine is the tone prod

uct concerned m certain types of intestinal in

toxication in infants In intestinal disorders as

soaated with the extension into the small

intestine of the flora of the large, measures are

directed toward encouraging the normal acid

producing type of organism in gaining the upper

band Carbohydrate is supplied, usually in the

form of lactose, which passes farther down the

intestinal tract than other sugars before it is

absorbed It has also been common practice to

administer cultures of the fermentative type of

organism such as that of sour milk—Bacillus

bulganeus (so-called as the result of the writings

ol Metchnikoff (1907) who attributed the health

and longevity of the Bulgarian peasant to his

dnnkuig large quantities of sour milk) Today

cultures of Bacillus acidophilus, one of the normal

inhabitants of the small intestme, arc usually cm

ployed Ordinary antiseptics giv-en with the view

of inhibiting bacterial growth exert no appreciable

effect, although certain guiphonamidea are

valuable for their bacteriostatic action
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Nervous and Ilornionaj Reflation of

the Gastrointestinal Smooth
Muscle

The gastrointcstjnal tract receives an abundant

nerve supply no the autonomic nerv es In addi

tion, it contains vnthm its walla an elaborate

plexus of interconnected ganglia This is usually

described as consisting of two plexuses, the

m’jentmc plexus situated between thceiriubr and

longitudinal laj ers of the smooth muscle and the

8U&771UCOUS plexus situated in the 8ubniuco«n

Kuntz (1953) considers that this is an artificial

division and that actually the plexuses function

as a unit Langley (1921) suggested that the

enteric plexuses should he regarded ns a separate

subdivision of the autonomic nerv ous sj stem and

proposed that they be designated the * entenc

nervous sjstem " He wrote as follows * This clas

sificalion 13, I think, advisable for the central

connection of the enteric nerv e cells is stiH un

certain and endence lias been obtained that thev

have automatic and reflex functions which other

peripheral nerve cells do not possess Functional

evidence for reflex actmtj in the entenc nervous

8j stem has been available since the w ork of Ba>

hssand Starling "In 1922 Kuntz presented ana

tomical evidence of the existence of reflex area m
the entenc plexuses Understanding of (he fact

that the entenc plexuses constitute a complex

and highlj coordinated reflex mechanism is es

sential to an intelligent interpretation of the

effects of the extrinsic nerv cs on intestinal smooth

muscle

iTxTKfVsrc iVrrKVES

The autonomic nerves are classified as ^mpa
thetic and parasympathetic but it is more in

keeping with modem thought to consider them
as cholinergic or adrenergic depending upon
whether they liberate acetylcholine or an adren

alinelike substance at their final terminations on

the muscles In this sense most parasympathetics

are chobnergic and sj mpathetics are adrenergic,

but there is considerable mixing since choluierpc

fibers have been demonstrated in considerable

abundance in the sympathetics

The parasympathetic nerve supply to the gas

tromtestinal smooth mu«cle comes mainly from

the vagus, however, the pelvic nerves supply the

distal portion of the colon The parasympathetic

fibers, whether vagus or peine in origin, do not

end directly on the smooth muscle cells but end

by making synapses with cells in the entenc

plexuses Therefore, as pointed out by Carlson

(1922), they stand m relation to these plexuses

Fio 42 11 Upper, shows the inhibitory cllect

of splanchnic stimulation upon the movements of
the small intestine, the heavy white line indicates
the ttme during which the stimulus was applied
(after Starling) l/ower, shows effect upon intesti
nal motility of stimulating vagus nerves (After
Thomas and Kuntz )
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as intercalated or mtemuncial fibers between

reflex centers and not as ordinarj motor nme
fibers The function of such fibers m the central

nervous Bj stem and presumably m this situation

also, IS to increase or decrease the excitability of

the reflex centera and not directly to imtiate mils

cular activity

The sympathetic supply to the stomach and

small intestine is by way of the splanchnic nerves

The cecum, appendix and ascending and traas

ver«e colon are supphed by nerves which arise

from the superior mesenteric plexus These nerves

include both vagus and sympathetic fibers The
descending colon and upper part of the rectum

are supplied by nerves which arise from the in

fenor mc'^tene plexus This plexus is a denva

tive of the aortic plexus through which it also

receives vagus fibers from the ccliac plexus The
lower part of the rectum is supplied by syrmpa

tbetic fibers which arise from the upper and lower

divisions of the hypogastnc plexus (Kuntz, 1953)

The preganglionic sympathetic fibers end m the

celiac, superior or infenor mesenteric, or aortic

ganglia The fibers that reach the mtcstine, there*

fore, are postganglionic They probably have no
functional relation to the enteric plexuses even

though they traverse the eotenc ganglia and are

distributed along with the postganghomc enteric

plexus fibers ^iost of them are concerned with

the vasomotor supply of the numerous blood

vessels m the intestine but some go to the m
testmal smooth mu«cle

The revenoN or hib extrinsic nerves The

gastrointestinal tract is capable of carrying on

its major functions after all the extrinsic nerves

have been severed This automaticity may be

attributed partly to the local nervous mechanism

and partly to the properties of the smooth musefe

Probably the essentially rhythmic functions,

such as gastric peristalsis, scgmentic contrac

tions of the small sod large intestine, and anti

pcnstalsis m the colon are dependent upon the

properties of the smooth muscle, whereas the

more highly coordinated functions such as for

ward pcnstalsis in the small and laige mtestine

are dependent upon the functional mtegnty of

the myentmc plexus Both the nemt^cme and

myogenic functions are regulated through central

nervous system reflexes by way of the avitomame

nerves

The tone and peivslaltic activity of the stom

ach IS usually increased on stimulation of the

vagus nerves The statement that the vagus m
creases the actmty of the muscle in the gastric

wall while inhibiting the sphincters has been

proved to be an error, when motor effects ar

observed in the muscle of the pylonc portion, fo

example, the pylonc sphincter responds m th

aatne sense, thus the idea of a reciprocal mnerva

tioa of the sphincters and the other muscle o

the stomach is not borne out by the expenmenta

facts (Thomas and Wheelon, 1922) There maj

be romewhat more justification for such a con

cept in regard to the relation between the esoph

agus and cardiac sphincter but in order to demon
atrate inhibition of the cardiac sphmeter by vagu

stimulation Langley found it necessary to firsi

atropimze the animal so as to paralyze the motoi

fibers

The effects on the stomach of stimulating thi

eplanchmc nerves is usually described as in

hibitory but it is far from being invariably so Ir

simply acute experiments on anesthetized ammah
increased motor activity is seen about as fre-

quently as inhibition on stimulation of the

splanchnic nerves, indeed only motor response'

are seen unless care is taken to permit full re-

covery from the shock of the operation and tc

avoid undue liandluig of the viscera nhile making

the preparation The fact is as Carlson and hu
associates (1922) pointed out, that motor re

spODses arc more likely to be obtained uhen the

muscle IS m a state of relaxation, whereas lo

hibitory effects occur when the muscle is in a

state of high tonus or vigorous activity This rule

applies to both vagus and sympathetic stimula

tion, nevertheless with the muscle m a medium
state of tonus the vagi will more often produce

excitatory effects and the splanchnics inlubitory

effects The reason for the preponderance of

sympathetic motor effects in recently anesthc

tired, operated animals is that the stomacli m
such circumstances, is always in a state of very

low tone

In the small intestine the parasympathetic

nerves are nearly always excitatory and the syra

pathetics nearly always inhibitory
,
however the

excitatory vagus effect, as mentioned previously

IS usually preceded by a brief inliibition In the

upper portion of the small mte^tme motor effects

from stimulation of the sympathetic nerves are

by no means uncommon. The tonus rule holds

here also, motor effects are more apt to be ob

served m the relaxed intestine

In the large mtestine, stimulation of the para

^TQpathetic innervation is reported to cause

mainly increased activity, whereas gtunuJation

of the sympathetic nerves gives results that are

even more confusing than those obtained m the

Etomach Some investigators report only in
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hibitorj effects, others report only motor effects

whereas still others report inhibition of the walls

of the Mscera with contraction of the «phmctere

There seems to l>e somewhat more basis for this

last concept m the large intcotine than in the case

of the stomach The sympathetic tends to cause

retention of contents, for example m the rectum,

through contraction of the mternal anal sphincter

and relaxation of the rectal walls, the para

sjTnpathetics tend to promote evacuation of con

tents b} causing relaxation of the sphincters and

contraction and propulsive motilitj m the walls

Here also muscle in high tonus tends to respond

to nerve stimulation with relaxation, whereas

mu'cle in low tonus tends to respond with con

tractions

The effects of stimulating the autonomic nerves

IS confuting if one attempts to classifj them
simplj as excitatorj or mliihitorj to the smooth

muscle It IS much more understandable if we
bear in mmd the fact that at least the para

sjmpatfaetic nerves sen's merelj to increase or

decrease the excitabiUtj of the local reflex mccli

azusm Although it is true that stimulation of

either v agus nerv e general!j increases the aeliv'it>

of the gastric and mtectmal smooth mu«cle, m
hibitor} effects have been ob<cned Brief in

hibition regularly precedes contraction m the

small intestine following vagus stunulation (Ba}

liss and Starling, 1899) ,
inhibitory effects are also

seen occasionallj m the stomach The varying

responses to parasj'mpathetic stimubtion may be

interpreted as being due to the vagaries of the

enteric reflex arcs which are subject to stimuh

from many sources The vagus impulses, beiag

only one of these sources, could not he expected

always to determine the response The responses

to symipathetic stimulation are undoubtedly m
fiuenced by clianges m the blood supply brought

about by the vasomotor fibers which always ac

company the nerves to the intestinal smooth

muscle, but mixed responses are obtained even m
excised, bloodless preparations so we must assume
the existence of fibers leading to both excitatory

and inhibitory nerve endings

Visceral Reflexes

While studying the effects of electrical stimula

tion of autonomic nerves it is well to bear m
mind the fact that nerves were not developed for

the purpo=e of being artificiallystunulated Under
normal circumstances the autonomic nerves serve

only reflex functions and wlien aroused normaHy
through their reflex connections they may produce

effects quite different from those seen on electrical

Btimulation Normal reflex stimulation is selec

tive, excitmg only tho=e fibers which will promote

the function subserved by the reflex, whereas

ordinary electrical stimulation excites all the

fibers without regard to their normal function

Certain gastromtestmal reflexes involving the

peripheral autonomic nerves have already been

mentioned, among these arc the receptive relaxa

tion of the stomach, the enterogastnc reflex, and

the so called gastrocolic reflex Tbeee reflexes

chiefly involve the parasympathetic nerves and

are concerned with regulation of the normal func

Itoning of the gastrointestinal smooth muscle

Other reflexes liav e been described which occur

only under unusual circumstances and generally

involve the functioning of the sympathetic nerve

supply One of thc"^ is the inlestino-intestinal in

htbtlory reflex Tins consists of reflex inhibition of

the whole mtcstinal tract as a result of distention

of some one segment The stomach may also be

inhibited but in this case we are dealing vnth a

rocchani«ni different from the enetrogastnc reflex

prcv'iously mentioned The reflex is abolished or

greatly dimimsbed when the "pjanchmc nerves

arc cut, hence it involves discharge of impulses

over the sympathetic nerves Itprobabb belongs

m the category of responses to noxious stimuli

which, generally throughout the body, tend to

cause increased activntv of the sympathetic

nervous system and to mhibit gastromtestmal

motility Other examples of reflex responses to

noxious stimuli are inhibition of the mtestme due

irritation of the pentomura, distention of the gall

bladder and bile ducts, overfilling of the bladder,

or forcible stretching of the anal sphincters All

of tliese stimuli produce mlubition of the gastro

mtestinal smooth muscle through activation of

adrenergic mechamsms, mamly the sympathetic

nerves
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VISCERAL SENSATIONS

True and Referred Pain

The abdominal and thoracic %nscera are in-

sensitne to the several tj'pes of stimuli which

readilj arouse sensations in the skin and more
superficial tissues of the bodj The effects of the

different Aanctira of stimulus

—

Ihermat, chemical,

tactile and pain—have been investigated by a
large number of observers

Sensations of pain cannot be elicited from the

vo«ccra bv the usual means The intestine or the

hv cr, the stomach or the heart maj be cut, burned

or pinched mthout arousing anj immediate sensa-

tion In the second stage of a colostomy operation,

for example, the colon can be opened mthout pam
being experienced by the patient Hsrvey re-

marked upon the absence of sensation in the ex-

po«ed heart of Viscount Montgomery *

ViThc m«ensibilitj of the alimentary tract to

ordmar) forms of stimulation commences in the

lower or middle third of the esophagus and ex-

tends ns far as the commencement of the anal

canal How can the«e observations be reconciled

with the well known fact thst pain is one of the

commonest manifestations of v i»ceral disease?

The w hole subject of pain arising in or referred

from the vi«ccra is still highlj controversial No
final answer can lie given The most that can be

attempted is a summarj of some of the more sig-

nificant experimental results and clinical observa-

tions, the opinions of those who have especially

intcre«te<l themselves m the subject

v/Ia nnander considered that abdominal pain was

alivajs due to the stimulation of somatic nerve

terminals in the parietal pentoneum or root of the

mesenterv, the bowel itself was supposed to be

quite devoid of pain fibers Accordinglo this view

* Harvev records “I earned tlie voung roan to
the King (Charles I) tliat Ihs Ma}est> with
hisown ejes behold this wonderful case, that, in a
man alive and well, he might, without detnroent
to the individual, observe the movement of the
heart, and with his proper hand even touch the
ventricles a« thej contracted And IIis ^loet L*
cellenl Majesty, as well ns mjself, acknowledged
that the heart was without the sen«e of touch,
for the joiith never knew when we touched his

therefore, pain localized within the organ itself

—

true nsceral pam—was an impossibihtj

Ross's theorj postulated that pain from the

abdominal viscera was of two tvpes (a) referred

(somatic) pain, and (b) true nsceral or splanchnic

pain, which was diffuse, poorlj localized but felt

m the viscus itself

Mackenzie, as a result of his clinical observa-

tions, stronglj supported Ross's idea of referred

pain, but maintained that all visceral pam was

of this nature, the vu«cera being quite insensitive

to ell forms of stimulation In agreement with

Leonander, he did not believe that the viscera

contained pain fibers, true visceral pam, i e , pam
in the organ itself, was therefore never experi-

enced

CovcEpnov OP Referred Pain According to

Ross AND Mackenzie

When a viscus is diseased, pam or tenderness is

frequently felt in the tissues overlying it approxir

matelj (abdominal or chest wall) or m some part

quite remote from it For example, pam is felt m
the neck or shoulder (fig 43 1) in comlitions

affecting the diaphragm, between the scapulas m
gastnc disease, in the region of the umbilicus m
appendicitis, in the testis in renal cohe andm the

sternal region or down the left arni m angina

pectons (ch 28) 'When traction is made upon a

coronarv artery of a dog, the animal whines and

indicates tlic location of the pam bj limping on

the left forepaw In dextrocardia anginal pam is

felt in the right arm Other examples are, ttie pam
in the penneum and tip of the perns caused bj a

stone in the region of the neck of the bladder, and

the pam m the groin due to a stone m the ureter

It will be recalled (ch 65) that a given spinal

segment supplies a visceral area with autonomic

nerve fibers (afferent and efferent) and al®o a well

dehneated area of the skin (dermatone) with so-

matic nerves The two types of structure linked

m this way through the afferent nerves and the

central nervous system may be «omc distance

apart (e g , diaphragm and shoulder) or be more

closely related (eg , area of abdominal wall and

728
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Fio 43 1 Location of jDaximum points of fo
lerrcd neck pam from irritation of the diaphragm
The figures refer to tl e number of stimulations lo
each instance Thc\ are all situated in the region
supplied bj the third and fourth spinal segments
(After Capps )

an underh tng abdominal ^^scus) Mackenzie be-

betcd that afferent autonomic unpulsea ansmg
in a diseased organ altliough of themscUes m
capable of arousmg anj sensation nould upon
entenogthe spinal cord set up an imtabte focus

with the result that celLi accustomed to receive

impulses from the corresponding somatic area

were escited Thus the impulses from the \Tsccra

spread or irradiated on to cells of the corre-

sponding somatic center New impuLes onginat-

mg m these cells traielled along tlie usual paths

to higher perceptiie centers (thalamus) which

projected or referred the sensation to the somatic

area e g skin or mu«cle from which it was ac

customed to receive impulses In this waj , spon-

ianeout pain in superficial structures remote from
the diseased site was accounted for Mackenzie
spoke of these reactions as nscerosentory re-

flexes ** Tenderness to touch pressure or bght
pinching of the ekm (hyperesthesia and hyper

algesia) was ascribed to the impulses which

ordinanlj would be below the threshold for pain

amving in the segment rendered hj^iCTCxcilablc

as a result of impulses recened from the diseased

organ In the case of the abdominal \'iscera

Mackenzie claimed that the area of tenderness m
the abdominal wall remained fixed althou^ the

position of the diseased organ changed thus in-

dicating the referred nature of the pain He ex

plained the rigidity (hypertonus) of muscles over

Ijung a diseased organ the right rectus abdonunis

* This IS obviously a most unsuitable tenn for
it IS not a reflex in the ordinary accepted sense of
that word

Fig 43^ Diagram to illustrate Mackenzie s

thcor> of referred pam representing normal
cooditioRS a visceral reflex 19 shown B illustrates

A visceromotor and a vj?cero«eiisor> reflex Im
pulses from a viscus are conceived os setting up an
irritable focus m the cord which through the in

volvcment of neighbonng neurons inerea'es the
tone of muscles innervated b} the same segment
and causes a d sebarge of impulses over the path
wa> for pain The eensafioo is then projected in

consciousness to the penpber} as indicated bx
the dotted line

m acute appendicitis for example upon a sum
lar basis Afferent impulses of normal mten«

it} arising in the muscle propnoceptors upon

amt'ing at the spinal center* which had been

render^ h}’pcrexcitab!e by the receipt of abnor

mal \Tseera! impulse* resulted m a reflex increase

ID tonus of the corresponding muscles The re

ferred motor reaction he spoke of os a visceromotor

reflex ('ee fig 43 2)

The conception of referred pain was supported

bj the work of Head who mapjjed out the 'Cg

mental distribution of the cutaneous nerxes re-

sponsible for hyperalgesia m diseased states and

showed that the} came from the same segment*

as received autonomic fibers from the diseased

organ

In table 43 1 are gixen the segmental areas to

which pain is referred in disease of i anous viscera

(Head)

True Visceral (Splanchnic) Pain

True xTSceral pam although demed b} Mac
kenzie exists The pains of dysmenorrhea or

childbirth for example or the pam of mtestinal

cohe or of an oxerdistended bladder or the

sobstemal pain of coronar} occlusion although

diffuse seems to arise m the organ it«elf exen

when referred as well to a somatic structure such
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TABLE 4S I*

VlSTOJ Spinal Sc^enta

Lungs 1-7 dorsal mostly 2-5 dorsal

Heart 3-5 cervical, 1-8 dorsal, pre

dominantly on left side,

sometimes bilateral

Esophagus Mainly 5 dorsal, also 6, 7 and 8

dorsal

Breast 4 and 5 dorsal

Stomach 7, 8 and 9 dorsal, usually foi

lateral

Intestine 9 12 dorsal, bilateral oronleft

side only

Liver 8-10 dorsal on right side

Gall Bladder iMostly a and 9 dorsal, also5-V

Kidney Mostly 10 doTsil also 11 and
12 dorsal and I lumbar

Lreter 11 and 12 dorsal and 1 lumbar
Testis 10 dorsal

Fpididymis 11 and 12 dorsal

Bladder 11 and 12 dorsal and 1 lumbar
also 3 and 4 sacral

Prostate 10 and 11 dorsal, also 1-3 and 5
sacral

Ovary 10 dorsal

Fallopian tubes 11 and 12 dorsal

Uteeme cervix 11 and 12 dorsal and 1-4 sacral

Uterine body 10 dorsal to 1 lumbar

•FromB R Brain, Diseases of the Nervous

S>stem, after Head

as muscle or skin Kin^ella obaert ed that, tn con

ecious patteuts, pressure nith the fingers upon an

uifiamed appendix caused pain centered m the

viscus a health) appendix is insensitive He and

others have also shoivn that a chronic duodenal

ulcer IS also tender to direct contact In tran*scc-

tion of the cord at the third thoracic vertebra in

a patient (reported upon bj Kinvlla) tn whom
there was complete paralysis and anesthesia of

the abdominal wall, intestinal pain nas experi-

enced, which obviously could not be caused by

reference to somatic nerves Impulses ra such

cases roust reach the central ner> ous «ystm along

intact visceral aflerents They travel apparently

by sympathetic fibers which enter the cord above

the level of the transection It is unlikely that

they are transmitted by the vagus

Pain m a normal nscus may al«o result from

dt^ease in a distant organ through a VTsccromotor

reflex. Painful pylorospasm, for example may

accompany disease of the appendix A distmction

should be drawn between pam of this nature and

referred pam

Tfte Adequate Sfvmuluj /or True I’uccrnl Pmn

The existence of true vi«ccral pain i« not in-

compatible with the statement made above that

the vi«cera are insensitive to the ordinary ty^es

of stimulus From his mve^tigatiofts Hurst con-

cluded that the only adequate stimulus for

vx-iceral pam fibers is tension Distention of a

hollow vascus, e g ,
stomach, mtestme, gall-

bladder, etc
,
gives nse to pain as a result of the

stretch stimulus apphed to the nerve terminals

m its wall The pam is roughly localized to the

VTScus itself, or referred Under certain circum-

stances chemical substances produced in an

ischemic organ, as in angina pectons or intermit-

tent claudication, may stimulate nerve fibers sub-

serving pam
Although the question is by no means settled,

it appears that eonlra^iwn of the muscular wall

of a hollow VISCUS, such as the intestine, does not

cause pam unle«a the movement of the bowel

makes Irattion upon the mesentery Pam anses,

however, if the contraction causes distention of a

neighbonog portion of the wall as may re-

sult when the contraction wave approaches a

mechanical obstruction a length of bowel m
spasm or a sphincter which fails to relax (ocA-

alasin) Poulton, for example, found that when
a balloon was inserted into the lower part of the

human esophagus, the approach of a penstaltic

nave toward the obstruction caused pain, but

dunng its passage over the esophageal wall in

contact witli the balloon no sensation was felt

Poulton asenbes the absence of pam dunng the

passage of the contraction wave to the reduction

in the diameter of the tube and the consequent

relcaoe from stretch of the nerve endings lying

between the muecle fibers Pam was also relieved

if the Caophageal muscle relaxed to accommo
date the balloon, that is, adjusted the length of

its fibers to the distending force (see p G95)

As further evidence for the effectiveness of dis-

tention in causing pam the following observations

may be cited In anunals, w hen an mtesfina! loop

exposed under local 8nesthc«ia ts stimulated to

powcrfid contraction, there is no evidence of pain,

whereas even moderate distention of the loop

(as by inflating it with a balloon) is manifestly

pamful Distention of the gal! bladder of the cat

13 accompamed by reactions indicative of intense

pam Distention of the human appendix by the

injection of fluids through an appendicostomy

opening causes severe pam m the epigastrium or

in the region of the umbilicus, and when the

duodenum is distended by the mjection of mate-

rial through a duodenal tube, pain is felt on the
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right Side The pain impulses undoubtedly reach

the central ner\ ous sjstcm through the splanch

me nerves Bentley and Smithw ick distcndeil the

duodenum of patients n ho'e splanehnics had been

divided on one or on both sides After unilateral

denervation, distention caused pam on the un

operated side only, no pain i%hatcver v^as felt

after bilateral splanchnic section

Morlft’s Theory of the Parietal Origin op
IIfferred AnnoMiLAL Puk

hlorlcy contends that the referred pam of nb*

donunal disease docs not inioke visceral af

ferenls (as postulated bj Mackenzie) but is due

to the stimulation of somatic pam fibers m the

parietal pentoncum or mesentery, the sensation

being referred to the superficial area inncriatcd

from the same spinal segment He expresses nhat

he terms the law 0/ referred pain in the following

words Referred pain onhj arises from imtation of

nm-ea u?itch are eensiitce to those siimuh that pro-

duce pain when applied to the surface of the body,

that IS by the stimulation of somatic scnsoiy

nerves He believes that the somatic innervation

of the peritoneum extends along the mesentery

to nithin a short distaoco of its attachment to

the bmvel and docs not terminate as has been

generallj supposed near the root of the mes-

enterj * The mesentery or peritoneum is therefore

sensitive to tearing cutting, etc
,
whereas the

organ itself nhich contains only visceral af

ferents is insensitive to these t^-pes of stunulus

In support of his views Motley cites the pam in

the shoulder associated Tilth imtation of the pen
toneal covenng of the diaphragm He pomts out

that the diaphra^ is innervated (through the

phremc) chiefly by the fourth cervical spinal seg

ment and to a less extent by the third and fifth

None of these segments gives rise to autonomic

fibers but the third and fourth cervical nerves

furnish somatic afferent fibere to the shoulder

area m which the referred pain of diaphragmatic

disease is located Morley explains muscular

rigidity m a similar manner—the radiation of

impulses over the motor nerves He replacts

‘ Sheehan has made a study of the nerves of the
mesentery and finds the following types of fiber

(a) ribers ending in Pacinian corpuscles scattered
throughout the mesentery These are afferent
sympathetic fibers which travel in the Bplanchnie
nerves (b) Free nonmyelinated fibers These are
afferent and efferent sympathetic fibers their
ternunals are distributed to the serous covenng
of the bow el They provide a medium for the trans
mission of true visceral pain (c) Free myelinated
fibers derived presumably from somatic nerves
These apparently do not extend as far as the serous
coveting of the bowel itself

Pio 43 3 Diagram to illustrate Morlex s the
ory of peritoneocutaneous radiation and perito
neomuscular reflex M muscle P peritoneum S
skin After Morley, redrawn

Mackenzie’s terms, visccro®cnsory and viscero

motor reflexes bj pcntoneocutaneous radiation

and penloncomxiscular reflex respectively l^Iorley

also rccogmzes spontaneous true (unrefeired)

visceral pain resulting from an adequate stimulus

—namely tension The pam and tcndcrncas tliat

result from pressure upon an inflamed viscus (e g
ulcer of the duodenum) through the abdominal

wall, anti that seems to arise in the organ itself

he asenbes howev er to the parietal pentoncum

being brought into contact with the roughened

surface of the lesion As evidence that the sensa

tion ts not, m such instances referred to the skin

from the diseased structure, but is due to tiic

stimulation of nerves m the parietal peritoneum

he states that (a) the area of tenderness shifted

with the movement of the viscus and (b) direct

pressure upon the inflamed organ when exposed

by operation in a conscious patient (1 e ,
under

local anesthesia) did not give rise to any sensation

(see fig 43 3)

Morley has made out a case for the production

of pain m some instances through a pcritoneo-

cutaneous reaction, and for pam and tenderness

upon pressure bemg the result of the stimulation

of somatic nerves in the parietal pentoncum

But his views cannot be accepted in their en

tirety Others have reported that a duodenal

ulcer IS tender to direct touch and there is no

doubt that referred pam can be brought about

throi^h the mediation of either visceral or so-

matic nerves Woollard and Carmichael, for e\

ample, have obtained evidence for the latter from

expenmeots upon the human testis which, since

it has migrated from the abdominal canty and

IS enveloped by peritoneum, may be looked upon

as an abdominal organ, m so far as the question
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of referred pam is concerned Thc«e obscr%ers

found that after all the nerves to the testis had

been blocked bj means of novocainc, except the

autonomic fibers passing along the spermatic

artery, no sensation was felt nithm the or^n
when it was compressed, but pain referred to the

tenth dorsal segment—lower abdomen and back

—was experienced The observation of Bentley

and Smithwick, mentioned above, point in the

same direction

The Views or Lewis and Kelgren

Lewis and Kelgren postulate a common q stem

of afferent nerves supplying deep somatic etruo*

turea as well as the vnscera They maintain with

good reason that since referred pam can follow the

irritation of either visceral on somatic afferent

nerves, there is no plij'siological justification for

making a distinctionbetween pain referred from a
VTscus and that referred from the pancties, nor

Ixitween the motor reactions (e g ,
muscular

ngiditj ) resulting from stunulation in either situ-

ation Although in the fir«t instance v isceral af-

ferent fibers are stimulated, and in the second it

IS somatic sensorj nerves, the impul«cs m either

case enter the spinal cord bj the posterior nerve

roots, and the nerve fibers which transmit them

have their cell stations in the postenor root gan-

glia there is no indication that they do not follow

identical paths in the central nenous sj-stem

Thus impulses from a vi«cus or a deep somatic

structure cau«o a «cn8ation which in either case

IS projected to a part remote from that stimulated

but innervated bj the same spinal segment The
pains whether referred from a viscua or from part

of the soma, have common cliaracten«tics, being

diffuse and poorly localized

Lems andKcllgren earned out experiments oo a

number of human subjects, their results are highly

significant to the question of referred pain Pam
closelj resembling in character the referred pain

of visceral disease was induced by the injection of

a small quantity (0 3 cc ) of hypertonic saline into

an interapinous ligament at various spinous levels

Injection into the first lumbar inlerspinous Jiga

ment caused pnin distributed in a manner sink

ingly similar to the pain of renal cohe, namely,

in the loin and in the inguinal and scrotal regions

The pain was accompanied by retraction of the

testis Injection into the ninth thoracic interspin

ous ligament CBU«ed pain in the back in the region

of the first lumbar spine and over an area in front

extending from the ninth costal cartilage on the

affected side to the umbilicus Rigidity of the

abdominal muscles and deep tenderness were as

Bociated with the pam Stimulation of the eighth

cemcal ligament was followed by pain m the m
terscapuUr region, over the pectoralis major mus
cle and down the inner side of the elbow and fore

am, together with a sensation of constriction in

the upper part of the chest on the stimulated side

Several subjects of angina pectoris were chosen

for experiment and w ere asked to compare the pain

which they experienced m an attack with that

caused by the stimulation of the seventh cervical

or the first thoracic interspinous ligament In all

instances the patients desenbed the expenmen
tally induced pain as being identical in character

with that caused by the disease, although it

showed some minor differences in distribution

IjCwis and Kellgren also found that in cats me
chanieal stimulation (pinching) of the pancreas

or of the mesentery in the duodenal loop caused

motor reflexes from the abdominal muscles which

resembled closely those caused by stimulation of

the back muscles

As Explanatios op Referred Pais os the
Basis or Reflex Vasomotor Chasoes
(V ISCBROSOMATIC REFLEX) OR THE LlBERA
TioN or A Chemical Substance at

Somatic Nerve Endings

Pollock and Davis stimulated the peritoneal

surface of the diaphragm in dogs The animals

ehowed every sign of suffering pam, which was
abolished by anj one of the following procedures

Section of the phrenic nerve removal of the cer

vical sympathetic chains, severing the eighth

cervical and the first second and third thoracic

anterior roots transection of the cord at the

seventh cervical segment, destroying the cord at

the first and second dorsal segments or section of

the cemcal posterior roots Pollock and Davia

conclude from these results that the pam impulses

following stimulation of the diaphragm travel

over the phrenic enter the cord by the posterior

ccmeal roots descend the cord to the level of the

eighrti cervical and first second and third thoracic

segments Connections are then made with cells

in the lateral horn of gray matter fintermedio

lateral column) from where impulses pass by
sympathetic preganglionic fibers to the cemcal
sympathetic chain and then by postganglionic

fibers ‘efTectorS in the skin, blood vessels, men
inges and other structures where by some vaso

motor (?) or hormonal (?) process the sensory

endings of the cerebrospinal system are stimulated

and a sensory impulse travels over the ordinary

cerebrospinal system enters the spinal cord by

the posterior roots and ascends to consciousness
”

The pam and cutaneous lesions of herpes zoster

come to mind in this connection

The diffuse cliaractcr of deep pam m contrast

to tiH* accurate localization of cutaneous stimula-

tiim can be accounted for by (a) the existence of
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rclativclj feii\ afTcrent fibers m deep structures,

(b) the lack of e.\penence and training in the local

ization of "cnsations from the % lecer i «?mce such

are normallj felt very infrequcntlj and (c) when

impre«sions from the internal organs do occur

their localization is not aided bj sight as m the

case of more superficial sensations However, m
experiments w ith intelligent subjects havmg some

knowledge of anatomj, and m whom pam was

evoked b> inflating balloons inserted into hollow

viscera the subjects sense of localization was

much improved above the ordinary

The Sensibility of the \l1mcMtar3 Tract

to Tactile, Thermal and
Chemical Stimulation

Touch The sensation 0/ touch disappears at the

lower end of the pharynx This was shown by
Hurst by means of an esophageal tube with a slit

on one aide through which the mucosa of thecsoph

agus could be stimulated Carlson b> means of a
test tube brush passed into the stomach was un
able to elicit the sensation of touch from the gas

tno mucosa The rectum possesses no tactile sen

eibibty but the anal canal is sensitive

Thermal sennhihtg The esophagus is sensitive

to extremes of beat and cold The sensations of

temperature that are felt when hot or cold ma
teriala enter the stomach have been thought by
some to originate la the loner end of the ceopba
gus by others to arise in the akin of the epigas

trium either through thermal conduction or by
reflex changes in the cutaneous blood vessels Carl

sonhasshowD however that the gastric mucosa is

sensitive to extreme temperature changes 1 e

prolopathic thermal sensibility (below 13*C or

above 45*C ) It is the lower end of the esophagus

however which is responsible for the greater part

of the thermal sensation that is experienced when
excessively hot or cold materials are swallowed

Tbisiadiieto thegreatersensitivityof theesophag
eal mucosa as well as to the fact that the ma
tenal is retained for an appreciable length of lime
above the cardia The colon is insensitive to tern

perature changes but even comparatively slight

differences m temperature can bo detected in the

anal canal

Chemicals with the exception of alcohol cause

no sensation whatever when introduced into the

stomach or intestinal canal The mucosa is com
pletely insensitive to acids the introduction into

the healthy stomach of a solution of 05 per cent

hydrochloric acid causes no pain or sensation of

any kmd Alcohol stimulates the mucosa of the

esophagus and stomach and causes a sensation of

warmth Peppermint and various condiments free

from alcohol arouse no sensation The pelvic colon

and rectum show a similar sensitivity to alcohol

but are insensitive to other chemicals The anal

canal 13 extremely sensitive especially to alcohol

and gl>cennc Both cause a burning sensation

Nausea

Nau<iea u^uallv precedes the act of vomiting

(p 701) but may occur alone On the other hand
vomiting maj occur without nausea, as m certain

cerebral conditions The sensation is felt m the

back of the throat or pit of the stomach, and m
its milder degrees is merelj a sinking sensation

in the epig-istnum It is frequently associated

with vasomotor disturbances and sweating In

creased tension upon the walls of the stomach or

duodenum is a potent cause of the sensation and

Pouiton has shown that it is ako induced by dis-

tention of the lower part of the esophagus Durmg
the passage of a pensLiltic wave which relieves

the tension upon the nerve fibers in the eso

phageal walls the sensation is relieved Barclay

showed by radioscopy m the human subject

that nau'cous odors caused the lower border of

tlic stomach to descend an inch or two evidently

as A result of sudden relaxation of the abdominal

muscles This movement would tend to stretch

the c«ophagus and gvstnc walls and so evert ten

Sion upon the nerv c endings Tlie stimulus which

induces nausea IS, therefore the same apparent!}

as that which causes v isceral pam but of lower m
ten<it} It 1$ hkcl} that the sensations expen

enced during changes m speed of an elevator are

al<o the result of tension exerted upon the esopha

gus and gastric walls Tins clement is also prob-

ably a contributory factor in the production of

seasickness being brought into plaj by the pitch

and roll of the ship

The relief of nausea and vomiting by the apph
cation of counter irritants to the epigastrium or

over the sternum is probably due to either a reflex

change in the tone of the gastric walls or to the

reflex initiation of peristaltic contractions The
tension upon the nerve endings in the latter in

stance 13 taken up by the muscle fibers Pouiton

observed for example tbit the sensations caa-^ed

by a balloon in the esophagus were relieved by

vigorous friction of the skin over the sternum

contraction of the esophagus in some cases or ad

justment of the postural tone of the esophageal

wall in others were observed to acoompanj the

disappearance of the sensation

Regulation of Food \nd ^atcr Intake

Tlie cnergj requirements of the body are met

bv the food that is consumed and absorbed If

an excess of food iiere consumed continually and

there wore no change in the energy expenditure

there would be 0 consistent gain in weight A
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•'hortage in the energy value of the food as-

similated would result in a steady loss of weight

The fact that the average adult mamtaias a con

stant weight or gams or loses weight \er> slowly

13 sulticient evidence that a balance is usually

mamlillncil between the energy e-^pended by the

bOd> and me ^er^ content oi me tood that is

a^unllatcd i he precision of this adjustment can

lx; appreciated when we realize that the addition

of 500 mg of dry food Gess than one soda cracker)

to each meal would cause an increase m weight

o\er a lO-jcar-pcnod of more than 10 pounds if

there were no compensatory increase m energy

expenditure Of cour«e some people do gam
weight but it 13 belieied that tins is usuaUy the

result of some abnormality affeebng the regula

tion of food intake

The balance between food intake and energy

output IS maintained by regulating both tbe food

intake and the output of energy There is an

immediate effect of the excess food through its

specific dj namic action, which results m an in-

crease in energy output Tins however, is rarely

sufficient to account for all the enei^ contained

in the excess food eaten It it were, there would

never be a gain m weight If an individual con

Bumes a certain measured excess of food at each

meal oxer a period of time he will gam weight

steodil} but the gam m weight wiU result m an

increase m his basal metabolic rate which, if the

excels food intake is not too great, will ultimatel>

increase the metabolism to a point where the

energ> output wall again equal the energj of the

food, including the excess In this waj a new

balance is cstabli«hed at a higher weight lexgl

In addition, there is apparently another mech-

anism less well understood which, in some cases

at least, balance the energj output agaiast the

food intake e\en when this is in excess In experi-

ments on dogs at the Unnersitj of Illinois it was

found that dogs tliat were mauitaining a constant

weight on the amount of food wluch they ate

voluntanlj could be given an excess mer this

amount through a gastric fistula amounting to 33

per cent of their voluntary food intake without

either diminishing their xoluntary food intake or

causing a gam in weight (Shared al

,

1952) Cvi-

dcntly the animal^ had some means of metaboliz-

ing the excc«s food without increasing their total

bodj m^‘'s Tins suggests that there is sihdc

mcclianism for adjusting the total bodj metabo-

lism to the energy content of the food consumed,

eien though that is in excess of the neol . Low-

ci-er, wc are here concerned with the other aspect

of the adjustment of food consumption to energj

output, that IS, the regulation of food intake

There are sexeral methods of demonstrating

tile fact that food intake is regulated in some
manner so as to equal the energj requirements

of the animal Healthj animals when allowed all

the food tliat they will eat will consume onij as

much as is necessarj to meet their energj re-

quirements and to maintain their weight, or their

normal growth if they have not alreadj attaineil

their adult weight If the caloric value of the food

is increased, the amount consumed will be dimin

ished 60 as to maintain a normal intake of food

calories If, on the other hand, the calonc value

of the food is decreased bj dilution with inert

material ordinanlj the animal will consume more
food, up to the limit of its capaaty, in order to

maintain an adequate caloric intake This mech
amsm may be tncked bj human ilenccs into

pcnnilting an excels food intake as m the expen

ments of Share and bis coworkers, described

above.butusuallj it works very well Adjustment

of food intake to energy expenditure is illustrated

in figure 43 4

Huvoer and Appetite

Since eatmg is a voluntary act, regulation of

food intake must be accomplished through con

ecious eensations which indicate either that food

IS needed or that enough food has been consumed
The sensations that cause food to be eaten are

desenbod as hunger and appetite These terms

have never been preciselj defined in the Bcientific

sense but in a general way we recognize that

hunger is the sum of the sensations aroused bj

the phjsical need for food Appetite on the other

hand is a psychic or emotional desire to eat, and

may or may not be associated with the need for

food Cessation of eating is also a voluntarj act

and IS induced bj a conscious sensation called

satiety when a sufficiencj of fcKxl has been eaten

The mechanisms of hunger and satiety are prob-

ably mbom and dependent on the inherent

organization of the nen ous bj stem Appetite, on

the other hand is acquired and is probablj de-

pendent upon pleasurable past cxpencncea asso-

ciated with eatmg For example an indnulus!

whois hungry will eat almost anj wholesome food

so long as it is reasonablj palatable Ulien he has

reacheil a state of satietj, however, he will eat

only those foods vchich are particularh ple-ising

to him and with which he has liad pleasant cx-

pencnces in the past Tims, because of hunger,

one may eat a wholesome meal which is fully

adequate for his needs and then because of ap-
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voLurrrARY caloric intake and boot weight
AS fUNCTIONS OF EXERCISE IN NORMAL ANIMALS

Fia 43 4 Illustrating tho efTcct of cxerc>*e of various durations on caloric intake and body
^eigfat of »erei«ed rats Three ranges can be distinguished sedentary, normal activity and ex
hau«tion (From Majer, 10S5 Courtesy of NewNork Academy of Science)

petite add to it a dessert which la entirely unneco«-

sarj so far as calonc requirements are concerned

Thb Neotu. REotn^nos of Food Ivtake

It has long been known that persons suJTenng

from tumors of the hjTWphj-sis hate a tendency
to become obese, the condition is known as

Frolich's syndrome In 15)40 Hethenngton and
Hanson showed that a similar condition could be
produced in animals by injury to the hypothala

mus in the ncinitj of the hypophi-sis Later,

Brobeck and others (1943), showed that the

obesity was caused bj injury to the ventromedial

hypothalamic nucleus situated in the tuber cin^
rlum 11 This area ls destroyed in rats, cats or

monkeys, instead of being satisfied with an
amount of food appropriate to its calonc require-

ments, the animal continues to eat as long as it

13 able to swalloTT food or as long as food is avail

able, with the result that it becomes excessively

obese A little later, Anand and Brobeck (1951)

found that mjunes to the lateral hypothalamic
nuclei lust lateral to those mvolved m obesity

would cause the aturwal to stop eatmg aHogether

Animals with such injunes absolutely refused food

even though they starved to death If an animal

wuth a medial byTothalamic injury and con-

sequent lumerphama (habitual overeating) was
subjected to an injury to the lateral hypothala

mus, such an animal not only recovered from its

hypcrphagia but refused absolutely to eat any

thing From lhe«c observations it was concluded

thatUhejuclei in the lateral area of the hy-

poth^amua contain a ' feeding center* and the

medial byT>othalamio nuclei contam a “satiety

center^” Since injury to the medial nuclei was

effective only if the lateral nuclei were mtact it

was concluded that the medial satiety center

acted by inhibiting the lateral feeding center

It IS loterestmg to note that the areas of the

hyT)othal3niU3 involved m the control of food

intake hav^ a much higher concentration of high

energy phosphate compounds (adeao«ine tnphos-

phate, creatme phosphate) in fasted animals than

m animals recently fed
,
the mcreasem these com-

pounds ijnphes mcreased activuty of these areas

m hungry anunala (Larsson, 1954) The medial

hypothalamic areas, which are believed to inhibit

the feeding centers m the lateral hypothalamus,

exhibit increased electrical activity when drugs

which reduce or abolish appetite, such as am-
phetamine, are given It is beheved that the m-
treased eWtncal actvwty indicates stimulation

of the medial nuclei and that these then inhibit

the action of the feeding centers It has been

•shown that electneal stumilatjon of the lateral

hypothalamic nuclei by means of implanted elec

tixdffi produces hyperphagia (Brobeck ei al

,
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TABLE 43 2*

C{as8t^a(tori o//ee<ftng reflezit on a 6<ut< of tntCtal

sensory slimtilus (.left side) or behamor

patlern induced (right side)

Stnsory Bisis Behaviac Btsis

I'lsual reflexes

Olfactory reflexes

Auditory reflexes

Tactile reflexes

Gustatory reflexes

Enteroceptive rc

flexes

Reflexes of attention

Reflexes of approach
Reflexes of examination

Reflexes of incorporation

Reflexes of rejection

• Trom Brobeck, 1957

1950) in rats, cats mice, monkeys, goats and
sheep Dunng penod of stimulation the animals

exhibit a compulsive desire to cat and if food is

avTiilablc mil eat as much as it is po<«ible for

them to shallow (Lar>son, 1954)

Jjrobeck (1937) has suggested that the areas

of the hvpothalamus that control food intake do

BO either by facilitating or inhibiting the reflex

mccham«ms involved in the acquisition and con-

sumption of food, lie calls these feeding reflexes

The«e lie ela«sifies in two wavs (a) according to

the sensory mechanism arousing the reflex and

(b) according to the nature of the responsejThe
reflexes ire Ii«ted in table 43 2 Probably the list

could be extended if the mcchani«ms involved

were better understood ^The important point is

that the hypothalamic renters not control

food intake directly but do so by making more

or less responsive to stimuli the lower brain

centers which control tlie reflexes governing the

acquisition, consumption and assimilation of foodj

Peripheral Meehamsms

Consumption of food brings about con«e-

quences which induce satiety and stimulate the

mccham^ms that are inhibitory to the feeding

reflexes starvation or the absence of food bnngs

about consequences which excUe hunger and stim-

ulate the feeding centers In spite of cxtensivT

study and even more widespread speculation the

penphenl mechanisms w hich contribute tohunger

and satiety arc still not fully understood Among
the possible operating dtvuecs we can recognise

ga«trointe'»tinal mcchani'ins and metabolic mech-

ant ms Tlie gastrointestinal mechanioms are

mainly of a physical nature whereas the metabobc

mechanisms arc chemical The physical mech-

anisms are presumed to act through stimulation

of sensory nerve endings, whereas, ^bc chemical

mechanisms are supposed to act on some hypo-

thetical semory device within the central nervous

system or connected with it through afferent

nerves, although this is by no means certain)

Apiong the gastrointestinal stimuli which tend

to mcrease food intake and to cause a sensation

of hunger, are the so-called hunger contractions

of the Btoraach and intestinsvCsee Quigley , 1955)

These have been described m detail m chapter

41 The fact that hunger contractions cause a

sensation of hunger helps us little in the solution

of our problem for we still do not know what

causes the hunger contractions Probably l{>esides

mere emptiness of the stomach and intestine they

are exated by something in the metabolic cate-

gorvt Emptiness is not the whole answer becau'e

although the stomach may be completely empty

a few hours after a meal, hunger contractions

become more intense and more distressing the

longer the fast is continued Qilowever, ^hey cease

at once when food is taken and before any meta

bolic changes have taken placcj, therefore, what-

ever their cause, thev can ^ completely inhibited

by the presence of food in the stomach and in

testine

It » known that hunger contractions can be

induced or made more ititeD«e if already present

bv
^
inducing a state of hypoglycemia through

administration ot insulin lUuiglev el al . 1929.

1930) This brings about stimulation oflncdullary

centers in which increa sed activity of the vagus

cenUrs is a pTominent feature jH the vagu^erv es

ar^iit', in«ulm hypbgly cemia aocs not stimulate

hunger contraction fOuielev and Templeton

1930), indeed it tends to inhibit them if they are

already present /The hunger contractions induced

by insulin evidently arc due directly to an action

of low blood sugar on the central nervous system

They can be inhibited by administration of glu

cose uitravenoush but the normally occurring

changes in blood sugar level are in no wav related

to the presence or absence of gastric or intestinal

hunger contractions (Quigley, 1955 Scott el al ,

1938) Ilyporglv cemia may or may not inhibit

hunger contractions
,
it obviously docs not in dia

behc subiceta In a ma]onty of experiments on

norma! nnunah hv pcrgly cemia induced by inject

mg glucose intravenously does not inhibit gastric

hunger motility It has been shown by Stunkard

and Wolff (1956) tliat in tho«e instances m which

the hunger contractions were not inhibited by

intravenous gluco«e that the injection of gIuco«c

did not cause a great nse in the arterial as com

pared to the venoas gIiico«e concentration The

arteriovenous gIuco«c concentration difference ts



Chapter 43 VISCERAL SENSATIONS 737

taken as an inde\ of the rate of utilization of glu*

co«e bj the tissues On the other hand in tho«e

instances in which there was inhibition of hun^r
contractions there was an increase m arteno\e'

nous gluco'c difference Reference w ill be made
to tins fact a httle later under the head of

“Jlctabohc Factors

^lTndoubtedl^ gastnc hunger contractions con-

tribute to the hunger state but they are by no

means solely responsible for it^ Enough human
cases ha\ebecn studied m which both splanchnic

ner\es were severed to estabhsh the fact that tins

operation abolishes all sensation produced by

contraction of the stomach during hunger The
contractions persist but they are no longer felt

Howeacr, mduaduals so operated upon do not

c\penence any decrease m their desire for food

and they have periods of hunger just as intense

as before the splanchnic nerves were severed

(Grossman and Stem, 1948) Cutting the vagus

nerves abolishes the hunger contractions alto-

gether for a tune but by no means abolishes the

sensation of hunger On the contrary
,
as judged

by the amount of food consumed, the hunger sen-

sabon is intensified by vagotomy (Volkmann,

1844) TV e may conclude that the hunger sensa-

tion arises not only in the stomach and intestine

but cl«ewhere in the body also and that the

gastrointestinal component is dispensable

Sensations arising in the gastromtcstinal tract

which dimmish or abolish food mtake are some-

what better understood The act of eating will m
itself dinum«h hunger and appetite For evample,

if m animal is prepared with an esophagostomy

"0 that food that is eaten passes through the

mouth and pharymx and upper esophagus but
does not enter the stomach the animal will eat

more food than would a normal animal, but feed-

ing ceases eventually If an arumal is given a

measured amount of food before its regular meal-

time it will reduce the amount of its voluntary

food mtake proportionately If the prefeedmg is

earned out through a gastnc fistula instead of by
mouth the reduction in voluntary food intake is

much less pronounced, mdieating that the de-

crease m food intake was not all due to disten-

tion of the stomach but partly to the oropharyn-

geal stimulation of eating

Distention of the stomach alone inhibits hunger

and appetite. For evample, if an animal is given

a portion of its food a few minutes before regular

feeding time through a gastnc fistula and this

practice is continued over a penod of tune, even

tually the animal will come to reduce the sue of

its subsequent meal by an amount equal to an

amount guven through the gastric fistula, in other

words the total size of the meal will be maintained

constant (Janowitz and Hollander, 19o5) Tins

adjustment docs not occur immediately and is

never vciy prcci«e, but it does show that gastnc

distention with food tends to reduce hunger and

appetite Similarly , if the stomach is partly filled

with inert matenals the size of the subsequent

meal will be reduced Inflation of a balloon m the

stomach lias the same effect (Janowitz and Gross-

man, 1949) That these effects are mechanical and

not metabolic m nature is shown by the fact that

if the artificial feeding, mstead of being given

immediately before the regular meal is giv cn some

4 hours after and time allowed for it to be disposed

of, the animal wall eat a normal amount at the

nevt regular meal, provaded the artificial feeding

was not too large As much os one-third of the

animaVs regular food consumption can be given

m this manner over a penod of tune without

affecting his voluntary intake (Share el al

,

1952)

The fact has already ^en referred to tliat anunals

so fed, although receiving 30 per cent or more in

eveess of their regular food intake do not neces

eanly gain weight (The effect of gastnc distention

on hunger and appetite is doubtless due to the

presence in the stomach of stretch receptors

(Pamtal, 1954) situated m the muscular walls

and connected to afferent fibers of the vagus

nerves t section of the vagi does away with the

effects of gastnc distention on appetite Indeed

vagotomy produces a condition of hyperphagia

comparable to that caused by lesions of the medial

hypothalamic nuclei

The effects of the gastrointestinal stimuli are

largely confined to determmmg the size of an

individual meal They do not serve to regulate

the over all balance between energy intake as

represented by the food and the energy output as

represented by the total metaboliom of the body

Presumably metabolic factors are responsible for

tius type of regulation but any discussion of such

factors at the present tune w ould be m the nature

of speculation We know certainly only that some

metabolic consequences of the assimilation of food

are not effective as regulatory factore It has been

shown, for evample, that changes in blood sugar,

at least those that are not asaociated with changes

in artenovenous glucose difference have no effect

on voluntary food intake nor do they influence

hunger contractions eveept tho«e induced by insu

Im (Quigley and Hallaran, 1932) An increase in

the amino acid concentration of the blood caused

by intravenous injection of the ammo acids has

no effect upon voluntary food intake m dogs
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HtAT PRODUCTION

Fio 43 5 Outline of tiiechanisms t&king part
m transition from appetite to satiety (I rom Bro
beck , 1957 )

'How ever the slight increase m temperature nhich

results from the presence of pyrogens in some
intravenous solutions does definitely influence

appetite, even though the rise in temperature

IS too small to be recognised clinically as a
fet-er This, and the fact that taking food causes

a slight increase in temperature due to the specific

dynamic action of the food has suggested to Bn>-

beck (1957) the possibility that the increase in

body temperature caused by the specific dynamic

action of the food may be a factor limiting food

la^ke (figure 43 5)<'

•(^aycr (1955) has suggested that food intake

IS controlled in some way through the metabo*

lism of glucose, the so-called glucostatie hypotbe-

Bis^ecognizing the fact that hunger and appetite

arc not related to changes in blood sugar le>c\

Mayer contends that they are governed by the

utilization of carbohydrate food by the tissues

To quote from a recent article (1955) ‘According

to the glucostatie theory the mechanism postu-

lated for the short term regulation of energy

intake rests on the concept that somewhere, pos-

sibly in the hypothalamic centers shown to be

implicated in the regulation of food intake, per-

liape peripherally as well, dhpre arc glucorecep-

tors sensitue to blood glucose in the measure

that they can utilize i^’ In other words.^when

the tusucs are rapidly utilizing glucose, thus es-

tablishing a high artcnoi enous gluco«e difference,

the glucoreceptors are stimulated and through

their central connections euppress hunger and

appetite and inliibit food intake On the other

hand, when glucose is not available for tissue

utilization and the arteriovenous gluco«e differ-

ence tends toward zero, a state corresponding to

tissue hunger exists and this is m some way sensed

by the hypotlialamic centers which then facilitate

the feeding reflex^

Another thcorv suggests tliat the total energy

stores of the body are maintained at a certain

predetermined level by the balance between hun-

ger and satiety ^Miatever the mechanism may

be, it IS evudent that metabolic factors are im-

portant and quite possibly play a determining

role in the regulation of the balance between food

intake and energy output m the body

Thirst

The sensation of thirst is referred to the

pharynx and is due to the stimulation of sensory

nerve endingsm this situation Two theories have

been advanced to explain the mechanism by
which the sensation is aroused

According to one view
,
thirst is due simply to

the drying of the pharyngeal raucous membrane,

the salivary glands being giv en a role m the regu

lation of the water balance of the body AMien

the water content of the body falls below a certain

level salivary secretion is depressed the conse

quent drjnng of the mucous membrane of the

throat then elicits the characteristic sensation

If such a view is correct, drying of the pharyngeal

mucosa from whatever cause should cause thirst

Cannon, who provided the principal support for

this theory
,
found in studies upon himself that

after abstinence from fluids for a time the depres-

siOQ of salivary secretion which resulted was

definitely associated with thirst Atropine, which

inhibits salivary secretion, also produced the typi

cal sensation and thirst aroused by the depma-
lion of water was relieved by the application of

cocaine to the mueosa Pilocarpine or acid sub-

stances which stimulate the flow of saliva also

relieve thirst In dogs, however, atropine and

pilocarpine are without effect upon the water in

take

According to the other mow, thirst is a sensa

tion resulting from changes in blood compo''ition

probably due to a nse in its osmotic pressure

which stimulates the afferent nerve endmgs or

acts perhaps upon central nervous structures

Itowntrec and his associates, for example, found

that the thirst of diabetes insipidus was relieved

neither bv cocamization of the mucous membrane
nor when salivation was induced by pilocarpine

The expenments of Gilman suggest that cellular

dehydration rather than a nse m osmotic pressure

13 the prune factor in arousing thirst Elevation

of the osmotic pressure of the blood of dogs by

the injection of s hy pertonic salt solution, and the

imbalance thus caused in the osmotic relationship

between intra and extracellular fluids, cau«cd a

much greater intake of w atcr than an eqmv alent

n<5e in osmotic pressure resulting from the ad

ministration of urea After the injection of salt,

sufficient water was drunk to quickly reduce- the

osmotm pressure of the blood, w hercas after urea
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to which the cells are readily permeable, and
wluch therefore, did not disturb the osmotic re

lationships the \%atcr intake was but little m
creased and the osmotic pressure of the blood

remained elevated In support of the v icw that

a lowered water content of the cells is the true

thirst stimulus Gilman cites an expenment in

w Inch anhj dremia was induced bj the withdrawal

of large quantities of extracellular electroljlos

(eg, NaCl) without the withdrawal of water

In such anhjdrcimc animals dehydration of the

tissue cells does not occur and although the oral

mucous membranes are quite dry there is no on
denceof thirst—water is refused

That the two theories are not incompatible Is

mdicatcd by the work of Holmes and Gregerson

(1947) who found that in human subjects follow

mg the intravenous injection of 300 ml of 6 per

cent sodium chloride although there was an m
create m plasma volume there was a considerable

decrease in saUvary accretion associated with the

sensation of thirst This proves lliat the decrease

in sain ary secretion Icadmg to a seosatiOD of

thirst may be caused by an increasem the osmotic

pressure of the blood and suggests that tissue

dehydration may induce the sensation of thirst

through the reduction in the flow of sahva

The neural mcchamsms for the regulation of

water intake arc similar to those for regulation of

food intake Indeed they are closely associated

and have not as yet been clearly separated Cer

tarn types of injunes to the lateral hypothalamus

induce not only a cessation of food mtake but

also cessation of water intake The animals die of

debydrabon unless givea water by stomach tube

(Greer 1955 Mormon and Mayer 1957) Greer

found that stimulation of the dorsomcdial nucleus

in the cat caused violent drinking activity thus

there are probably centers for the regulation of

Water mtake m the hypotlialamus comparable to

the feeding centers but these have not been so

precisely localized apparently they are very near

to the feeding centers Like the intake of food

the mtake of water is influenced by gastnc disten

tion Animals made thirsty by intravenous iDjec

tion of hypertonic salt solution will usually dnnk
an amount of water over a short penod of time

approximately equal to the amount necessary to

dilute the mjected salt to an isotonic concenlra

tion If the stomach is distended by means of a

water filled balloon the amount of water that is

voluntarily drunk will be dimmi'shed and the re-

placement of the water deficit delayed The vagi

play a part m the regulation of wratcr m
take Vagotomized animals not only eat more food

but also drink more water than normal animals.

The food mtake and the water intake are m
creased proportionately by \agotomy they are

decreased by sympathectomy (Towbm 19o5)

Excessive thirst also occurs m lesions of the

anterior hyTiophysis leading to diabetes insipidus

In this disease there is failure of production of

the antidiuretic hormone of the antenor hypoph
ysis resulting in an excessive loss of water

through the kidneys In this case thirst is prob-

ably secondary to dehy dration
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SECTION SIX
Nutrition and Metabolism

u
COMPOSITION AND ENERGY CONTENT OF FOODS:

GENERAL METABOLISM

General Outline of the Function and Composition of Foods

Nutntioa deals with the needs of the organism

for Bustemnee Nutrition concerns a complex

aspect of living things (both plants and animals)

that consuts of the taking m and assimilation

through chemical changes (metabohsra) of ma*
tcrial, whereby tissue is built up and encrg>

hberated There are three suceessiic stages in

the process, known as absorption, assimilation

and excretion In all animals, and certain plants,

a stage known as digestion precedes the three

stages named In the more highly developed am>
male, digestion is preceded by mastication and

deglutition, and excretion is effected by four

routes, the processes being referred to as cxpira

tion, perspiration, unnation and defecation The
essential feature in nutrition is the tnlale of the

raw materials needed for the maintenance of life,

but it overlaps victualling, food preparation and
metabolism The modem science of nutrition

deals mainly with the requirements of the body,

both in kind and amount, and the choice of foods

to meet these needs

The three chief functions of food are (1) to

supply energy, (2) to form (or mamtam) body
tissue, and (3) to preserve a suitable mtcmal
environment so that the enzymes bringing about

the metxbobc reactions and the hormones regu

lating the processes may function properly

Chemical methods for the analysis of foodstuffs

as they developed over the years, revealed tliat

natural foods contain (besides filter and the ash

constituents) cellulose, ligmns galactosans, pen

tosans, starches, sugars, fats, waxes, sterola earot

enoids and other pigments, proteins, punnes.

pyrimidines acids (such as oxalic lactic tartaric,

citric malic benzoic salicjlic qumie and uric)

and many other minor components such os tannins,

alkaloids and simpler bases glucosides and essen

tial oils Magendic (178-3-1855) &rst tested the ef

fects (m dogs) of feeding gelatin sugar and butter

alone and noted that animals cannot survive for

long on such individual foodstuffs Prout (1785*

1850) ID his notable boob Chemt$lrv Meteorology

and the Fvnetion o/ Digettion (1834) developed the

modern view that of the many components of nat

ural foods three kinds are essential m the diet,

each possessing characteristic nutritive proper

ties Prout referred to them as the albuminous

group (gelatin cooked egg white cooked flesh

being examples)
,
the sacchanne group (sugars and

starches) and the oleaginous group, these are

known today of course, as (he proteins carbo

hydrates and the fats

Formany years (about 1660 to 1910) interest was

focussed on the energy content of foods and the

energy requirement of the body The nitrogen

(protein) requirement continued to receive much
attention Although chemists recognized that the

methods for the analysis of foods were only ap

proximate, and that carbohydrates nere usually

estimated by difference, bo that the values always

added to 100 per cent, the conclusion had been

reached that minerals, proteins, carbohydrates

and fats were the only nutrients required by man
and animals There seemed to be no room in the

make up of foods for any other ingredient of nu

tntive importance

Besides the seven pnncipal ash components

(calcium, magnesium, eodium, potassium, phos-

phorus, sulfur and chlonne) at kast seven other

741
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minerals, the so-called “trace elements” are to- fluorine The possible essentiahty of aluminum,

day known to be essential for animals and man silicon, arsenic, boron, selemum and other ele-

iron, copper, manganese, zme, cobalt, iodine and mente has been suggested but not established

Energy Content of Foodstuffs

There have been many tabulations showing

the average chemical composition and energj

values of the edible portion of common food ma-
terials The values in tbe=c tables are based upon

a number of assumptions that are commonly
made bj food chemists A brief review of the

techniques u«ed and errors involved vnll illus-

trate the uncertainties inherent m many tabula-

tions In spite of these hmitations, certain valua-

ble generalizations about the nutritive worth of

the commoner food materials have been reached

The energj value of foods is measurcrl in kilo

gram-caiones or large Calorics (spelled vvilh a

capital C) This is the amount of heat required

to raise the temperature of a kilogram of water

1® (from 15 to 16®C ) The potential energy of a

foodstuff can be estimated m three ways (1) It

may bo determined directly by measuring the

Amount of heat generated when a weighed sam-

ple of the material is burned in a bomb ealorimtter

(see p 751) (2) Indirect calorimetry involves

measurement of the oxygen required to bum com
plelely a sample o( the foodstuff m the oxy-

cabrtmeter (seo p 753) and calculation of the

energy content from the oxygen used (3) As will

be shown later, an approvimatioa to the number

of calories that a foodstuff will prov^dc may be

rclculafed from the chemical estimates of pro-

tein, fat and carbohydrate in it "Physiological

corrections” are then applied to allow for in-

complete combustion and losses in the unne and

feces

Antoine Laurent Lavoisier {1743-17W), the

founder of moiiern chemistrj first used the thcr

mometer and balance in the study of metabolism '

‘ Graham Lu^k has given an account of the
scientific descent of the leading chemists who have
devoted their lives to the nutritional aspects of

physiology Berthollet (17-1S-1822), who estab
lished the composition of ammonia and of hydro
gen sulfide, and who showed (in 1786) that nitro

gen IS a constant constituent of animal tissues, (a

colleague of Lavoisier and instructor of Naiwleon
1 in cnemi>-tr>), bequeathed hts sword to his fa

vonte Student, Gav I u«sac, originator of volu
metric methods and formulator of the gas laws
Gav Lussac (1778-1850) was the teacher of Liebig

(1803-1873), the father of modern methods of

organic analj«i3 Liebig, author of the first chemi
cal text to deal extensively with agricultural mat
ters and the composition of foods, tissues and
excreta (dnimnl ChemiBlry. 1816) taught Carl von
\oit (1^1-1908) Under Volt’s energetic leader

His careful experiments and clear deductions ex

plained the nature of oxidation, of combustion and

of respiration and showed their similarities He
recognized that fuels and foods are composed of

carbon, hydrogen and oxygen Lavoisier showed
that oxidation of these organic substances to car

bon dioxide and water led to the production of

charactenstic amounts of heat* Simultaneously,

in Britain, Crawford was making «iniiiar expen
meats on “animal heat ’ and combustion

In 1842, half a century later, the English physi

cist James Pre«tcott Joule (1818-1889) determined

the mechanical equivalent of heat * In the same
year, the German physician physicist Julius Rob
erl von Mayer (1814-1878) published his revolu

tionary theory of heat together with his views on

the conservation of energy May er stated that the

sum total of the energy m the universe remains

constant but that anv one form (mechanical, po

tenual thermal, chemical electrical) may be con

verted into another Several years later (1845) an

other German scientist von Helmholtz (1821-1891)

extended the application of the Law of Conserva
tion of Energy and formulated it mathematicalh
It IS interesting to know that at the time the con

(nbulions of both men were rejected by tho lead

ing German scientific journal

'

Through the work of Voit Pettenkofer and

Rubner the Law of Conservxitioii of Energy was

shown to hold true m the animal body Rubner
established the heat value of carbohydrates, fat

and protein when burned outside the body in a

calonmeter (for operational details see p 751)

ship the Munich School became the outstanding
centre of research in nutrition and metabolism
(about 1860-1910) The conversion of carbohydrate
to fat, and of part of the food protein to carbo
hydrate was demonstrated at Munich Voit taught
Rubner (1864-1932) Atwater (1814-1907) E P
Cathcart (1877-19i>l) of Glasgow Universitv
Graham Lvi'k (18{)6-1932> of Cornell University
Medical College, New York, and others who were
the authorities 30 to 50 years ago They in turn
taught and inspired many of the present leaders in

nutrition
* Lavoisier believed that the heat was produced

through the oxidation of carbon and bvdrogen in

the lungs Not until some v ears later was il shown
that heat production was the result of the com
bustion of foodstuffs in the various tissues of the
bodv

* The unit of work, the erg = a force of 1 d\ no
acting through I cm The joule is 10’ ergs The
mechanical equivalent of heat is the quantity of

energy which, when transformed into heat, is

equivalent to unit quantity of heat 1 caloric »•

4 18 joules = 4 IS X 10’ ergs
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TABLE 44 1

Energy eonUnl {btf bomb ealonmelry) of aome faeU, foods and meidboltc products

(Ktlocalones per gram)

Hj drogen
,

31 2 Ethanol 7 13
1

Castor oil 8 85

Carbon 1 Glycerol 4 32 ' Cod liver oil 9 40

charcoal
1

8 09 ' Arabinose 3 74
i

Citric acid 2 47

diamond ' 7&7 ' Glucose 3 73 ' Malic acid 2 42

graphite
j

7 85 Fructose 3 76 Glycine 3 14

hfethanc (Clf,) ' 13 2 ' Galactose 3 73 ' Alanine 4 35

Ethane (C,n.) 12 3 Suerose 3 95 Leucine 6 55

Ethylene (CiH,) 11 S Lactose 3 96 ' Casein 5 85

Acetylene (CjHj) 12 0 Starch 4 12 Gelatin 5 30

Benzene (CtHi) 10 0 Acetaldehy dc 6 34 ' Albumin ' 5 SO

Petroleum 10 3 Acetic acid (Ct) 3 49 Dried muscle 5 40

Coal gas 10 7 n Butync acid (C*) 5 96 Edestm ' 5 64

Anthracite coal 7 0-8 7 Palmitic acid (Cu) 9 36
1

Giiadin
j

5 74

Wood Steanc acid (Cu) 0 54 ' Legufflin ' 5 62

Pine 4 4 Oleic acid (Cu) 9 41 1 Uric acid
j

2 74

Beech i 4 2 Butter fat 0 SO ' Urea ' 253
OaW ' 4 0 Cottonseed oil

1

9 40 , Creatimne

Methanol 5 33 Linseed oil 9 41
1

j

4 9B

He then fed the three tj-pca of foodstuffs sepa*

rately to a dog in a calorimeter Carbohydrate

and fat produced the same amount of heat, mthm
the limit of expcnmental error, wliethcr combus*

tion occurred within the body or out«ide it The
physiological heat value of protein, however, was

found to be distinctly less than the bomb value

Carbohj'drates and fats, after absorption, are

fully oxidised to carbon dioxide and water in the

body as w ell asm the bomb, but this is not so for

protein In the bomb calorimeter, proteins are

burned completely to carbon dioxide, water and

sulfuric acid, part of the nitrogen is converted to

oxides of mtrogen and part occurs as free nitro-

gen TIic body excretes in the unne urea and

other nitrogenous compounds These carry out

some of the carbon, hydrogen and mtrogen be-

fore they are fully oxidized and thus some of the

potential energy of the protem is lost Only about

three-ijuarters of the calones obtained from pro-

tein in the bomb arc physiologically available

becau^of the Jess complete oxidation in the body

The caloric values (bomb) of different carbo-

hydrates, fats and proteins are not identical, as

may be seen in table 44 I Animal proteins are

often said to liberate slightly less energy per

gram than do plant proteins but this is an unsafe

generalization (cf table 44 I)

Rubner found the heats of combustion (Calo-

ncs per gram) for glucose, lactase, sucrose and

starch to be 3 69, 3 88, 3 96 and 4 12, respectively

He suggested 4 1 as the factor for the mixture

of sugars plus starch m a mixed diet Rubner

adopted 9 3 as the mean factor for fat and 4 1

for the physiologically available energy from pro-

terns Atwater and Bryant proposed 4 0 8 9 and

4 0 respcctirely For practical purposes the sim

pie factors 4, 9 and 4 are adequate

UNCEnTALNTlES I*i ESEROT VALUES Of FOODS

EsnuATES moil coMPOsmos The mam reasons

for uncertainty about the correct energy >alue to

assign to natural foodstuffs arc (1) the difficulty

of choosmg a representative sample, (2) difficul

tics connected with accurate chemical analyses,

(3) mconstancy of the moisture content of the

samples, and (4) the difficulty of choosing ap-

propriate factors (a) for conversion of nitrogen

to protem and (b) for the energy available to the

body from different foodstuffs This latter point

mcludes the uncertamties mtroduced by vana

tiODs in digestibility Each type of foodstuff raises

special problems These wiU be dealt with sepa-

rately *

CURBonrniuTE In the early day3 of food

chemistry (and often today) carbohydrate was

detenmned by difference, i e ,
100 — (moisture -f

ash -J- protein (N X 6 25) +• fat) Ail the errors

m the previous determinations, plus the unde-

tenmned matters m the food, are thus mcluded

with the carbohydrates Only in recent years

< Specific dynamic action of foodstuffs, which

will be discussed in the following section, is con

cersed with alterations in the basal metabolic rate

induced by ingestion of foodstuffs and not with the

intnnMC potential energy of the foods
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have efforts been made to detennme individual

carbohjdrates

The energy content of individual carbohydrates

vanes from 3 7 to almost 4 2 (table 44 1) The
phj-eiological availability vanes from almost 100

per cent to aero The energy of celluloses, aL
though somewhat available to rummants, is un-

a\ailable in man Substances such as ^lactans,

pentosans and hemicelluloses are poorly (if at

all) utilized by man The edible portions of most

foods do not contain e’ccessive amounts of in

digestible carbohydrate but it is erroneous to

conclude that all of the "carbohydrate” (as dc-

termmed by difference) pro\nde3 energy Esti*

mates of "crude fiber” are not given in older

food tables Sometimes no mention is made of

whether a correction has been applied for in-

digestible carbohjdrate In a few cases, eg,
80J abcan flour, only about 40 per cent of the car

bohjdrate is utihzed by rats, and this probably

represents the digestibilitj of these carbohj drates

in man The "average aTOilabilitj ” figure of 97

per cent maj be too high for mixed foods but is

probably correct for mixed sugars and starches

Orgamc acids occur in many foods, especially

fruits, oxalic, malic and citnc are the most widely

found Oxalic and tartaric arc not utilized, malic

and citnc are complctelj oxidized m the body,

giMng 242 and 247 Calories per gram, respec-

ts ely In a few eases a brge percentage of the

total caiones comes from acids, e g ,
u lemon

juice 62, grapefruit and squash 12, oranges and

tomatoes G, pineapple and cucumber 4, cabbage

and carrot 2 to 3

In general, the value 4 0 Caiones per gram of

carbohjdrate is essentially correct if adjustment

for crude fiber has been made ^Mien pure sugars

vlihA \ti Ti. Ta’crun, Vmn 'niiias> xvit,

of course, be used although it is questionable

w hetlier one gams much in precision thereby Tlie

reason for this pessimistic statement is that re-

cent careful studies haxc shown that indigestible

residues can interefere wnth the absorption of

carbohjdrates that would be completely utibzed

if fed soparatclj Thus other materials m the ra-

tion can play unpredictable roles in altenngsvail-

abilitj

Fats The fat content of foods is usually deter

mined bj extraction of the dried and powdered

matenal with ether Evaporation of the aolveni

leaves the “crude fat” which is conventionally

weighed as such It is sometimes grossly contami

nated with nonlipid materials that have been

taken out bj the ether, e g ,
pepper corns eontain

6 5 per cent ol ether soluble matter but onlj about

2 per cent of gljcendes, ground ginger contains

3A percent of "crude fat,” only one eighth of which
laglycende For this reason the saponification pro

cedure (Liebermann, 1898) and estimation of fatty

acids has sometimes been used as a control More
often ether extraction gives low values, in some
eases much too low fat values found by ether ex

traction (Soxhlet) and by Liebermann’s method on
Uorlick’s malted milk are 1 2 and 8 6 grams per

100 gram, respectively, corresponding data for

Kellogg’s All Bran are 1 0 and 4 5 for Grape Nuts
0 4 and 3 0 and for whole wheat flour 0 6 and 2 1,

respectively

The energy value of most edible oils and fate

lies in the range 9 2 to 9 4 Calories per gram The
axailabtlity in the 3 adult male subjects studied

by Atwater and Brjant (1900) \aned from 90 to

95 per cent, but it is unsafe to accept their mean
XTiIue of 92 as being of universal appbcabihty

The main difficulty m deciding about energj

values from dietary fat data in food tables con-

cerns the decision as to what constitutes a repre-

sentative sample of the food, especially of meat
cuts Because fat has a controlling influence on

the energy content, small differences between the

character of the sample eaten and that analyzed

may introduce gross errors m the computation

One large lean steak (200-gram portion, raw

weight) of the following percentage composition

water 71, ash 1
,
protein 20 and fat 8 maj be esti-

mated to supplj about 300 Caiones, another steak

of equal weight analyzing water G5 ash 1, protein

18 and fat 1C would supplj more than 100 extra

CJalones (about 430), whereas a similar portion

of a moderatelj fattj sirloin steak (28 to 32 per

cent fat) would provide nearly 800 Caiones if all

the fat were consumed Much is rendered out,

howcicr, some or all of which is left in the pan

Proteins Proteins differ in manj wajs from

the other two foodstuffs Proteins tjpically con-

tain (besides carbon, hj drogen and oxj gen) nitro-

gen, almost always sulfur and sometimes phos-

phorus Heterogeneous substances varying in

mtrogen content from about 12 per cent (in ten-

domucoid) to about 19 per cent (in silk fibroin),

m molecular weight from about 12,000 to about

60,000,000 and in digestibilitj from 0 to 100 per

cent are coiered by the same name Their nu

tntional \alue, which can bo determined onlj bj

biological testing, varies just as greatly Ca«ein

(15 8 per cent N) and egg albumin (15 5 per cent

N) are high quality proteins, being well supplied

with essential ammo acids and rcaililj digested

Zem and gelatin contain more nitrogen (16 1 and

180 per cent, respectively) but arc incomplete,
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TABLE 44 2

Composthon and energy content of comnton foodituffs

Coatpoittioa of Foods 100 Gnms Edible Porfioa

Fooditu3
Usual
SCTVIBi

Food
Eneity

1

''

Cirbobydrxie

Water Fat

1

'

Total Fiber
phorus

tm CtUru,
ftr too % tm tm tm tm

1
tm mf me

Bread
1

MTiite- SO* 275 |347
1

S 5
1

3 2 51 8 0 2 ! 1 $ 79 92

Toasted 39* 313 25 5 9 7
1

3 7
i

59 0
'

0 2 2 1 00 105

NkTiolewheat so* 240 36 6 9 3 2 6 40 0 1 5 2 5 1 96 263

R>e‘ SO* 244
1
33 3

1
9 1

1
1 2

1
52 4

'

0 4 2 0 72 147

Doughnut'
Candj

50 425 18 7

1

6 G 21 0

1

1

52 7

1

0 2 1 0 ' 73 286

Fondant 25 352
,

8 0 0 0
1

91 0 0 1 0 1 0 0

Fudge (plain) 25 411 i 5 0 1 1 7 1 11 3 1 81 3 0 3 07 48 67

Hard 25
1

3S3 1 0 0 0 90 0 '

0 0
'

0 0

Peanut brittle 25 441 2 0 S 3 15 5
1

72 8 0 8 1 3 38 124

Ginger root 25 340 12 0 03 0 2 87 I 0 7
1

0 4

Candied peel

Cereals

23 315 17 7 0 3 03 80 4 1 1 9 I 3

Barle> (pearled) 319 tl 1 8 2 1 0 76 6 0 5 0 9 16 1S9

Cassava

Com meal (whole

345 1 G 84 6

bolted) 302 12 0 9 0 3 4 74 5 I 0 1 1 6 (178)*

Corn (degermed and

cooked)
1

200 SO 87 7 1 1 0 2 10 7 0 1 0 3 1 14

Millet/ 350 9-13 7-13 2 2± 73 0
1

2 0* 1 3
1

Oatmeal (drj) 300 8 3 14 2 7 4 6S 2 I 2 1 9 : 53 40o

Oatmeal (cooked) 200 1 63 84 8 2 3 1 2 11 0
1

0 2 0 7
1

9
!

67

Rice (brown, raw) 300 12 0 7 5 1 7 77 7
'

0 6 1 1
' 39 303

Rice (milled, cooked)
I

160
'

110 70 5 2 5 0 1 26 2 ! 0 1 0 7
1

8
1

45

R)e flour (light) 356 11 0 9 4 1 0 77 9 0 4 0 7 185

R)e flour (dark)

Wheat flour (whole,

318 11 0 16 3
1

2 6 68 1 2 4 2 0 54 (536)*

from bard wheats)

IVbeat flour (80% ex

333 12 0 13 3 2 0 71 0
!
2 3 I 7 41 372

traction) 365 12 0 1
12 0 1 3 74 1

1
0 5 0 65 24 191

Wheat germ 25 361 11 0 25 2 10 0 49 5 2 5 4 3 84 1096

Tapioca (dr>)

Dairy products

360 12 6 1 0 6 0 2 86 4
1
0 1

1

^ 12 12

Butter 14» 716 IS 5 0 6 81 0 4 0 2 5 20 16

Cheese (cheddar)

Cheese (cottage, from
30 398

1

37 0 25 0 32 2 1 2 1 0 3 7 725 495

skim milk) 60 95 76 5 19 5 0 5 1 2 0 0 1 5 96 1S9

Most of tbe data are from U S D A Handbook No 8 (I9o0), but the data for cassava are from U S

DJV 34
• Four per cent nonfat imlk solids

• Two slices Slices vary considerably in weight depending on tbe freshness one slice fresh bread

weighs about 23 to 28 grams
« American rje bread 0^ rje flour, % wheat flour)

^ Cake O pe baiter
• Estimated value

/ Data for busked millet from Winton and lYinton, 1932 It is a staple cereal in Central Africa, South

ern China, in India and parts of Europe

• Two patties
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TABLE 44 2—Conftnuei

Cocipo«ilK« o( Foods too Grim EdiMe Portion

FoodstuS Pjuil
Serving

Food
1

Cirbohydr»te

Proton Ftt Calaun

Tout Fiber

r-
Calarut

pfrlOOgn % X" r" I" X" tm "t "X

Dairy Products—
Continued

Ice cream (plain) 80^ 207 62 1 4 0 12 5 20 6 0 0 8 123 99
Milk (cow, whole) 250 6S 87 0 3 5 9 9 0 0 7 118 93
Milk (cow, skim) 250 36 90 5 3 5 0 1 I 0 0 8 123 97
Milk (dned, skim)

Eggs (hen)

10 352 3 5 35 6 1 0 52 0 0 7 9 1300 1030

Fresh (whole) SO 162 74 0 12 8 11 5 0 7 0 1 0 M 210
Fresh (white) 50 87 8 10 8 0 0 S 0 0 6 6 17

Fresh (>olk) 361 49 4 16 3 31 9 0 7 0 1 7 14? 5S6
t resh (dried, whole)

Fish

s 602 0 46 8 42 0 5 0 3 6 190 767

Cod (raw) 150' 74 82 6 16 5 0 4 0 1 2 10 194
Halibut (raw) 126 75 4 18 6 5 2 0 0 1 0 13 211
Halibut (broiled) 120 182 64 2 26 2 8 0 1 9 14 267
Salmon (broiled)

Salmon (canned, eock

120 170 64 5 28 0 6 0 2 0 1 7

eje) 00 173 67 2 202 0 6 0 0 3 0 259 344
Shell fish

Crab (canned) 90 KM 77 2 16 9 2 9 1 3 1 7 45 182
Scallops (raw muscle)

Fowl
UO' 78 so 3 14 8 0 ] 3 4 0 1 4 26 20S

Chicken (raw, total

edible) 160< 200 66 0 20 2 12 6 0 0 1 0 14 200
Turkey (raw)

Fruits (raw)

ISO' 263 5$ 3 20 1 20 2 0 0 1 0 23 S20

Apple 150 53 84 1 03 0 4 14 9 1 0 0 3 6 10

Avocado 100 245 65 4 1 7 26 4 5 1 1 8 1 4 10 3S
Banana 120 S3 74 8 1 2 0 2 23 0 0 6 0 8 8 23
Cherries 150 61 83 0 1 1 Q 5 U 8 0 3 0 6 18 20
Orange 150 45 87 2 0 9 0 2 11 2 0 6 0 5 33 23
Peach 120 46 86 9 0 5 0 1 12 0 0 6 0 5 8 22
Ilaspbernes (red)

Meal
90 57 84 1 1 2 0 4 13 8 4 7 0 5 40 37

Bacon (raw) 630 20 0 9 1 65 0 1 1 0 4 3 13 lOS
Bacon (fried)

Beef (nb roast,

20 607 13 0 25 0 55 0 1 0 0 6 0 25 255

cooked) 100 319 51 0 240 21 0 0 0 1 2 10 185

Beef (liver, fried)

Lamb (leg roast,

90 208 57 2 23 6 7 7 9 7 0 1 8 8 480

cooked) 100 274 56 0 24 0 19 0 0 0 1 1 10 237

Pork (boiled ham)
Nuts

100 302 47 8 22 8 22 7 0 0 6 7 g 92

Almonds 20 COO 4 7 18 6 54 1 19 6 2 7 3 0 254 475

Brazil 30 640 6 3 14 4 63 9 11 0 2 1 3 4 186 693

Peanuts (roasted) 30 560 2 6 26 9 44 2 23 6 2 4 2 7 74 393

W’alnuts 30 650 3 3 15 0 61 4 15 6 2 1 1 83 3S0

) Based on factor} product contniDiog Sib of ice cream to the U S gallon

‘ Weight after cooking mil be less
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TABLE 44 2~Cantinued

CotapMtluiii oi Foods IW) Giams Ed Wi PoiUon

Fo«diluff
Food
Cntrgy

1

1

1

Cerbohydrste
I

protein F»t Ash Catcium

Toul
'

Fiber
phorus

1

CalBtxu
Ptt too im

! f" tn
1

pn
1

tm tm mi mg

Vegetables
1

1

Beans (green, cooked)

Beans (red kidney,

100 22 92 5 1 4 0 2

1

4 7 0 5 1 2 36 23

cooked) 200 90 76 0
1

04
1
16 4 0 9 1 5 40 124

Beets (red, cooked) ' 150 41 8S 3 ' I 0 0 I i 9 S 0 8 0 S 21
j

31

Cabbage (raw

)

100 24
1

92 4 1 4 02 5 3 1 0 0 8 46 31

Carrots (raw) 100 42 88 2 1 2 03
1

9 3 1 1 1 0 39 1 37

Corn (sweet, cooked) 150 85 75 6 2 7 0 7 20 2 0 9 5 52

Kale (ran)

Potatoes (peeled,

SO 40 SC 6 3 9 0 6 7 2 1
2

1

1 7 225
,

52

boiled)

Potatoes (French

140 83
,
77 8 2 0 0 ] 19 1 0 4 1 D 11 56

fried)

Sweet potatoes

SO

1

393 19 6 5 4 19 1 62 0

1

1 1 3 9 30 152

(boiled) ICO
'

123 6S 5 1 8 07 27 9 1 0 I 1 30
1

49

Tomatoes (raw) 150 20
1

9t 1 1 0 0 3
! 4 0

1

0 6 0 6 11 27

Turnips (cooked) 150
,

27 1 92 3 0 8 02
,

00, ] 2 1 0 7 40 1 34

lacking ccTtam essential ammo acids, ami al-

though the> are readil) digested haic Ion sus-

tenance ^oluo when fed bj thcmscKes Thus
knowledge of protein content is of hmitc<l \aluc in

assessing foods until some biological tests have

established the nutritional u«efulness of the pro-

tein Proteins that are useless for supporting

growth tnaj still be utilised (oKidircd) to suppl>

energy It is WTong to think of proteins only as

fuel, but it IS cquallj wrong to thuik that they

are not oxidizable if not U'^ed efficiently by the

body for other purposes Manj proteins contam

about 16 per cent of tutrogen Food chemists

therefore adopted the convention of using the

factor 6 25 (i e
,
100 16) to convert nitrogen

found in food to protein content This factor has

been used m preparing most food fables, al

though Rubner used 6 45 and Plimmer (1921)

used 5 68 for nitrogen m plant products, 6 38 for

dairy products and 6 25 for meats

Use of the factor 6 25 is based on two assump
tions The first is that all proteins contain 16 per

cent of nitrogen, but this is far from true The
second assurnption, that all the nitrogen in food is

present asi protein, la also untrue The amount of

nitrogen present in simpler natural bases {clxdioe,

betaine, stachydnne, tnmethylamine, creatine,

etc ), purines, pjnmidines and other nitrogenous

compounds is usually small, but m a few cases it is

far from negligible

For flesh, the factor 6 25 ts reasonably correct

For milk proteins a factor of 6 33 u appropriate

The factor 5 83 is more correct for calculating the

protein content of barley, oats, rye and whole

wheat For reSned wheat flour the factor 5 70 X N
IS recommended The factor believed most ap-

propnate for nee proteins is 5 95 for soyabeans
IS 571, peanuts and Brazil nuts 546, almonds 5 18,

and other nuts and oil seeds 5 30 The factor 6 25

may atill be applied to the nitrogen m foods where
specific information is not available

Besides uncertainty as to the actual protein

content of foods, it must be remembered that dif-

ferent punfied proteins on combustion release

differentamounts of energy Further, there t? con-

siderable difference between proteins m their

digestibility Attempts to evaluate the biological

oraifability of the energy of food proteins require

tiro corrections (1) for loss in unabsorbed pro-

tein and (2) for further loss (from the portion

digested and absorbed) in the urine of some po
tential energy in incompletely' o\idized com
IHNinds such as urea

Rubner determined the heat of combustion of

urea and found it to be 2 52 Calories per gram
or 5 4 Calories per gram of urea mtrogen He
pointed out that the urine contains also creati-
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TABLE 44 3

Aik contenl of the edible •poHion of tome

common foods

(from Sherman)

In 100 Crams Fresh Suhstance

1

g

(j
1

1

i

1

1

1

mi e>i "1 »i WJ nt

Beefsteak, lean 3 0 n 22 65 333 201 76

Liver 12 0 8 22 91 296 373 101

Eggs 2 7 &4 13 137 133 210 120

Milk whole 0 1 118 12 51 ua 93 106

Cornmeal 2 7 16 86 34S 174

Oatmeal 5 C S3 145 2 431 405 49

Itice polished 0 8 S 28 4 92 92 6

Bheat flour 1 a 16 37 2 125 100 49

\ILeat entire

gram 5 7 St 147 12 43C 374 49

Beans lima

dried 7 5 ea 151 1727 381 31

Beans string

fresh 1 ] 6t 2! 2 25! 41 33

Cnbbage 0 5 4f 12 5 291 31 39

Corn sweet 5 ( { 3{ 1 120 14

Peas dried 5 3 72 U( 35 971 38S 44

Potatoes 0 1 11 21 i m 5( 35

Spinach 3 0 81 52 St 502 49 65

Turnips 0 6 55 15 5 253 41 31

Apples 0 ( < 6 2 III 11 4

Raisins 3 3 60 27 31 803 no

nine, uric acid and other nitrogenous end products

capable of further oxidation Attempts to esti-

mate the phj'Siologicallj o'Tiilable cftlones per

gram of protein ingested were complicated by

the finding that the heats of combustion of the

organic substances excreted in the unne did not

liai-c ft constant caloric \alue per gram of nitro-

gen For example, the unne parsed by a man
eatmg a meat diet at one time and a potato

diet at another gave 7 69 and 7 85 Caloncs per

gram N, respectuely, whereas the urine of a

baby living on breast milk gave 12 1 Calories per

gram Jf Rubner also analj zed the feces of the

man who acted as his expenmental subject The
loss of energj in the nitrogenous substance

amounted to 6 9 per cent of that of the ingested

protein Adding this value to that of 163 per

cent lost m the unne he obtained a total calone

loss of about 23 per cent Rubner therefore

deducted 23 per cent from the bomb value for

the heat of combustion of proteins

A summary of our current knowledge of the

composition and energy content of certain food

stuffs that are widely used is given in table 44 2

Most of the data were taken from Agriculture

Handbook No 8 (Composition of Foods) issued

by the U S Department of Agriculture (1950)

The mineral content of certain foods is given m
table 44 3

Ma\n Food Groups

I Meats fish, poultry eggs Protein nch foods,

also nch sources of certain vitamins of the B
group Eggs sometimes classed separately be-

cause of richness in vitamin A
S Legumes {dried peas and icons) and nuts

Protein rich, but less costl> the proteins of

these foods are of somewhat lower qiialitj and

vitamins in these products are le«s abundant

5 Milk and mill products (other t/ion tuUcr)

Economical sources of proteins of high quahtj,

neb m calcium and riboflavin

4 Gram products Inexpensive sources of

energj and of protein, although the latter are

present m smaller amounts than m meats and

milk products If not too highlj processed, good

sources of iron and vitamins of the B group

6 ^rrew» atiA yA\me vegdlfhAes Sources ol

vitamin A mmerals and certain other vitamins

6 Tomatoes and citrus fruits Rich sources of

vitamin C
7 Other legetables and fruits Sources of vita

mms and minerals

General Metabolism

The word metabolism has a broad meaning

It 13 the term emploj'ed to desenbe the chenucal

changes that occur within the tissues The m
tegration of these reactions leads (1) to growth,

(2) to the production of the heat required to

maintain body temperature, and (3) to supply

the energy for other vutal processes It is con

venicnt for tcachmg purposes to consider energy

metabolism, which is concerned with the gross

energy changes (heat production, muscular ac-

tivity and eneigj for maintenance of vutal func

tions), separately from intermediary metabolism

which is concerned with speciflc chemical reac-

tions occumng in the bodj Tlus customary dif

fcrcntiatiOQ is, however, not a real one since

cncjgy changes are essential components of

chemical reactions Manj metabolic reactions,

especiallj those concerned with the breakdown
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of large moleculra into simpler umts, release

energj, other reactions, cspeciallj those involv-

ing BiTilhesis, absorb energy The assimilative

procc'ses inioircd in the formation of new
tissue are referred to as anabolism, the reactions

concerned with tissue breakdown arc referred to

as calaboltsm

Energy is required to maintain the body tem-

perature, to support the automatic muscular

movements of the heart, rcspiratorj organs and

gut and for the sjmthetic reactions that occur in

the tissues (formation of protein, hormones and

other complex metabohtes) These actmlies,

called mclaholtsm, m an adult require about

500 Calories during an average 8-hour period of

sleep or rest in bed A similar cnergj expenditure

contmues dunng the waking hours (another 1000

Calones) giving a total basal cvpcnditure of

about 1500 Calones A portion must be added

for nonlabor activities (feeding, clothing, washing

and amunng oneself), the energy required for

these mil vary considerabli but probably aver-

ages about 600 Calories The quota for the day’s

work vanes from as low as 600 Calones (more

frequently 800) for a sedentary student or clerk

to possibly as much as 3000 Calones in a miner,

woodcutter or atlilete Thus the total daily

expenditure of energy of an average sedentary

person weighing about 65 kg would be about

1600 -H 500 + SOO •» 2S00 Calories Total daily

expenditures above 4400 Calories arc uncommon

Energy metabolism may be studied from sev-

eral aspects (a) the energy content (caloric

value) of foods, (b) direct calonmetry, (c) (he

jiymifirjinri* s\f Ihe jej^nuatory quotient /R Q,).-

le, volume of carbon dioxide expired divided

by the volume of oxygen consumed m the same

period of time (COs/Ot) ,
(d) indirect calorimetry,

(e) basal metabolism, (f) energy cost (calonc

requirement) of vanous tj pes of activity, the

specific dynamic action (S D A ) of foods, i e

,

the increa<5ed production of heat by the body as

a result of a stunulus to metabohe activity caused

by taking food

HiSTORiaXL SURVET

The first gas to be mentioned in the history of

chemistry js one of great physiological importance,

carbon dioxide Van Helmont (1577-1W4) corked

np limestone with acid in a bottle and found

that the pressure created by the subatauce being

formed burst the bottle He coined the word gas,

derived from the Greek, word chaos, to desenbo

the wild motion of the particles responsible lor

the bursting force so generated He called the

product gas syloestre Joseph Black rediscovered

and investigated carbon dioxide in 1754 and called

it fixed air, Van Ilelmont’s name gos having noi
yet been generally accepted

In 1660 John Mayow (1641-1679) put a large

glass globe over a mouse on a platformm a shalloiv

dish of water A perceptible contraction of the air

occurred slowly and caused the level of the water
tonse m the globe A burning candle produced th^

effect A mouse introduced into a vessel witfi

a burning lamp lived only about half as long as ^
mouse in the same vessel without a lamp From
these observations Mayow concluded that sir i«

composed of two gases one concerned m combus
tion and respiration («hich he called nilro aerial

sptnt, because it was apparently the same sub
stance that IS "fixed’ m saltpeter, i e , niter and
freed from it by heat), and a second gas incapably

of supporting either combustion or respiration

Joseph Priestley (1733-1804) discovered several

new gases (at that time called "airs' ) and estab

lished the existence of different airs, each with
definite properties In 1772 he made oxygen by
heating mter (potassium nitrate) strongly and
observed that a mouse lived twice as long in the
' new air’ os in the same volume of common air

PnestJey breathed the new air himseU and fancied

his ‘ breast felt peculiarly light and easy for soma
time afterwards

,
he therefore recommended ita

use ID medicJoeJ Pnestley wrote, ‘Who can tell

but that, m time, this pure air may become a

fashionable article id luxury Hitherto only two
mice and myself have had the privilege of breath

iDg It ’’ Today it is a common privilege

A generation later Crawford placed a guinea pig

ID a water calorimeter and demonstrated a paral

lelism between the oxygen consumed and the heat

generated by the aDimal Approximately the same
quantity of beat was produced by the animal as

when the same amount ofoxygen was used to burn

carbon outside the body
A few years later two French scientists the

chemist, Lavoisier (1745-1794), and the physicist,

Laplace (1749-1827), performed a similar expen
meat but measured the carbon dioxide produced

rather than the oxy gen used They placed a guinea

pig lo a closed chamber and shoned that the same

product of oxidation of carbon is formed m the

body and eliminated from the lungs as is produced

by the burning of a candle They determined the

quantity of carbon dioxide eliimnated by the am
mal in a 10 hour penod and found that it was the

same (12 1 grams) as that produced when 3^ grams

of pure carbon were burned m air The guinea pig

was next placed in a closed space surrounded by

ice (fig 44 1) and the heat given out by the am
mal s body was calculated from the quantity of ice

that was melted A comparable amount of heat was

generated when 3 3 grams of carbon were burned

ID the ice cslonmeter Lavoisier and Laplace eon

eluded that the heat generated by the animal was
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Fia 44 1 Ire catarimeter of Lavoisier and La
place (After Liioani ) A, chamber for animal, B,
two concentric chambers filled with ice

produced by the combustion of 3 3 grams of the

body’s carbon ^'lth this demonstration that am
mal beat is the result of the oxidation of carbon in

the body, and establishment of a parcllelttm be

tween Ike amount of keat generated in the animal’s

bod} and Ike guanlUy of carbon dioxtde eliminated,

the science of metabolism was begun

Lavoisier believed that the oxidation of carbon

and hjdrogen occurs in the lungs Heat produc

tioR IS now known to result from combustion of

foodstuffs m the various tissues of the body
J von Liebig (1803-1873) established that it is

not carbon and hydrogen that are burned b> the

tissues b\ii carbohydrate aad fat Liebig (1812) be

lieved that oxygen is used m the metabolic com
bastion of these two foodatufta but ho thought

that the breakdown of protein is of a different

nature, being caused b} muscular work This be

lief, although unsupported by any expenraental

evidence, was generally accepted until Carl von

Voit (1831-1!)0S) showed conclusively in I860 by
experiments on dogs and man that the metabolism

of protein IS not affected by muscular work
Metabolic balance studies originated wnth J B

Boussingault {1802-I8S7) lie compared the car-

bon, hydrogen, nitrogen and oxjgen ingested by a

dairy cow in its feed with the amounts of these

elements excreted in the milk, urine and feces

The portions unaccounted (or were considered to

have been u^cd in respiration Bidder and Carl

Schmidt (1S52) measured the protein intake and

nitrogen excretion of adult dogs and cats and

found that nearly all of the ingested nitrogen was

eliminated in the urine and feces Their findings

were doubted until Voit (1857) measured the pro

teiD intake and nitrogen output of a dog for 5S

ila>8 and recoiered 99 7 per cent of the nitrogen

in the excreta

RegnauU and Rciset m 1849 devised the first

closed circuit apparatus for respiration experi-

ments (to be described later) and in it measured
the metabolism of poultry, swine, sheep and
calves They showed that the respiratory quotient

(volume of carbon dioxide expired divided by the

volume of oxygen consumed in the same time

period) IS controlled by the nature of the food

stuffs being oxidized and does not depend on the

species of animal used in the experiment Petten

koffer (1818-1901) constructed the first respiration

chamber in which a man could live without dis

comfort for several days Re and Voit conducted

many studies in it and established the fundamen
tals of energy metabolism This aspect of metab
olism received exhaustive study in the closing

jears of the last century by Rubner and his col

leagues in Germany Atwater, (IS44-I907), the

outstanding American authority in this field spent

some time with Rubner, later, wnlh the ph} aieist,

Rosa he constructed the first human respiration

calorimeter to be made on this side of the Atlantic

and with F G Benedict and others perfected the

study of energj metabolism

Eserqt Contest ot Sobstknces

As explained in the previous section, the

physiologicaUy available energj of the three ma-
jor foodstuffs is general)} taken as 9, 4 and 4

Calories per gram for fat, csrbohjdrato and pro-

tein, respectively

The potential energy of a chemical compound
or foodstuff IS determined bj measunng the

amount of heat generated when the material is

burned The bomb colonmefer (fig 44 2) employed

for this purpose consists of a small, strong,

platinum-hned steel vc««el immersed in a can

contaioiRg a known weight of water This m
turn 13 enclosed m an insulating outer container

A known weight of the dried foodstuff is placed

in the bomb which is then filled with pure oxjgen

under pressure The bomb is immersed in the

water and the mixture is ignited electrical!} A
thermometer graduated in very small units, ca-

pable of being read to the rearest 0001®C, is

used The amount of heat produced is calculated

from the nse in temperature of the water, with

appropriate corrections being made for the

“water equivalent’’ of the bomb and calorimeter

parts The nse m temperature multiplied by the

sura of the weight of the water (m kilograms)

plus the “water equivalent’’ of the apparatus

divided bj the dry weight of the substance (in

grams) gives m Calorics the heat value of the

mstena! per gram

Theiuul EQurvALEXTS The heat production

per htcr of oxvgcn consumed vanes from com-

pound to compound (table 44 4) but the varia-
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tion mthm groups of related compounds (eg,
carbohydrates) is smaller than between different

groups of compounds (eg, carbohjdrates, fats

and proteins) The thermal equivalent of the

foodstuff 13 the number of calorics hberated per

hter of oxjgen consumed or of carbon dioxide

ehminated The thermal equivalent of COj vanes

much more than does that of 0» (table 44 4)

It IS more usual, therefore, to estimate heat pro-

duction from oxjgen consumption rather ^n
from carbon dioMde output The thermal equiva-

lent of oN-jgen when carbohjdrate (mamly
starch) is being burned is generally given as

5 04 and the correspondmg value for fat is about

4 68 The thermal equivalent for protein vanes,

it has been giv^n by Loewy as 4 6S3 and by
Benedict and Fox as 4 60 For practical purposes

an average value of about 4 5 Calories per liter

of oxjgen maj be used for protein

OxYcALoniMETER Another typo of apparatus

used to determine the energj value of foodstuffs

IS the oxyealonmeter (fig 44 3) devased by F G
Benedict Although less accurate than the bomb
method, this procedure is useful for determining

the energy v aluo of actual meals The sample is

burned in a combustion cluimbcr connected to a
gas holder containing oxygen The carbon diox-

ide IS absorbed, permitting measurement of the

wlume o/ oxygen used From the thermal equiva-

lent of a liter of 0x5 gon when used to bum the

three primary foodstuffs (table 44 5), a value

may be calculated for the heat av ailable from the

particular sample of food This is an adaptation

of the method of indirect catorinietry used m the

Since the Calories liberated per liter of oxygen

used in the combustion of foodstuffs in the oxy-

calorimeter vary only between 4 5 and 50, the

use of a mean figure of 4 8 will result m values

with an error no greater than 5 per cent of the

true (bomb) value If the foodstuff is predomi

nantly of one type, choice of a more appropriate

factor (e g ,
5 0 for a starchy food, or 4 5 for a

protein rich one) gives a value very close to the

true one

In the body the caloric value of 0x3 gen vanes

Eunilarly between 4 5 and 5 0, depending upon

the type and proportion of foodstuffs being 0x1

dized Because tlie respiratory quotient gives an

indication of Uns ratio, it wdJ be discussed next

The Respiratory Quotient

The ratio, vol CO* expired vol 0* used, is

called the respuatory quotient or, briefly, the

R Q Different relative amounts of carbon, by-

|9 10

Flu 44 2 The bomb calorimeter Consists of

three vessels (1,2 3) one inside the other The
outer vessels (1 and 2) are usually of a plastic
composition and serve merely to provide insulat

iDg dead air spaces The innermost vessel (3) is of

highly polished metal and contains a known weight
of water in which the bomb (4) is immersed while
the foodstuff IS being burned The top (5) of the
bomb screws off to permit a known weight of dried
foodstuff to be placed m the crucible (6) The top
IS repfacea'and through a vafve 0x3 gen unabrpres
sure of about 300 pounds per square inch la intro
duced The foodstuff is ignited by means of elec

tncsl leads (7, 8) The water is mixed (stirrer, 9)
and its nse in temperature is measured by the
thermometer (10)

drogen and oxygen are contained m the molecules

of carbohydrates, fats and proteins Therefore,

different characteristic amounts of oxygen are

required to oxidise the constituent carbon and

hydrogen to carbon dioxide and water In the

case of proteins, part of the sulfur may be 0x1

dized to sulfate, thus using up slightly more

oxygen without any concomitant production of

CO,

Carboiitdrate The complete oxidation of glu

cose may be represented by the equation

CUIiOi-(-60> 6COj + 6HK) t+MJOCilonw)
1 mol S iDol 6 mol 6 mol
ISO gm 192 gm. 264 pn 10S gm
6 X 22* ittn 6 X 21* inm
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TABLE 44 4

Data required to calculate the R Q and thermal equivalents of typical food components

Substance
!

Mol Wt

Catonespot

OiVttd COi Formed RQ

Tbennal Equiva-
lents

GUW per
bier 0,

per
liter CO,

l/it l/pn 1

Galactose 180 670 7 3 73 0 746 0 746 1 00 4 99 4 99

Glucose 180 673 0 3 74 0 746 0 746
1

1 00 5 01 5 01

Fructose 180 675 6 3 75 0 746 0 746 1 00 5 03 5 03

Starch (162) 677 5 4 18 0 829 0 829 1 00 5 04 5 04

Sucrose
\

342 1349 6 3 95 0 787 0 787 1 00 5 02 5 02

Fueose* l&l 712 0 4 34 0 SSS 0 819 0 92 4 89 5 30

Desoxynbose 134 0 914 0 837 0 92

Tnbutynn 302 lOtl 0 6 43 1 372 1 112 1 0 81 4 69 5 78

Tnstearm 891 8503 0 9 54
, 2 048 1 433 0 70 4 66 6 65

Tnolcin 885 8339 0 9 43 2 025 1 443 0 71 4 66 6 53

Glycine (bomb) 75 234 5 3 12 0 672 0 697 0 88 4 64
i
5 23

Glycine (physiol ) 75 158 7 2 12 0 448 0 448 1 00 4 73 4 73

Leucine (physiol )* 131 779 8 5 95 1 282 0 910 0 73 4 64 6 33

Muscle protein' 4 23 0 981' 0 774* 0 79 4 32 5 43

* Fueose u an example of a deaoxyhexose, C«HitOt
* Lcucme—energy content (bomb)—S55 6 Cal /mole

' —physiological oxidation 2 CtHuOiN + 150, - CO(NH,), + 11 CO, + 11 H,0

content (phye.ol )Mole - OJ<8W6)-1516
,

* Physiological value calculated according to (as modified in text)
* It IS customary to determine urinary N as a measure of protein metabolism As shown in table 44 6,

1 00 gram of urinary N m the case of this particular protein arose from the catabolism of 100/16 2S 6 14

grams protein requmng 6 14 X 0 031 - 6 02 liters of 0» (STP) for its metabolism
* Similarly CO, produced per gram of urinary N 6 14 X 0 774 *• 4 75 liters (STP)

Since 1 gram molecular weight of any gas occu

pics I gram molecular volume (22 4 liters at stand

ard temperature and pressure (STP)) it will be

apparent that ISO grama of glucose require 134 4

liters of O, and that 1 00 gram would, therefore,

require 0 746 liter, or ajiproximately 0 75 liter

Similarly it may be calculated that 0 75 liter of

CO, would be produced Thus the R Q is 0 76/

0 75 •• 1 00 One may use the ratios of the number

of Gram Molecular Volumes (GMV) directly,

as a chemist would do. R Q •» 6/6 — 1 00

For starches, the equation would be

(C.IIioO.la + 6n 0, -»

6n CO, + 6n H,0 (+677 5 Caloriea)

6n GAt V CO,

6nGMV 0,
100

Fat The fats, being more highly reduced com

pounds than the carbohydrates, have a hi^er

energy content Because of their lower oxygen

content, they require more oxygen per gram for

their combustion I'quations for the complete

oxidation of several fats are as follows

2 C,H,0, (OC.H,), + 37 0, -r

tnbutynn (302)

^ C0» + 26 H,0 (+1941 1 Calones)

2 C,H,0, (OCuH,,), + 163 O, -» 114 CO, + 110 H,0
tristeariQ fSPJ)

C,H,0, (OCiiH,,), + 80 O, — 57 CO, + 53 H,0
triolein (835)

tnbutynn RQ = 30/37 - 0 881

tnslcarm RQ = 114/163 - 0 699

tnolein R Q — 57/80 = 0 713

The mixed fats of the food, when burned m the

body, are generally taken to have an R Q of 0 71

pROTBiv Ammo acids are not oxidized com
pletely in the body , as mentioned earlier Approxi

mate values for O, consumed and CO, produced

may be calculated as follows Assuming complete

oxidation glycine would react thus

4 CH, (Nil,) COOil + 9 0, -• 8 CO,

+ 10 H,0 + 2 N, (+ 4 X 234 5 Calories)
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Sutb a leactiOTi does not occur in thebodj .how-

ever, -10 per cetit of this suhstnnee is ercrcted as

urea \‘=9Unnng excretion of all the nitri^en of

B?jcinc lO tlie form of urea, the equation for the

partial oxidation would be

4 CII, (N'Ht) COOII + 6 0,
2 CO (NH,), + GCO* + 6H,0

One mole of urea, on combustion, liberates 151 6

Calories

2 CO (VHi)t + 3 0,-. 2CO, +
4 H,0 + 2 N, (+ 2 X 151 6 Calories)

' ^

This cnergj docs not become available to the or

gamsm because the urea is not oxidised m the

bodj Therefore the energy liberated in the ph> si

ologica! fpartial) oxidation of glycine shown in the

second equation la (93S0 — 303 2) = 634^ Cal

ones per 4 moles of glj cine, or 153 7 Calorics per

mole (2 12 Calonea per gram) Because of its rcla

livelj large oxjgen content, glycine is an at>pjcal

amino acid Corresponding calculations for leucine

give the datashonm lo table 44 4

A tjpical meat protein (according to Loewy)
analysed as shoim in table 44 C, and the constitu

ents contained in the urine and feces per 100 grams

of ingested protein are shown in the third column

The carbon and hydrogen unaccounted for in

the excreta were presumably completely oxidised

Fig 44 3 Diagram of oxj calorimeter for deter

mining energy values of foods, etc (A) Combtis
tion chamber crucible and electrical connections

(B) Rotary blower (C) Spirometer bell with oxy
gen in water seal (D) Soda lime container (B)

Scale in millimeters for measuring the oxygen
Used (F) Mouthpiece with valves for B M R
estimation (enlarged) Principle of the Benedict

Roth apparatus for determining B M R is seen by
replacing A and B bv F (After Cniickshank, E A
S Livingstone, Ltd ,

Edinburgh )

TABLE 44 5

*‘!fe(a6o(ic coni(an(s of fat, protein

and carbohydrate

Potrntui
Energy

Tier
m*l

lent of
O,

-

15
B

°jr 1 R-Q

i

Cal/ Cat/ '

t"
1 /[m •

! I/cm- ! Cal /I-

Fat 0 3 9 0
1

! ai»
1

1 39 0 7!
1

4 74

Protein

Carbohy

3 4 t 0 ! 0 97 ' 0 7S 0 1 4 46

drate 4 1 4 0
1 ’“I

1) S3 ] Oi
j

5 05

• Gaa measured at S T P
* Depends on the fatty acid For short chain

fatty acids this value is greater, e g for tnbu

tynn 241

TABLE 44 6

Data used in cofcufofion of R Q for oxidation

of protein

(After Loewy)

All values are expressed in grams per 100

grams meat protein

CwsUlu^t Eicret«4 u
Vnae ani eetet

j

FertioaNot
Eirreied

^
1

52 3S 10 ss
,

41 50

H
1

7 27 2 S7
1

4 40

0
j

22 68 15 00
,

7 6S

N
1

16 65
. 16 65"

1 02» 1 1 02‘
1

• The bulk of this nitrogen (16 2S grams) was

in the unne Therefore 1 CO gram urinary N repre

senis 6 14 grams meat protein

^Present as sulfide (methionine) and disulfide

(cystine)

* Present mainly as ethereal sulfate

because none of the nitrogen was retained and

therefore probably all the protein was completely

burned «n the body The 7 fiS grams of oxi gen not

excreted may be assumed to have oxidized an

equivalent amount of hydrogen (2/16 X 7 6S =
0 96 grama) to form what is sometimes called

“intramolecular water,” i e , H,0 formed from

H and O in the parent molecule This would leave

440 — 0 96-°3 44 grams by drogen and 41 50 grams

carbon to be oxidized

41 50 grams C require 110 6 grams O, and produce

152 2 grams CO,
3 44 grams H require 27 5 grams Oj

Total CO* produced 152 2 grams s 77 4 liters at

STP
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Total Oi required US 1 gram.® = 06 7 litera at

STP
Lciervj’s estimated RQ for this protein = 77 4/

96 7 = 0 80

Loewy made no allowance for oxygen used in

the oxidation of sulfur The chemistry of cystine

was not well understood at that time and methi

omne was unknown, but it is odd that the con

version of organic sulfur to SOj was not con

sidereci For simplicity we may use HtSfor writing

the equation because the sulfur atoms of meth

lonine and of cjsteme are both at the same oxi

dation level as that in Hi*?

II,S + 2 0, — SO, + H,0
32 grams S require 6t grams O, (= 44 8 liters at

STP)
1 02 grams S requite 2 (M grama O, (= 1 43 liters)

Total 0, used for this protein = 13S I + 2 (M =
140 14 grams = 967 + 14 = 981 liters Revised

estimate for R Q of this protein

77 4/98 1 = 0 79

The portion used for the oxidation of protein

sulfur u Email, probably always less thin I 5 per

cent of the total oxjgea requirement for protein,

for practical purposes it may be neglected Dif-

ferent proteins have different R Q 's, as do dif-

ferent fats and carbohydrates, but the values

remain close to the commonly used figure of

080
Because alcohol sometimes provides energy

for man it may be of interest to note that the

R Q of ethanol is 0 C7

liie value of the respiratory quotient is taken

as an indication of the type of food being metibo-

bzed It giMS no quantitativ'e estimation of the

metabolism An R Q around unity is taken to

indicate tliat the material being u®cd is chiefly

carbohydrate, one around 0 70 indicates that it is

mainly fat ‘

On an ordinary mixed diet the R Q is about

085 and in the postabsorptive state (p 7&4)

about 0 82 In the formation of fat from carbohy-

drate, as in the fattening of farm animals, an

oxygen-nch substance is being converted mlo

one poor m oxygen Oxygen is
‘ liberated” m the

conversion and less, in consequence, is taken m
from the outside for general oxidative proce«ses

The R Q mav therefore nse above umty (up to

1 4) A very low quotient, as is seen in the hibcr-

• Calhcart and Markowitz point out, howeve^
that probably too much reliance has been placed

upon the value of the R O as an unequivocal

CTiterion of the type of foodstuff undergoing me
tabolism The RQ m a given instance is un
doubtcdly a resultant of several different meta
bolic proces«os syntheses and intcrconvcraions ns
well as combustion

Dating ammals, is supposed by some to indicate

the reverse process, i e
,
the conversion of fat to

carbohydrate In the hibernating marmot the

R Q IS betn een 0 6 and 0 7

Calorimetric Measurements
IN Avimvls and "Man

An ammars energy is derived from the food,

which is to the body what fuel is to a furnace or

machine * We ha\ e seen that the law of conserva-

tion of energy holds true for the animal body in

a healthy animal which is mamtaining a con-

stant weight the intake and output of energy are

equal The food undergoes combustion m the

tissues, its carbon being oxidized to carbon di-

oxide, its hydrogen to water and its potential

energy being conv erted into other forms of

energy (mechanical, electrical, chemical and

thermal) In a growing animal or m an animal

dunng fattening the energy of the food is in part

stored as new ly formed tissue

In the resting body all the energy hberated

from the food ultimately appears as heat It was

(or this reason that a heat unit was chosen

os the most convenient one for measunog and

expressing the energy cvehanges of the body

This unit, the hrge ccUne (Calone or Cal ) is

1000 times the mail calone (caloric or cal ) used

10 physical measureraents

Calorimetry in man and ammals mvolves two

main types of procedure (a) direct, the same m
principle as that described above for the bomb
calorimeter, and (b) indirect, in which the heat

production is calculated from the respiratory

exchanges The latter is commonly used, the

former rarely

Direct cvlorimetry Respiration calorime-

ters permit measurement of the gaseous exchange

and simultaneous heat production The apparatus

(fig 444) designed by Atwater and Rosa (1897)

was of such technical perfection that when a

known quantity of alcohol was burned in it the

resulting carbon dioxide was recovered with an

accuracy of 99 8 per cent and the heat to 99 9

per cent of the theoretical value

The elaborate nature of the apparatus required

for this method precludes its use, especially for

• It may be well to remember that the analogy
between /«e/ for machtnee and food for men {or

animala) muat not bepusbed too far Nutrition m
Totves more than chemistry and phvsics The
available energv of a single foodstuff cannot be
estimated without considering the adequacy of

other factors in the diet the effect of other factors

on absorption (availability) and the level at which

the nutnent is being fed
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Fjo 44 4 The Alwater Rosa Benedict respiration calonmctcr has two functional parts one for

measunng the heat production of (he subject the other for measuring ihe ga«eous erenange An air

tight copper box or small room (1) which is esscntiall> a constant tem^rature water cooled calorimeter

IS surrounded b> a second copper box (2) and the whole is insulated 1>\ an outer ia>er of cork (3) This
construction results in two insulating dead air spaces <4 5) Rosa placed thermocouples (6) in series

between the two copper walls on the tops sides and bottom to detect differences in temperature When
the inner and outer copper walls have the same temperature there can be no beat exchange between
them If the temperature of the outer wall increases it IS quicklj restored to that of the inner wall b^j a
cooling current of water run through pipes (not shown) between the outer copper wall and the insulating

wall A fall in temperature of the outer wall 13 corrected bj electrical wanning of this interspace The
heat produced bj the subject would cause the temperature of the chamber to n«e unless the heat could
be removed in some wav This is accomplished by allowing a current of cold water to flow through the

copper tubes (7 suspended from the ceiling) at such a rate as to maintain a constant temperature m the

chamber Thermometers on the water intake (8) and outlet (9) give the temperature change the volume
of water which has passed through the cooling sjstem js collected in a ve‘'sel (10) and weighed The
weight of water (in kilograms) multiplied b> the temperature change m degrees Centigrade gives heat
lost bj radiation and conduction To this must be added (be latent heat present in the water vapor of

the insensible perspiration and exhaled air (about one quarter of the total heat produced bj a man)
The amount of this water 13 determined by weighing the brstsulfunc acid absorber (II) before and after

the experiment The heat so earned out is calculated knowing the latent heat of vaporization of water

at 20'G to be 0 5S5 Calones per gram
The same apparatus can be used to determine the gaseous exchange of the subject In pnaciple the

procedure is as follows air from the chamber is passed through the first sulfunc acid absorber to remove
the water vapor then through a moist soda lime absorber to remove carbon dioxide k second «ulfuric

absorber takes up the moisture liberated from the soda lime The gam m weight of the last pair of ab
sorbers equals the carbon dioxide produced by the subject The 0x3 gen used is determined by adding

sufficient 0x5 gen to a spirometer (12) to maintain a constant pressure m the sj stem and bj weighing the

oxygen ci Under before and after the experiment The circulation of the air in the sj-stem is maintained

by a fan (13) A window (14) permits observation of the subject Thermometere (not shown) record the

temperature of the room and of the subject

the human subject in any ordmarj laboratory

or clinic There are indeed only a very few in

existence

The calorimeter consists of an insulated cham

ber large enough to accommodate an animal or a

man The heat conducted and radiated from the

body IS absorbed by water circulating in cods of

copper pipes The temperature of this water as

it eaters and leatTs the chamber being known

and also its quantity, the heat production m
Calones can be determined To this must be

added the energy earned out by the water vapor
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gi\-en off by the lungs and skin This amounts to

about one-quarter of the total heat production

(Further details about the apparatus and the

calculations are given in the legend, fig 44 4)

A calorimeter of this t}pe is usually combined

with apparatus for determining the heat produc-

tion by indirect calorimetry as described below,

the instrument being then referred to as a res-

piration calorimeter

Imuhect cALoniMCTB'j The heat production

of the body during a given period can be esti

mated using the thermal eqirn alents if one knows

the quantity of ovjgen consumed or of carbon

dioxide produced during that time As men
tioned above, the estimate is more rehable ’xhen

based upon oxygen consumption Even 6o, the

TABLE -M 7

(After Zunta and Schumberg modified by Lusk*)

Notiprtte a
Calot n per

Liter Oi

C»Vs( e% Pet ted ( om

Quot eat
Cerbobydrite Fat

0 707 4 OSG 0 100

0 71 4 690 1 10 98 9

0 72 4 703 4 76 95 2

0 73 4 714 8 40 91 6

0 74 4 727 12 0 88 0

0 76 4 739 15 6 S4 4

0 76 4 751 19 2 80 8

077 4 764 22 8 77 2

0 78 4 776 26 3 73 7

0 79 4 788 29 9 70 1

0 SO 4 804 33 4 666
0 81 4 813 36 9 63 1

0 82 4 826 40 3 59 7

0 83 4 838 43 8 562
0 84 4 850 47 2 52 8

0 85 4 862 60 7 49 3

0 80 4 875 54 1 45 9
0 87 4 887 57 5 42 5

0 88 4 899 60 8 39 2

0 89 4 911 54 2 358
0 90 4 924 67 5 32 5

0 91 4 936 70 8 29 2

0 92 4 91$ 74 1 25 9

0 93 4 961 77 4 22 6

0 94 4 973 80 7 19 3

0 93 4 985 84 0 16 0
0 96 4 903 87 2 12 8

0 97 5 010 90 4 9 5S

0 93 5 022 93 6 6 37

0 99 5 035 96 8 3 18

1 00 5 047 100 0 0

• This table has been further modified by Csth
cart and Cuthbcrtson, see J Physiol , 1931, 72,

310

food mixture undergoing combustion, as mdi-

cated by the R Q ,
im^t be taken into account

The heat or calonc values (thermal equivalent)

of a liter of oxjgen at different respiratory quo-

tients IS given m table 44 7 compiled by Zuntz

and Schumberg (as modified by Lusk)

In table 44 7 the percentages of fat and carbo-

hydrate undergoing combustion have been cal

culated for respiratory quotients ranging from

0 707 to 1 00 These so-called nonprotein respira-

tory quotients were obtained by determining the

total oxygen consumption and carbon dioxide

produced and then subtracting the volumes of

these j^s exchanged m the catabolism of pro-

tein The quantity of protein undergoing catabo-

lism IS obtamed from the imnary nitrt^en each

gram of the latter being considered, by conven

tion, equivalent to C 25 grams of protein In

precise experiments upon heat production, the

calorics produced from the catabolism of protein

as well as those derived from fat and carbohy-

drate would require to be determmed For ex

ample, a subject may be found to produce per

hour 13 50 liters of carbon dioxide, consume

1600 liters of oxygen and excrete 0 50 gram of

nitrogen in the unne According to Loewy’s

data, each gram of urinary nitrogen represents

the production of 4 75 hters of carbon dioxide

and the consumption of 6 02 liters of oxygen

(table 44 4, footnote)

Therefore

COj produced by the subject in the catabolism

of protem is050x4 75 o23S liters

Ot consumed in the catabolism of protein is

0 50 X 6 02 » 3 01 liters

Then
non protem COi production is 1350 — 238 =

11 12 liters

non protein 0* consumption is 16 00 — 301 =
12 99 liters

the nonprotein respiratory quotient is

11 12/1299 - OSG

It wiU be Been from table 44 7 that at this R Q
the caloric equivalent of a liter of oxygen is

4 875 The heat produced by the combustion of

non protem materials is therefore 12 99 X
4875 - OSS Calories of which 54 1 per cent is

denved from carbohy drate and 45 9 per cent

from fat

The heat production due to protem is 3 01 X
450 •• 13.5 Calories will be shown in the

section on Energy Balance this may be estimated

ID another way the calonc equivalent of each

gram of urinary N is 20 4, so the heat production
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due to protein may also be obtained approxi-

mtel> b3 muUipl>ing the figure for the unnary
nitrogen (0 50) bj 20 4 = 13 2 The a\emge
toIuc maj be taken as 13 4 Calories

The total heat production per hour is there-

fore 03 3 4- 13 4 = 76 7 Calorics Of this 34 2
Calories or 45 per cent are denied from carbo-

hjdrate, 29 1 Calonos or 3S per cent from fat

and 17 per cent from protein

In ordinary determinations of the basal meta-

bolic rate (p 765) urinarj nitrogen is not meas-

ured and the foregoing calculations are not un-

dertaken, only a slight error is invoked if the

R Q is assumed to be 0 82 and the heat produc-

tion taken directs from tabic 44 7

Toe isODYNAinc law It was demonstrated

by Rubner that just as the production of heat

b3 a stove ma> be maintained at a constant

le\el by burning different tjpes of fuel, so m
the generation of animal heat the different

foodstuffs may replace one another m the diet m
accordance nith their heat produemg volues

Tlic amounts shoum of the follotring substanoce

arc isodynamic

100 grams of fat X 9 - 900 Calorics

225 grams of starch X 4 - 9(W Qifones

225 grams of protein X 4 - 900 Calories

128 grams of ethanol x 7 - 900 Calones

HeIAT PRODVenON IN RELATION TO SORFACB

Area The beat produced bj an individual at

rest is proportional to the surface area of his

body Thus a fasting adult man and a stamag
dog, although the surface area of each and the

hlal heat production ^ere widely different, were

shown by Rubner to give out m 24 hours closely

Similar amounts of heat per square meter of bodj

surface, namely, 1134 and 1112 Calones respec-

tively A small animal, e g ,
a mouse, therefore,

since its surface area is greater m proportion to

its mass, and smee it generates the same amount
of heat per unit of body surface, must obviously

generate more heat per unit of body weight than

a larger animal The heat is produced m the

tissues (muscles, Uver, etc ) ,
consequently these,

in the case of the smaller animal, must be the

seat of a much more active metabolism (sec table

44 8)

The shape of an object controls its surface

area per unit weight A sphere has the least sur-

face area per imit of mass The area of a cube is

also relatively small, that of a thin sheet reache

the maximum A few examples wdl illustrate the

^’anatlon A sphere (of material with densitj « 1)

neighing 1000 gm would have a radius of 6,20

TABLE 4i£
Showing relation of heat production per kilogram
and per square meter of body surface in animala

of different sues

!

lA eight

j

Calones

Per
kilogram

Per square

it

Ot
I 391 19 1 1567

Pig
1

128 0 19 1 1078

Man
1

64 3 32 1 1012

Dog 1 IS 2 51 5 1039

Goose* ' 3 5 66 7 967

Fowl* 2 0 71 0 ' 947
Mouso 0 018

1

654 0
1

1188

• The relativck low figures for the heat produc

tion of birds shown m the lost column is due to

their bodies containing a high proportion of osse

OU3 tissue w hich has an extrcmclj low metabolism

cm and a surface area of 484 sq cm A cube of

the same weight w ould have an area of COO sq

cm An ehrtgaled egUnder (31 9 cm bj 632 cm.

in diameter) would hate a surface area of 694

sq cm , the same amount of material m the form

of a equal cylinder (20 cm diameter by 3 18 cm

)

would hate an area of 828 A rectangular block

of the same weight (5 by 10 bj 20 cm ) would

hate an area of 700 sq cm , a thick sheet (0 2 by
10 b} 500) would have 10,204 and a thin sheet

(001 by 200 by 500) would have approrimatel^

200 000 sq cm Elliptical bodies with cjhndncal

appendages have a surface area per unit of weight

intermediate between tliat of a sphere and an
elongated cj hnder

PursIOLOGICAL CONOmOVS WTOCa STmCLATB
METABOLISM The heat production of the body is

increased by (a) muscular work, (b) food, (c) a
fall in environmental temperature, or (d) a nse
in body temperature (fever) These influences

nrifl be considered later

Indued Calorimetry Determxnation of

the Heat Productionfrom the

Respiratory Exchanges

The results of indirect calorimetry agree wnthin

less than 1 per cent with those obtained by the

direct method Tw-o forms of apparatus—the

^sed-mretai and the open-circint or atr-curreni

types—are employed for indirect calorimetry

In the closed-arcuxt method the subject re-

breathes the air contained in a closed system, the

carbon dioxide eliminated by the subject is re-
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TABLE 44 10

Valumet cf in inspired air correspandtttff fa

100 rotumes of expired atr mth different

percentages of nitrogen

PtrwnU^e
Mtfogea in
Eipued Air

Volumes ot
Oi>^n in

Inspired Air

Percent*»e
Nitrogen in
Eip red Air

\ olumes of
Ozyten in

tsipired Alt

78 5 a) so 79 6 21 09
78 6 20 83 79 7 21 12

78 7 20 85 79 8 21 14

78 8 20 88 79 9 21 17

78 9 20 91 SO 0 21 HO

79 0 20 93 SO 1 21 22
79 1 20 96 $0 2 21 25

79 2 20 99 SO 3 2f 23

79 3 21 01 SO 4 21 30

79 4 21 (H 80 5 21 33

79 5 21 07

ino\ed b> Boda-lune and wciglicd, a measured

%olume of oxjgcn is supplied to rcplemsh that

which has been absorbed In the op«n-«rcutt

type, the subject inspires room air and e^pues

into some form of contamcr the entire volume

of eTpired air is measured and a sample aos'

lyzed for its carbon dionde and oxjeen per-

centages Among the closed-circuit t}*pcs of

apparatus are tho«c of Ecgnault and Reisct,

and of Benedict sad sseoentes The Doughs
bag and Tissot methods arc of the open-circuit

type In Haldane’s method for small animals,

although it is of the open-circuit or aiT-cuTrent

tvpe, the carbon diovdc is absorbed and weighed

Closed-circuit iiExnODs In the Regnault-

Rciset type of apparatus, the air is circulated

through a closed sjstem of which a chamber,

large enough to accommodate the subject, forms

a part Only a few institutions on this continent,

such as the Russell Sage Institute in New York

and the Nutntion Laboratory at IVashingtoa,

possess an apparatus of this type (Atwater-Rosa)

suitable for metabohe studies upon mao It is

usually combined with an apparatus of the

direct type The construction of a closed cir-

cuit tyiic of apparatus for laboratory animals is

not, howeifr, such a difficult matter (fig 44 5)

The air m the system is rebreathed repeatedly

,

carbon dioxide and water vapor being removed

and oxygen supplied to replace that consumed

The quantity of carbon dioxide ehaunated by

(be animal is given by the difference between the

weights of tbe soda-hme container at the be-

gmmng and end of the expenment Oxygen is

run into the «ystezQ from a cylinder and meas-

Fig 44 5 Schematic outline of respiration apparatus for small aoimals The air leai es the rbamber
at A and after passing through the rotary blower B, which hecps the ventilating current in motion, is

forced through the glass vessel C, whi cb serves as a s^ety trap The air then passes through the bottles
D andE containing sulphunc acid to remove tbemouture The air, now water free, but containing the
CO] produced by the animal and lacking the O* which the animal has consumed passes into the 2 way
valve Vi ,

where it may be deflected into the b^tle P containing soda lime for the absorption of CO*
The moisture gamed from the soda lime is absorbed by anlphunc acid in bottle G The air then passes
through a second 2 way tap V* to H containmg dry sodium bicarbonate which removes the traces of
acid vapor taken up by the air in passing through bottle G J is a glass vessel containing w ater which
supplies sufficient moisture to the air for the comfort of the animal K is a bv pass valve The chamber
is constructed of copper and has a cover with a water sealM N is a glass plate through which the am
zna] can be observed O is a spirometer attached to the aysteni on tbe intake side of the rotary blower
B (From F G Benedict )
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Fio 44 6 Benedict Roth apparatus (courtesy
of Warren E Collins, Inc , Boston)

ured by weans of a gas meter or by weighing

the cjlindcr at the beginning and end of the

experiment The air in the chamber is analyzed

at the end of the observation m order to ensure

that no change in its composition has occurred

In other closed*circuit methods, such os the

one described below, the subject is not enclosed

within a chamber, he simply breathes m and out

of the apparatus through a connecting tube

Chnteai types of closed^iTCuti apparatua In the

earlier clmioal t^’pes the subject was connected

b;> means of a mouthpiece and dexiblc tubing to

the closed 8)'5tem and both carbon dioxide elimi-

nation and oxygen u«age were determined In

the tjpe most commonly used today—the Bene-

dict-Roth apparatus (figs 44 6 and 44 7)—the

heat production is calculated from the oxjgeo

consumption alone In order to punfj the air

the carbon dioxide is absorbed bj soda-Iune but

the amount of this gas eliminated is not meas-

ured In determinmg the basal metabolism (p

7G4) the subject lies upon a couch and breathes

in and out of the instrument through a mouth-

piece and two wide-bore tubes (inspiratory and

expuatorj) provided with vahes The nose is

chpped The mam part of the instrument con-

sists of a bell spirometer Tins is a hollow

double-walled cylmdncal \essel In the narrow

space between the two walls fits a second imerted

hollow cjhndncal xcssel or bell The bell is

counterpoised so that it rides easily up or down
in the annular space between the two walls

This space contains water which acts as a seal

At the commencement of the experiment, suf-

ficient O’^gen IS admitted from an oxjgen cjl-

iiidcr to raise a pointer on the spirometer bell

t^ the zero mark upon an adjoined scale which

has been calibrated to oxjgen volumes The
breathing of the subject through the inspiratory

apd expiratory tubes keeps the air circulating

fiwly through the sjstem As oxygen is con-

siimcd the spirometer falls and from the differ-

epee m the levels of the pointer at the beginning

and end of the expenment the oxygen usage is

cplculated The volume of oxygen used, dry and

reduced to standard temperature and pressure

p 457) 13 then calculated The heat produc-

tion 18 found by reference to the table of res-

piratory quotients given on page 756

The R Q of the subject is not determmed

The average R Q in the postabsorptive state (see

p 764) (0 82) is assumed It will be seen from

table 44 7 that at this R Q the caloric equivalent

of I liter of oxjgen is 4 825

OptN-CTRCUJT OR AIR CtmRENT SIETHOPS In

the Ilaidant type of calonmeter (which is suit-

able only for small animals, mice, rats or rabbits)
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Fig -Its Haldanc'R respiration apparatus I and 4, soda lime, 2, 3 and 5 pumice stone soaked in
sulphuric acid, Ch, animal chamber, M, meter J la an inverted bell jar standing in a trough of vater
it serves to prevent sudden excess of negative pressure and to indicate the pressure actuall> employed
P, pump (\ftcr Haldane )

3 current of air w drami through the ajatem

(fig 44 8) Carbon rfiOMile and tvater arc re-

Ino^ed from the air before it enters the chamber

and again after its exit therefrom The carbon

dioxide absorber on the outgoing current of air

13 tveigheil at the commencement and end of

the expenment as m the Regnault-Hoi'ct method,

in order to obtain the quantitj of carbon dioxide

eliminated The Bj*8tem wxth the exception of

the first pair of absorbers and including the

animal is then neighed Since onl> o\>gcn has

entered this part of the s^-stem (the air bemg
CO^free and drj) the gain m ncight dunng the

Fla 44 9 Shomng A, Douglas bag and tub
ing, B, Douglas bag with sampling bulb attached
and gas meter for measuring the total volume of
expired air (after Douglas and Pneatle>), C, sub
jeet equipped with Douglas bag apparatus dunng
runntngorofher types ofmuscu/ar exercise {Alter

experiment gives the quantity of oxjgcn con

Burned bv the animal

The Dowjlaa bag and Tts*ot methods (^aso-

metne meUiods) In these methods the subject

inspires atnwiphcnc air and expires into a bag

(Douglas method) or into a large beU-tvpe spi

rometcr iTissot method) At the end of the expert

ment the total volume of expired air is measured

and samples are aDaI>zed for carbon dioxide

and oxjgen (figs 44 9 and 44 10)

Gas anati/sxs The sample of expired air is

drawn into the graduated burette of a Haldane

gas analj«i.s apparatus, saturated with water

vapor and its volume measured (fig 4411) It
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It IS sometimes useful to be able to estimate

the energ) obtained from dietary protein unng
the so-called calone equivalent of each gram of

unnars mtrogen In Rubner’s experiment 15 16

grams of urinary N were excreted when 400

Calones were Lberated from the ingested pro-

tein Thus each gram of urinary N correspimds

to about 26 4 Calones retained bj the body
Atwater and his colleagues m America ana

Ijzed uimes from 46 persons and measured the

heat of combustion of the orgamc residue For

ex-ery gram of nitrogen tn the unne they found

UDOXidized material sufficient to yield 7 9 Calo-

nes This value is close to Rubner’s estimate of

7 5 It repreronts about 1 25 Calones per gram of

protein absorbed, tf the person u in mtrogen

equilibrium

Although mtrogen in the unne can onlj anse

from protein that has been absorbed, some

wnters haw erroneously applied the correction

to the protein eolerel Ob\iousIy, if digestibihtj is

low or if the person or animal under study is

retaimng nitrogen for growth or losmg mtrogen

as a result of a wasting disease, different ralues

would be obtained per gram of protem ingested

The use of the factor 1 25 Calones per gram of

protein for the loss in the unne is hallowed by

convention although it is ba^^ed on work done

o\ erX years ago with diets (the details of w hich

are unknoivn todaj) fed to adult men The
effects of individual foodstuffs on males and

females at different stages of growth should be

determined, since the available energy doubtless

vanes considerablj with age

The Dasal Metabolic Rate (DJM.R.)

This is the term apphed to the heat produc-

tion of a subject who though awake is as nearly

as possible at complete muscular and mental

rest, and is m the postabsorphie state (i e , from

12 to 14 hours after a light meal when, it is

assumed, the digestive processes arc quiescent)

The room temperature should be ^*C For

example, the prospective subject of a basal

rate determination is directed to refrain from

undue muscular exertion or fatiguing effort of

any kind for 24 hours previously A light meal

with the mmimum amount of protein is taken

not later than 7 o’clock the mght before the

test which IS undertaken at about 9 o’clock m
the morning For a penod of 30 minutes or so

before, as well as dunng the test the subject

should be Ijmg down comfortably in a room with

subdued lightmg

The apparatus most commonly empIo>cd for

the determination of the basal metabobc rate m
the dime is the instrument of Benedict and Roth

(p 7G0) Tissot’s method or the bag method of

Douglas 13 also sometimes used

Basal Mctabolic Rate Stakdards

We hav c seen that the metabolism is projxw-

tional to the body’s surface area rather than to

its weight (p 757) Of two men of the same

weight, one tall and lean and the other short

and stout, the former will have a greater heat

production It is possible that this explains, in

part at least, why a man of thm build often eats

more than a stouter man of about the same

weight Since normal adults do not differ voy
greatly in sue and shape, it maj be stated as an

approximation that the heat production of the

human body is one Calorie per kilogram per hour

Out for the reasons just giv%n it is much more

accurate to express the basal metabolism m
terms of body surface Thus, the average ba«al

rate of normal men between the ages of 25 and

50 >ears is from 40 to 37 Calones per square

meter of bod> surface per hour This value is

constant for all normal men whether thej are

tall, short, thm or stout, large or small Know-
ing a subject’s height and weight his surface area

can be determined at a glance from the chart

(fig 44 12), or from table 44 12, or it maj be

calculated from the height-weight formula^ The

average surface area for adults m Canada and

the United States is about 1 6 square meters for

women and 1 8 for men, the total basal heat

production of the majonty of normal adults

ranges from 1400 to 1800 Calones per day

The heat production per square meter of body

surface is arrived at by dividing the value for

the total heat production per hour of the sub-

ject, as determmed by one or other of the meth

ods already desenbed, bj the figure for the

surface area For example, a man 175 cm tall

weighing 75 kg has a surface area of 1 91 sq

meters ILs total heat production is, saj, 76 20

Calones pier hour His heat production per square

meter per hour is therefore

76 20/1 01 - 39 8 Calones

’ The formula introduced b} Meeh and modified

by Du Bois and Du Bois is as follows

A = » "‘ X H» “ X 71 81 (a con-tant)

where A •• surface area in square centimeters

iV — weight m kilogram and H — height in centi

meters
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Fio 44 12 Chart for dctcrminini; surface area
in man in square meters (After Du Bois ) Example
weight 60 kilograms, height 170 cm “"liOsq m

Having obtained this figure it is customarj to

express the BMJl as normal or as a percentage

above (+) or below (—) the normal Tims, m
the foregoing example the rate would be said to

be normal If it were 30 Calones per square

meter per hour it would be expressed as —25 per

cent and if 60 Calones as +25 per cent The age

and sex must also bo considered since 39 S Calo*

nos per square meter tliough normal for a fuU

grown man of 25 j-cars or so would be above

normal for a woman of the same age and below

normal for a child (see belon)

Tanner has pointed out that more rcccat

studies of “per surface area” and "per kilo of

body weight" ratios, so widely used m physiol-

ogy (e g T for expressing B M R ’s, oxygen con-

sumption, cardiac output, glomerular filtration

rate, drug dosage, etc ) are theoretically falla-

cious, bemg a special case of the condition known
to statisticians as the spunous correlation of

indices Although the values often have practical

utility, rvtrapolations based on these ratios have

led to the invention of new (nonexistent) clmical

syndromes

CovnmoNs Which Ivfluence the
Bvsal iMETADOUc Ratf

Physiological

1 Aor AXD SEX. The heat production per

square meter of body surface dimuu’=he3 pro-

gressively from infancy to old age bemg about

50 Cal per square meter per hour at the age of

ten or twelve and about 32 Cal at 90 years The
metabolism of the new-born is much lower (25

Cal ) than that of infants a fen weeks older

Premature infants have a lower rate than those

bom at full term Females have a metabolic

rate a little lower than that of males in the same

age group TJie relationship of heat production

to age and sc\ is given m table 44 13

2 Race Avn cuHATE Cramer and Lusk were

both of the opinion that climate does not m
fluence metabolism In epite of suggestions by

several workers that the B hi R of Eskimos is

elevated and that that of persona in the tropics

IS lower than normal, more carefully controlled

studies have shown that other explanations

usually account for the findmgs Seasonal fiuc-

TABLE 44 12
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TABLE 44 13

Dazal and total metahoUe rales of males andfemales

From Cruickshank compiled from Boothb>

and B’isociates

Bit R Ca!on«
per ig Meter

per Hour

Tola] Basal
XleUboI SID in 1

Calories per I

21 Hours

Total CaloT ea
per Dior

Miles
^

Females
;

Males
*

Females' Males Females

Birth 30 30 2S8 288 440 440

1 65 52 660 624 1000 1000

2 57 53 780 725 1200 1200

3 55 52 8)5 798
' — —

S 63 52 915 SS6 1600 1600

8 51 S 47 0 1143 993 2000 2000

11 47 2
1

45 2 1268 1193 i 2500 2500

12 46 8 43 3 1347 1267 — —
13 46 S 42 0 1428 1330

' — —
14 46 4 41 5 1537 1391 3200 2SOO

15 46 0 40 0 1667 : 1420 — —
16 45 7 38 8 1764 ! 1434 3500 2600

18 43 2 37 5 1783 1440 3800 2500

20 41 6 36 3 1756 1437 3500 2400

25 40 3 36 0 1760 1442 3000
1

2400

40 3S 0 35 0 1641 1344 3000 2400

tuations do occur which ha^c contributed to the

dilTicult} of drawing conclusions

3 Habits Owing to the greater development

of tlicir muscular tissues athletes and bborers

have ID general a higher 13 'M R than persons

leading a sedentarj life

4 PRfovANCY The basal metabobe rate of

the pregnant woman shows bttle change until

the sixth or seventh month when the fetus causes

an appreciable increase in the weight of the

mother The metabolism of the mother from this

time to term is the sum of her ow n metabolism in

the nonpregnant state and that of the fetus It

was found by Murhn and Carpenter, for exam

pie, that the metabolism of the new bom infant

and the postpartum metabolism of the mother

added together practicallj equaled the metabo-

lism of the pregnant state near the end of terra

Boothb> and Sandifoid estimated the surface

area of tiie fetus throughout gestation and con

eluded that the excess heat production of the

pregnant state was denied from the fetus and

the increased mass of the maternal structures,

the energj production per unit of mass of the

maternal organism remaining constant Normal

pregnanej
,
then, exerts little or no spectfic e0cct

upon the basal metabolic rate

5 Diet The nature of the diet seems to hare

Lttlc mflucncc upon the B M R ,
althou^ m

stnet vegetarians it is said to be some 1 1 per cent

lower than that of meat eaters

6 VaBUTIOVS IV BAROMETRIC PRESSURES A
moderate reduction in oxjgen pressure does not

affect the metabobe rate, but a reduction in the

btter occurs which xanes b3 from 5 to 2o per

cent in different subjects when the barometnc

pressure falls to half an atmosphere (Oj pressure

75 mm Hg) This is around the barometnc

pressure at which mountain sickness usually

appears (ch 33) Breathing excessixeli high

tensions of oxygen does not raise the B M R
above the normal lex el That is, the oxygen

consumption cannot be raised simply by mcreas

ing the 0x3 gen 6uppl3

7 Chexocal substances Caffeine adrena

line th3rroid extract or thyroxine, benzedrme,

and dimtrophenol raise the ba^al metabobe rate

Smoking a eigarettc espcciall3 if the smoke is

inhaled increases the ractabobsm of most sub-

jects, the axerage increase being around 9 per

cent

B PatholoitKal

1 The B M R is below normal in the following

conditions

Starvation and undernutrition (ch 60)

Oliesitj due to p]tuitar3 or hjpothalamie dis

orders (chs 50 and 50)

Hypotbx roidism (mjxedema ch 57)

Addison s disease

Lipoid nephrosis

2 Conditions with a high B M R
Ilyperthyroi lism (exophthalmic goiter ch 57)

Fever (ch 53) The basal rate is raised about 7

per cent for each degree (Fahrenheit) rise id

temperature

Diabetes insipidus (ch 50)

Cardio renal disesaft with, rlvs^naa. (4r25 to -1:50

per cent)

Leukemia (-(-21 to -f-SO per cent)

Pol3Cytheniia (-f 10 to -)-40 per cent)

Iwri-urNCES Mmcii the Metabolism

OF A Norxixl Indixiduxl above
THF Basal Lexll

\\c have already seen that the basal metabo-

lism IS defined os the heat production of a sub-

ject as nearly as possible at complete physical

and mental rest some hours after food and with

the room temperature at about 20“C The^
three factors—muscular exercise, the ingestion

of food and cnxnronmental temperature—have

a powerfully stimulating influence upon metabo-

lism

Musevlar and mental effort Even light muscu

br exertion, e g , sittmg, standing dressing and
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TABLE 44 14

Extra Calories of metabolism per hour atlribvtable

to orcupoCton

(After Harrop)

!
Extra

CxJorics
per Il<iur

Occupations of men
Tailor 44

Bookbinder 81

Shoemaker 90
Metal worker, filing and hammering 141

Painter of furniture 145

Carpenter making a table 1&4

Stonemason chiselling a tombstone 300

Man sawing wood 378

Occupations of women
Seamstress, needlework 1 6
Typist, 50 words per minute

1

24

Seamstress, using sewing machine 57

Bookbinder ' 63

Housemaid (moderate work) 81

Laundress (moderate work) 124

Housemaid (hard work) 157

Laundress (hard work) 214

undressing, sewing, etc , rat'os tlie mctaboUsro

bj from 25 to 60 per cent above the basal leicJ

Moderate evercise, such as walking, swunmiDg.

housework, light carpentry, etc ,
raises it from

1(X) to 200 per cent, and icry liard work may
increase it from 10 to 15 times oier the basal

Iciel Henderson and Haggard found that in

three members of the Yale University boat crew
,

the total heat production during rest amounted

to 1 65, 1 42 and 2 4 Calories per minute re*»pec-

tively. The corresponding \aluea during strenu-

ous exercise on a rowing machine were 1890,

21 83 and 29 37 Calories per minute The extra

eneigy expenditure caused by vanaas occupa

tions is shown in table 44 14 Mental effort, on

the other hand, causes an almost negligible

increase m metabolism Benedict, for instance,

after a senes of expenments in which intense

mental effort was expended in solving mathe-

matical problems found an merease of only 3

or 4 per cent He states, “The cloistered scholar

at his books may be surprised to learn that the

extra Calories needed for one hour of intense

mental effort would be completely met by the

eatmg of one oj'ster cracker or one half of a

salted peanut ’’ The basal oxygen consumption

of the brainhowever, is high (p 1134), amounting

to about 10 per cent of that of the entire body

jSfrong emotion maj raise the metabolism from

5 to 10 per cent above the basal level

During sleep, when the muscles are more com-
plete!) relaxed than is possible durmg the wakmg
day the metabohsm falls below the basal level

Ihc reduction amounts to from 10 to 13 per

cent ^tnctly speaking, the metabolism durmg
restful sleep, since it is the physiological mini-

mum, I* the true basal leicl ) If sleep is disturbed

and associated wath muscular actmty the me-
tabolism maj’ be as high as or e\ en higher than

the “resting level’' conventionally referred to as

tlie basal lev cl

The inffucncc of food and of entironTnental

lempcralure (pp 787 and 891) upon metabolism

are dealt with cLewrhere
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PROTEIN METABOLISM

General Description ond CJassiflcation

of Proteins

Protein IS a fundamental component of proto-

plasm and eon«cquentlj forms a proportion of all

Inmg tissues—animal or \cgetable, it is the pre-

dominant solid component of some tissues, c g

,

muscle It differs from the other foodstuffs

—

carbohjdratea and fats—in contammg (m addi-

tion to carbon, hjdrogen and OTjgen) nitrogen,

sulfur and sometimes phosphorus The molecules

of cerbm proteins contain a prosthetic group,

eg, hemoglobin, gljcoprotcms, Iccithoprolems,

nucleoprotcins, etc

A classification and brief dc«cription of the

various t^Tes of protein are given in table 45

1

The Protein ^IotecuIe

The protein molecule is constructed of a num
berof units linked together The«eunitaor‘ budd-

ing stones” are called amxno aads Tbc> arc

separated when the protein molecule is hjdro-

lyzcd by boiUng with acid or alkali, or by the

action of the digestive enay mes (proteases) Some
25 different ammo acids ha\e been definitely

identified as constituents of the protein molecule

(see table 45 2) Some proteins contain nearly all

of these in varying proportions, in othere such as

gelatin there are only 14 or 15 different kinds,

some essential ammo acids bemg rais'ing, wherKis

such simple proteins as the protamines, stunne

and saloiine, contain only 3 and 4, respectively

The smgle ammo acids have molecular weights

rangmg from 75 for glycine to over 200 for tyro-

sine and nearly 800 for thyTOxine The molecular

weights of tho«e proteins conjpo«ed of large aggre

gallons of ammo acids are correepondragly great

andevtendoveravery wide range The molecular

weight of egg albumin, for example, is 45,000, that

of hexDocyanin, over 6,000,000 and of tobacco

mosaic virus, 40,000 000 Some basic protems,

protamines and histones, on the other hand, have

molecular vieights of about 2000 only

Protein molecules also vary m shape Studies

of protein structure by means of X ray diffrac-

tion photographs reveal that the molecules of

some proteins, such as keratm, collagen and my o-

sm—the so-called proteins—have an elon

gated fiberhke form, rcsultmg, it is believed, from

the extended arrangement of the poly^pcptide

Imkages of which the molecule is constructed

(see below) 'UTien stretched such molecules be

come elongated still further but return to their

prev loiw length when relea«cd from the stretching

Wee The changes m length are dc'icnbed as

bemg due to folding and unfoldmg of the poly

peptide chains in a concertmalike fashion Other

protems—the globular proteins—such as egg albu

mm and the serum proteins, are composed of

molecules which are folded or arranged mto a

lattice pattern to form a compact structure of a
more or le«s globular shape Unfoldmg and the

assumption of a permanent extended form ts

associated with dcnaturation Proteins of ap-

proviroalely the same molecular weight may differ

considerably m their molecular structure and for

this reason may show differences m such physical

properties as ela-sticity
, osmotic pressure or v licos-

ity The fundamental structure of all protems is

believed by Astbury to be fibrous, but the inter-

molecular arrangement of the polypeptide chains

vanes widely between different tyTies and m the

Same protem imder different conditions Thus a

vamty of patterns is produced

The average elementary composition of the

molecule of a protein «uch as albumin or globulm

13 as follows C, 54 per cent H, 7 per cent, N,

16 per cent, S, 1 per cent O, 22 per cent

The Aaiivo Acids

Theammoaeidsmay be regarded as deni ativcs

of the saturated fatty acid series m which the

alpha hydrogen atom has been replaced by an

amino (NHj) group, m the case of proline and

bydroxyproline, the substitution is by an imino

769
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(NH) group The simplest amino acid is anuno-

acetic (glj cine or gl> cocoll)

CHi—NH.

^OOH

and the structure of the other ammo acids, with

the exception of prohne and oxjprolmc, maj be

represented by the following tj^ie formula

R CH-NH»

iooH

Amino acids therefore contain a basic (NH.)

group and an acid (COOII) group R represents a

chemical group which \aries greatly in size and
structure In the sjmthesis of the protein molecule

chains of amino acids arc formed by the Imhagc of

the groMp cS one ftmaio acid the acid

group of another and the liberation of a molecule

of water Thus

Upon hydrolj sis by healing with acid the ring is

brotcen, and in the case of glycine anhydride the

dipeptide glyc>! glycine is formed

II»C

oc

x„
CO -

CH»

Diketopiperazioe
(glycine anhydride)

CH»—CO—NH—CHi—COOH
NH,

Glycyl glycine

Terminal ammo acids of peptide chains always

have a Iree polar group At one end a carboxyl

group is found (e g ,
in the glycine moiety of

alanylgtycme or of glutathione), at the other end

CH, CIlNH,CO|OH H[HN CH, COOH s
Alanine Glycine

The junction, CO NH whereby amino acids be
come grouped together, is called the peptide link

age The reverse process, namely the separation

of ammo acids from one another is also effected at

thia link in the chain, a molecule of water first

being taken up This process is called hydrolytte

CHi CHNH, CO-HN CH, COOH + H,0

AJanylglycine

an atmno group (in the alanine moiety of alanyl*

glycioe, lo the glutamic acid portion of gluta

ttuooe) Diammo or dicarboxylie amino acids will

also contribute further free ammo or acid groups

<as in the free carboxyl of the glutamyl radical of

glutathione) By virtue of these it can act either

1

• 5

*

fL/l
'

,
NH

. -I-— iH.
1

1 H I

inyl —glycine

(Glutathione—a well known tnpeptide)

Besides the cbainlike combination of the ammo
acids m the protein molecule, a smaller proportion

arc believed to be united to form closed ring com
pounds—dikrtepiperoiines (ammo ond oahy

dndet) The ammo acids undergo dehydration and

unite by their free amino and carboxyl groups to

form the diketopiperazine ring In the example

shown below two glycine molecules join to produce

glycine anhydride

nhIh no I

/ L r\
H.C CH

oi in,
v-—- 1 /
lOU HHN

Glycine Glycine

NH

H,C^ ^CO
oi in,V

Diketopiperazine
(glycine snhydnde)

aS a weak base or as a weak acid In acid solution

it acts as a base yielding cations to form protein

cMonde, sulfate, etc When a current passes

through the solution the amino acid cation mi
grates to the cathode or positive pole ‘ In alkaline

solution It behaves as an acid, forming anions to

produce a proteinatc of sodium, potassium etc , In

a(i electnc field the ammo acid anion migrates to

the anode On account of these opposite reactions,

depcodiog upon the acidity or alkalinity of the

Bidution, ammo acids and the proteins which they

compose are called amphoteric electrolytes or am
pjulytea (Gk ompkS, both) At a certain hydrogen

loB concentration, which vanes rather widely

*Thts migration m an electnc field of cation

and anions to the respective poles is called electro

phoresis or iontophoresis
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TABLE 45 1

Class ol Protein
|

OunctenslKs
1

Examples

A iStmpfe proletns

(1) Album:ns Soluble in water and eoagulable by
heat Present m both animal and
plant tissues

Serum albumin, egg albumin, laclal

tumtn and various vegetable albu

mins such as leucosin (in wheat, rye

and barley), legumeltn in lentils,

soy beans, beans and peas and phase

bn in kidney beans

(2) Globulins
1

Soluble in dilute sabne solutions, m
' soluble in water Animal globohns

are coagulated b> heat Vegetable

globulins imperfectly or not eoag
ulated by beat

Cicrum globulin, Jibnnogen (and/i6nn)

vtielhn of egg yolk and vegetable

globulins such as excelsin (Brazil

nuts), edestin (hemp), phaseohn
(kidney beans), legumin (peas and
lentils) and lubenn (potatoes) A
number of other vegetable globulins

have been isolated and named
(3) Glutehns Found only in plants Insoluble in wa

ter, saline or alcohol, but soluble m
very dilute alkali

Clutenin of wheat, orgzemn of rice and
gluleltn of maize

(4) Prolamines or Foundm cereals (except rice) Soluble Gliadin of wheat liordcm of barley and
gUadins m 70 to 00 per cent alcohol, insol

uble in water They contain a large

proportion of proline and com
pounds giving rise to ammonia m
trogen

rein of maize

(5) Albuminoids or Especially re«istant to the usual re Acrohn of hair, skin, bone, feathers,

scleroproteins agents They enter into the con
atruclion of protective and connec

j

tive tissues e g , skin, tendons
ligrocnts and bones

tortoise shell and eggshell elasfin

collai7en oasem and gelatin of ten

dons, ligaments bone, etc

(5) 7/tf{one« Soluble m water and precipitated by
ammonia solution and by alkaloids

They contain a large percentage of

diamiQO acids (p 774)

GloUn of hemoglobin, thymus histone,

scomhron and gadus histone m sper

matozoa of mackerel and codfish re

1 spectively

Protamines FoMwd \ti combiwvtwrv vnVb nMclmc
acid in heads of Gsb spermatozoa

,

Constructed predominaotly of dia ,

mino acids I

1

Salnvine and stuTXwc va of

salmon and sturgeon respectively

B Conjugated proletns Proteins whose molecule is combined with another nonprotein group

(f) Nucleoproletns
;

Nucleic acid in combination with a

protein belonging usually to the
' class of histones or protamines

Found m cell nuclei

Sec ch 47

{2) Chromoproteins
;

Protein in combination with a pig

ment (e g ,
hematin) containing

iron, copper or other metal

Hemoglobin, hemocyamn, etc

(S) Glycoproteins Proteins other than nucleoproteins in

combination with a carbohydrate

group

ilfuctn in salivary gastric and intesti

nal secretions, ovomucoid of egg

white and ekondromucoid ol carti

lage

(4) Lipoproteins Proteins in combination with lipid Present in plasma, milk, cell nuclei

(5) Pkosphoproletns Proteins other than nucleoproteins

and lecithoproteins in combination

with a phosphorus containinggroup

Caseinogen (and casein), nteffm of egg

yolk
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TABLE 45 \-~Continuei

Gas! of Protein Character «lc« Examples

C Dernatiiet of proteins—derived pre^eins These are produced By the action ol acids alkalis

or proteolytic enzymes npon certain of the proteins listed above

(a) Primary dertva

lives

(1) Proteans

i

Insoluble products formed in the early
j

1

stage of the action upon proteins of
j

water dilute acids and enzymes
;

(2) Meiaprolnns

(S) Coapulnted

proteins

(h) Secondary de

ntafiies

1

Formed in a later stage of the action

of acid or alkali

Formed by the action ot heat or of al
'

cohol upon solutions of proteins

Acid metaprotcin alkali metaprotein

(f) Proteoses Formed by the action of pepsin or Albumose from albumen ptofeufose

(2) Peptones

trypsin upon proteins Theyaresol
;

uble in water from which they ate i

precipitated by saturation with am
monium. sulfate They ate ineoagu

able by heat

These represent a further stage in ac

tion of proteolytic enzymes They
arc soluble in water but are notpre
cipitated from an aqueous solution

byammoniumsulfale Theyarenot
coagulated by heat

from globulin caseose from casein

($) Peptides di Products formed in the final stages of G]yc}l alanine leucyl glutamic acid

peptides inpep-

tides and poly

peptides

proteolytic digestion etc

between did'ereot proteins the ammo acids are

electt)call> neutral and protein behaves neither

as an acid nor as a base In an electric field no

migration either to anode or cathode occurs The
pH at which this occurs is known ns the tsoeleclrtc

point though the effect rather than being re

stneted to a point extends over a pH range which

with some proteins is considerable hoeleclnc zone

is therefore a better term (table 45 3) Within the

isoelectric zone the solubility of the protein is

least, here it is readily precipitated by alcohol

neutral salts and other reagents Some proteins

are quite insoluble at the isoelectric point and

precipitate spontaneously According to the classi

cal conception the electrical neutrality of protein

at the isoelectric point was due to ionization of

the amino acids being at a romimum or absent aa

represented below in formula 1 This view has

I«oelectric gljcine

I

COOH

HiC'^

\hi
Unionized

II

COO

NHj*
“ZwittenoD

given place to the Zmtlenon theory which more
readily explains the experimental findings

The Zvnllerion fAeory This postulates that

the ammo acids at the isoelectric point carry equal

numbers of positive and negative charges and this

accounts for their electneal neutrality They are

called zmlterions (Ger Zunlter hemaphrodite)

or dipolar ions (see formula 11 above) Much ex

penmeotal support has been gained for this theory

since it was first proposed

The behavior of an amino acid (glycine) in

acid and in alkaline solution according to the

two conceptions la illustrated below (on p 773)

It will be seen that the end result on either aide of

the isoelectric point is the same according to either

view According however to the ZtoiUer hypolk-

<si* the ampholyte molecule gives off at the isoe

lectnc point eyuafnum&era of basic and acid ions

thus leaving ions—the so called zwittenons—

holding equal numbers of negative and poa tive

charges (formula II} Many proteins eg metapro

teins casein etc arc almost insoluble at the isoe

lectnc point—isoetectnc prectpifation
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Isoelcctnc
^yciac

Classical view

In acid
solution

["Zwiitcrion” theory

COOH Protein

/ hydrochloride
HiC \\ \lici COOH

NH* \ /
H,C

COO- / \
/ /hcj NH,* + Cl-

H,C /

Isoelectric
glycine

l“Zwitterjon” theory

COOH Sodium
/ protem&te

n,c \
\ \N»on COO- + Na+
NH, S. /

HiC
COO- / \

/ /n»oh NHt
H,C /

^NR,*

Tlve Absorption of Protein

Under ordinary circumstances only negligible

amounts of unchanged protein, or even such of its

derivati\ es as protco«C3, peptones and polypep*

tides, arc absorbed into the blood from the alK

mentary ^t^act Generally speaking the protein

molecule roust first be hj drolyzed mto its con*

stituent ammo acids These are absorbed from

the small intestine but not from (he stomach to

anj Significant extent They enter the circulation

mainly through the portal blood, much smaller

amounts pass into the b^nph (chyle) and hence

mto the thoracic duct

Small quantities of certain proteins, e g , raw
egg white and blood serum are sometimes absorbed

from the intestine into the blood stream They are

e'lcreted m the unne to a large extent nnebanged

Such absorption which occurs more readily m
young animals and children, should be regarded as

a defect rather than as a physiological process

Nevertheless, experiments have shown that small

quantities of protein introduced parenterally may
be utilized b} the tissues, and may even be ca
pahle of maintaining nitrogen equilibrium It is,

however, only for a short period and to a very

limited extent that the body can utilize injected

protein, for proteins are species specific and after

a number of injections immunity is established to

the foreign protein, an antibody known as a pre

ctpilm la formed which causes its precipitation

Furthermore, if a subsequent injection is given

two weeks or eo after a single injection or after

the last of a series of such injections, a most se-

rious toxic state

—

anaphylaxis—may ensue and

prove fatal In the human subject such ana

ph) lactic (or anaphylactoid) reactions may follow

the second injection of a foreign protein e g

diptberia antitoxin (horse serum) or astitetaziic

serum Skin rashes such aa urticaria, erythema

eczema, giant edema etc , or pain and swelling of

the joints may occur Collapse and death oc

casionally result The sensitivity of some persons

to certain proteins is also sometimes responsible

for dietary idiosyncrasies Certain foods such as

shellfish, milk, etrawbernes, celery, etc, when
ingested by persons eensitive to the proteins con

tamed in these substances, result in cutaneous

evapirtfvsj sad fscslissd sdexsss

amounts of the protein apparently enter the blood

atream in an unchanged or partially digested state

Asthma, bay fever and other allergic conditions

have been traced to foreign proteins (pollen cat

or horse hair, feathers, etc ) entering the body
through the respiratory passages

Homologous plasma protein, on the contrary,

does not cause these effects and ^Vhipple and his

associates found that dogs could be maintained

in nitrogen equilibrium (p 7S5) by the intrave-

nous injection of plasma from other dogs as the

sole source of protein

A suitable assortment of ammo acids, such as

an hydroly sate of ca«em supplemented by cystme

and tryptophane, injected intravenously
,
is capa-

ble of maintaining an animal m mtrogenous

equilibrium Animal gelatin or isinglass (fish

gelatin) which differs from complete proteins m
bemgnonantigenic, might be u«cd for this purpose

if supplemented by the missmg ammo acids
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The Fate of Ammo Acids after Absorption

Df\miv^tiov Tim term means the removal of

ammo groups from the ammo acids Less than 20

per cent of the ammo acids absorbed into the

portal blood pass through the h\er unchanged

into the general circulation A v ery small propor-

tion of the«e are excreted intact m the urme,

some are deaminatcd by the kidnej and the

TABLE 45 2

Clasitfictttton «/ amtno acids

I Aliphatic Acids

A il/onoamino monoearboxylie anis

(1) Gljcine (or glyeocoll) CjHiNOi ,
or ammo

acetic acid

CHr-NH»

ioOH

(2i Alamne, CjHjNOi , or a ammo propionic

acid

CH. Cir-NH,

COOII

(S) Senno CilLNOj , ore ammo p h>droxy pro
piomc acid

CH, CH—NH,

ill ioQU

(4) Threonine CJIiNO, ora amino ^ hydroxy

n butyric acid

CILCH ClI-NH,

ill iooii

(5) Valine, C,HiiNO,
,
ora ammo isovatenc acid

CKi

'^CH CH—NH,

cu,^ iooH

(6) Norleucine, C,Hi,NO, ,
ora amino n caproic

acid

CIL CH, CH, CH, Cn-NH,
!

COOH

(7) Leucine, CtHnN'O, ,
or a amino tsocaproic

acid

CH,

^CH CH, CH—Nil,

ClI,^ iooH

(8) Isolcucine, CJluNO, ,
or a ammo p ethsl 0

metlijl propionic acid

CH,

^CH CH—NU,

Cll, CH,^ ioOH

Sulfur eonlaimnj/ monoamino monocarboxytic

acids

(9)

Cjstine, C»Hj,N,S,0, (or dicjsteine) or di

(fi thio-o: ammo propionic) acid

CH,—S—&-CH,

in—NH, in—Ml,

ioOH ioOH

(10) Methionine CiHuSNO, or a ammo y
roetbyl thiol n butyric acid

CH, S CH, CH, CH-MI,

COOH

D Monoamino dicarboxylic acids

(11) Aspartic acid, C«H,NOt
,
ora ammo succinic

acid

COOH CH, CH—NH,

iooH

(12) Clutamie acid CtH,NO« , or a amino glu

tanc acid

COOH CH,CH,CH-NH,

iooii

(13) Hydroxyglutnmic acid, CilLNOt ,
or a

amino-^ hjdroxy glutanc acid

COOH CILCHOU CH—XH,

iooH

C Dmmino-moaocorfiozvhc acids

(14) Argjnine, C,H,4N,0,
, or a amino-i guani

dme n valeric acid

MI,

HN=«C—NH CH, CH, CH, CH—NH,

iooH

(15) Lysme, C»IIi,X,0»
, or a , diammo caproic

acid

NH,

ill, CU, CH, CH, CH—NH,

toon
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TABLE 45 2—Continued

II Aromatic Amino Acid-*

(16) rhenylalaninc, C»II»>«Oj
, or a ammo P

phenol propionic acid

H H
C=C

Hu C-CH, CH-NH,
\ ^ Ic—c Coon
H II

(17) Tyrosine, C,H»NOj
,
or a nminop parahy

droxy phenjl propionic acid

H H
C=C

HO— C—CIIi CH—NH,

c—

a

ioon
H H

HI Hetebqctclic Amino Acioa

(18) Tryptophane, CuHiiNtOi , or a amino j3 id

dole propionic acid

H
C

Hc^ c-cn,-cii-Nn*

nt !> L
I

COOH
H k

Indole nucleus

(19) Histidine, C«H,\,Oj ,or<x amino p imidazol
propionic acid

CH=C CHi CH—NH

In I
1% / I

CH COOH
Imidazole nng

(20) Proline, C»n»NOi
,

or pj rrohdme-o car

boxylic acid

CHi—CHt

in, dn-cooH

Pyrrole nucleus

(21) Hydroxyproline (oxvproline), CtHiNOj , or

Th>drox> p>rro1idiDe-a carboxylic acid

HO-CH—CHt

lu, in-cooH

Thyroxine (ch 5S), 3 5 ditodcryrosinc or lodogorgoic acid, eilrulline (a amtno4-earbamid0 n lal

ene acid) and omt<litne(<x,j-diamino ralenc aetd), and several others, vould have to be added to

complete the list of naturally occurring ammo acids

xutrogen excreted as ammoma, others are utilued

without alteration by the tissues The greater

part of the amino acids reaching the b\er are

there retained and deaminated The ammoDia
which IS split off combines with carbon dioxide to

form urea as described on page 780 The deanu'

Dated remainder, i e , the keto acid residue of the

ammo acid molecule may either undergo oxida-

tion, and thus furnish energy to the body, or be

transformed mto glucose The glucose may be

burned or be stored as glycogen, or again it may
be transformed mto fat Not all ammo acids,

however, are sugar or glycogen formers Those

which play the chief role m this respect axe gly-

cine, afontne, asparlic, glutamic and hydroxy^u-

tamic acids, senne, cystine, hydroxyprohne and

prohne With the exception of hydroxyprohne aad

prohne these are all straight chain ammo acids

with less than six carbon atoms Arginine, vahne,

and threonine form sugar to a limited extent.

TABLE 45 3

Approximate isoelectnc pmnls of some cmino acids

Acmao And ApproniDatt ls>
electric Fouls pit

Glycine 6 2

Alanine 6 1

Valine 6 0

Leiicme 6 0

Clutamie acid 3 2

Aspartic acid 3 0

Arginine 10 5

Lysine 9 6

IKstidioe 7 4

Phenylalanine 5 4

Tyrosine 5 4

whereas, leucine, isohueine, lysine, methionine,

tryptophane, histuline, tyrosine and phenylalanine

are not glycogemc (see table 45 4J TIic quantity

ofammo acids present in 100 grams of protein is
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TABLE 45 4

Cloisificalion of ammo aciit according to Ihttr

glycogenic or helogenic properties

Glycogetnc tUtogcoii: i

Neither Gtycocraw
Bor Ketagciuc

Glycine Leucine Norleueine

Alanine Isoleucine Methionine

Serine Phenylalanine Lysine

Threomtie
1

Tyrosine Trvntonhane

Cysteine

Aspartic acid

Valine

Glutamic acid

Argimne
Ornithine

Proline

Hydroxyproline

Histidine

sufficient to form some 58 grams of glucose* A
depmcrcatucd or phlondiimicd dog, for in-

stance, or the subject of sc\ ere diabetes, although

upon a carbohjdratc-free diet, continues to ex-

crete Large quantities of glucose Also, the normal

animal during prolonged stars ation maintains its

blood sugar at practically the normal le\eI,Tvhich

suggests that body protein is undergoing con-

version to glucose M'hen protein is fed after a

* Since different proteins cootnia varying
amounts of sugar forming ammo acids this is an
average figure It nas arrived at by calculation
from the proportion of glucose (dextrose) tonitro
gen in the unne—the so called G N (or D N)
ratio—in phloridzinisod dogs fed exclusively upon
protein or during a period of starvation Lusk
found the G N ratio under such circumstances to
be 3 65 1 Tbc nitrogen of the unne is denved of
course almost entirely from protein The urinary
glucose of an animal under the influence of pblond
zin aod Vihose glycogen stores have been exhausted
18 also assumed to be derived excIusjveLx from
protein No’r each* gram of urinary nitrogen rep-
resents catabolism of 6 25 grams of protein There-
fore mth a G N ratio of 3 65 1 every 3 05 grams
of glucose excreted indicates the conversion of
6 23 grams of protein Thus,

(3 65/6 23) X 100 = 5S per cent

In diabetic (depancreatizcd) animals during star

vation or upon a protein diet the G J. ratios ob
tamed by differentob«crver8varj widely Minfcow
iski s figure of 2 8 1 IS most usually quoted (this

would indicate the conversion of 45 per cent of
protein to sugar) >tac]eod and his associates,

however, have obtained ratios in depancreatizca
dogs after the withdrawal of insulin as high as 6 1

in some experiments, and less than 2 1 in otbeta

The ratio did not show a constant value, either in

different animals or in the some animal at different

times They have senously questioned the rclia-

bilitv of the G N ratio as an index of the extent

of the protein to glucose conversion, and consider
that protein is not the only source of the unnary
glucose

period of etanation, glycogen accumulates in the

bver There is also evidence that the conversion

of protein to glucose occurs ev en in a normal ani-

mal upon a mixed diet The conversion proce'^s

probably occurs almost entirely’ in the bver

Mann and Magath found that the hypogly cemia

foUowing hepatectomy uas not affected by the

mtmvenous injection of glycme The conversion

process IS influenced by the anterior lobe of the

hypophysis and the adrenal cortex

Although deamination is a function of the kid

and other tissues as well, its mam site is the

liver In the dog it appears to be carried on ex-

clusively by hepatic tissue Mann and his col-

leagues found no ev idence in dogs of extrahepatic

deamination The injection of ammo acids into

the blood stream of a normal dog caused a rapid

rise in the ammo acid concentration of the blood

and increased ammo acid excretion in the untie

The level in the blood returned to normal in

about tno hours About S3 per cent of the mjeeied

amino acid nitrogen appeared tn the unne a$ urea

After hepatectomy, the urea concentration of the

solid tissues, blood and urine fell, whereas the

concentration of ammo acids ro«e, amiro acids

mjected into the blood stream were completely

recovered unchanged, about a third from the unne

and the remainder from the mu-scles There nas

no sign of deamination or of urea sy’nthesis

Deamination is generally believed to be an

oxidative process brought about by various en

zymes ID liver, kidney, and to some extent m
other tissues Oxidation of the a-carbon atom,

I e , the carbon atom to which the NHi group is

attached, first occurs with the production of an

a-imsRo flcid This involves the transference of

two hydrogen atoms to n hydrogen acceptor

^firougA rtc action af a^mino-orcuirer, jp'jcr/w

oxidase, or of l-glutamic dehydrogenase

n R

CHNH, -* (!;=»=nh + 2H'—-r-: »

I I

‘ to hydrogen

coon coon
a ammo acid a immo acid

The unmo acid then undergoes spontaneous hy-

drolysis to form an a-Jeeto acid

R R

A—NH -1- ILO -* Ao + VH,

Aooh Aoon
o imiDO acid a keto acid

Traxs-Uiivatiox An important reaction oc-

curring m the metabolism of protein is the inter-
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con\crsion of ammo acids transference of the

amino group from an a ammo acid to an o keto

acid The change 13 cataljrod b% an enzyme

fronsaminasc

TIic reaction is rc\ er'ible and occurs according

to the equntion

R* CH(NTI ) coon + R* CO COOH *3

R« CO COOH + n*CH(NH )COOn

Transamination i\ns first suggested as a possi

bilitj bj hicedham and bter demonstrated m
pigeon breast muscle b\ Braunstem an<I Kntz
mann Thej found that nhen f-glutamic acid

and p^rmic acid acre incubated mth chopped

liver or muscle aketoglutaric acid and alanine

were produced the ammo group of the glutamic

acid being transferred to pjTuv ic acid

COOH COOH

CH, CfL in* CH*

is. + io — in +

i_o

ill NH,

in NHi ioOH ioon

ioon iooii

1 glutamic
acid

pyruvic
acid

a ketoglutane alamoe
acid (some
times incor
rectly called
a keCogluCamic
acid)

According to these investigators the majonty of

the amino acids Oy'**ne is an exception) can lake

part m transamination reactions their !NHt

groups being transferred to other ammo acids or

t!f 1 sfiCiiS keto sads Gkitssitc ac.v? is espsciaHy

active m this respect Transammation occurs not

only in liver and muscle but has been demon
strated m a number of other tissues and appears

to be a function of tissues m general Krebs ob-

served that glycolysis m brain and retina was

inhibited by glutamic acid an effect which has

smee been shown to be due to the conversion of

pyruvic acid to alanine through the transference

of ammo groups from the glutamic acid Since

transamination is a rapid process and concerned

chiefiy v^th tho«e compounds v\hich play key
roles m mtermediary metabolism Cohen suggests

that it represents a “shuttle mechanism in tis-

sue respiration whereby certain key protein and
carbohydrate mtennediates are rapidly inter

conv orted The demonstration of transammation

affords further evidence for the highly dymsmic

character of protem metabolism Ammo groui»

are being contmually exchanged between nitrog

enous and non mtrogenous compounds and

amino acids thereby svnthcsized When an ammo
acid into which isotopic nitrogen (N“) has been

incorporated is fed and the tissues of the animal

arc analvzed a brge numlier of ammo acids are

found to contain the isotope Even ammonium
citrate containing fed to rats upon a low pro-

tein diet IS utilized for ammo acid srathesis

Aspartic acid hi tidme argmine glutamic acid

and proline isolated from the animaU bodies

were found to contain the Lotope

Tnav vrETmi-vTiON Although it has long been

known that certain compounds when fed arc ev

creted by the kidncv in methy latcd form e g
pyridine as \ mclhvl pyridine, the mechanism

involved in the transference of the roethvl group

from one compound to another has been dis-

covcretl comparatively rcccntlv bv du\igneaud

and his associates Homocystinc can be converted

in the Ixwly to methionine bv the addition of a

metby I group Tlie methy I group is furnished by

eholineor belame An animal fed upon a diet lack

ing in methionine but containing horoocy®tme

fails to grow grow Ih is rc-umed upon the addition

of cholme or betame the essential amino acid

methionine being thas formed The transference

of the methy I groups from methionme or choline

toglycocyTiimnc with the formation of creatine is

described on page 7S2 Methionine choline and

betame are therefore spoken of as transmethyl

atmg agents The conversion of nicotinic acid to

tngonellmc roav be another example of trans

methy lation although it may be due mpart to

direct niethvJalion The methy 1 group is not im
probably derived from methionine

Tronsamidalwn This is the transference of an

amiduic group JvH- as from arginine to glycine

I

C =
to fonn glyeocyamine (p 783)

The Synthesis ofAmmo \cids

That the body tissue^ given the necessary

ammo acids can link them together and so syn

thesize protem is of course unquestioned The
extent to which the ammo acids themseh es can be

synthesized has been a more difficult question to

decide That synthesis of ammo acids doe^ occur

is clearly mdieated by the fact that only a limited

number (10) of ammo acids found m animal

tissue are e^ntial constituent's of the diet

Undoubtedly the body is able to synthesize gly

cine—the simplest ammo acid For example, milk

proteins contain no more than 01 to 0 3 per cent

of gly cme y et from 100 grams of the «
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sucUrng animal can buHd up 78 grams ol tissue

protein containing 2 5 grams of glycme (Magnus'

Levj) Also, the liver and kidnej detoxicate ben-

zoic acid bj combining it uitb gljcine to form

hippuric acid which is excreted m the urine When
large quantities of benzoic acid are fed thcgl>cme

in the excreted hippunc acid « greater in amount
than that which could have been supplied pre-

formed from bodj tissue Analogous experiments

with the detoxication of phenylacetic acid to

phcnjlacetjl glutamme indicate that glutamic

acid can also be sj nthesized The mode by which

synthesis of the ammo axnda takes place la ob-

scure The formation of amino acids bv the trans-

ference of ammo groups to non nitro^nous

compounds e g pjTuvic acid formed m the

breakdown of carbohjdrate or e\en the utdiza

tion of ammonia fed m the form of ammonium
salts has been mentioned The ammonia probably

unites with a keto acid to form an aminated

hj drox^ acid which by reduction yields an ammo
acid

n ciitco coon + nh,
keto aeid

Tl CH,COHNH«COOH —
hydroxyamiQO acid

u cn,cHNHt coon + u*o
ammo acid

Embden found that alanino waa farmed by the

surviving liver perfused with blood to which the

ammonium salt of pjruvic acid had been added
Phenj laUmne and tyrosine were also formed when
the liver was perfused with the ammonium salts of

the corresponding keto acids Even the addition

of ammonium chloride to the fluid perfusing a

gl>cogcn rich liver resulted in the production of

•Jnmnft afivo W//wwvi» •yei’iimnni wWii
ammonium lactate Furthermore it was shown by
Knoop that when t phenyl-a keto butj-nc acid

was administered to dogs the corresponding ammo
acid appeared in the unne whereas the expen
ments of Cox and Hose and of Sberwin and their

associates indicate that histidine an essential

ammo acid can be formed in the body when
imidazole pyruvic acid or imidazole lactic acid is

fed The synthesis of arginine has also been demon
strated by Rose and bis colleagues

To sum up it 13 established that glycine can be

sjnthc«izcd from precursors already present in

the body The same may also be said for glutamic

and aspartic acids alanine and arginine The per-

fasion experiments just mentioned surest that

ahnine may bo synthesized from the dcru'atives

of carbohydrate metabolism plus the ammonia

which would otherwise be excreted as urea Other

more complex ammo acids, e g ,
tryptophane,

histidine, and prolme, etc (p 775) contain special

groupings which cannot be formed m the body

They are therefore essential constituents of the

diet (ch 46) If, howcier, the special groups are

GUpplied, as m the form of the keto acid or hy-

droxy acid, the corresponding ammo acid can in

some instances be formed

Protein Synthesis

The synthesis of protein from free ammo acids

requues energy
,
the latter is den\ ed from the

oxidation of carbohydrate and fat The energy

liberated durmg oxidative catabolism is not con

tnbuted directly to the reactions involved in

protein formation but is first used to synthesize

adenosine triphosphate (ATP) which acts as an

intermediate source of energy (see Carbohydrate

Metabolism) Thus m conditions *uch as diabetes

melhlus, where carbohydrate and fat utilization

are severely impaired, peptide synthesis is also

impaired Protein formation is al«o reduced by
substances such as dimtrophenol which interfere

with ATP synthesis and allow the energy liber

ated from oxidative reactions to be dissipated as

beat

The mechanisms responsible for the formation

of peptide bonds and the factors which guide the

selection of ammo acids so that they mav be

linked together m the specific sequence that

characterizes a particular protein are not thor

oughly understood An mcreasmg amount of data

supports the view, originally proposed by Bor

sook, that there are three steps involved in the

formation of a protein molecule The firtt skp

consists of activation of the carboxyl group of an

ammo acici Ttie resdfts o'l recent inve^igaticms

indicate that this is achieved m the following

manner

1 Enzyme -f ATP -* enzyme — P + ADP

2 Enzyme — P + ammo acid —» enzyme —
ammo acid + P

It IS pertment that through this reaction it is

always the carboxyl group that is activated and

the activation occurs at the expen«o of ATP It

13 believed that in the second step the activateil

ammo acids are transported to a template or

mold which aligns them in the specific sequence

characteristic of the protem to be synthesized

In the Qixrd itep the activated carboxyl groups

combine with the ammo groups of the adjacent

molecules to form peptide bonds The newly
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formed molecule then peels off the template

According to tlus concept, the xvholc protem

molecule is formed through the simultaneous con-

densation of the actuated ammo acids, the for-

mation of poI>*pcptidcs of intermediate s«os is

not imoKcd in the process If this is true, it

accounts for tlie fact tliat protein simthosis can-

not occur unless all of the essential ammo ac

ids arc n\ailable sunultancou'lj Tfic tern

plate upon uhtch protein is formed appears to

be ribonucleic acid (RNA) for it has been shon-n

that inhibition of RNA sjaithesis is invariably

folloned by an inhibition of protem synthesis

Similarly, a stimulation of protein symthesis is

always associated with an mcreascfl synthesis of

RNA

Tlic Classical as Opposed to llic Modern
A lew of Protein MctalKilism

Tlie classical view of protem mctalx»lL«m was

proposed originally by Folm He bche\c<l tlial

the creatinine and neutral sulfur excreted m urine

were derued from the wear and tear of the body

tissues and the amounts of thc«o substances m
the urine were taken as indices of endogenous

protem metabolism Tlie urea, on tlie other liand,

v,a8 belies ed to be derued solely from the catab-

olism of dietary or exogenous protein Since

creatinine represents a very small amount of the

total urinary nitrogen and remams constant in

amount, it was concluded that the tissue pro-

teins were rclatucly inert and that onh mraute

amounts of the dietao ammo acids were needed

to replace the protein lost from body tissues

This concept was challenged in 1935 by Bomook
and Keighley who on the basis of much indirect

e\idence, suggested that endogenous protein

metabolism was a very active process and that a
large proportion of the dietary ammo acids were

utilized by various tissues Direct substantiation

of this concept was obtained by Schoenheimer

and lus associates through the use of isotopically

labelled compounds Schoenheimer fed rata ten

cine and glycme labelled with N” If, as Folm

bebeved, the body proteins were inert, nearly all

of the label from the ammo acids should have

l>oeo recovered from the urine However, only a

fraction of the isotopic nitrogen was found in the

urme whereas the remainder was found incor-

porated mto the body tissues It appears there-

fore, that the body proteins are m a constant

state of turnover, they are contmually bemg
broken dow n and replaced by new protem

thcsizcd from dietary ammo acids Subsequent

work mdicates that the replacement of protem is

rapid in plasma, liv er, kidney and mtcstinal tract,

and comparatively slow m hemoglobin, muscle

and skin

Tlic rapid turnover of amino acids in various

tissues has been considered by some to be due to

the degradation and re^ynthcsis of the intracellu-

lar proteins Colin and Monod Iiave exprc'sscd

reservations concerning this belief Tficy point

out that w hat has been interpreted as e\ idence of

intracellul ir ftirnov cr of protein may repre«ent a

turnover of whole cells that la tosij, the rate at

which cells, not just the protem within them, are

destroyed niid repLiced It appears then that

protein tumov er may be due to both intracellular

degradation and rpsynthesis and to replacement

of whole cells

Protein Storage—Labile Protein

In the htlcr half of the 19th century Voit ob-

sor\ «1 that w hen dogs w etc starv cd, or fed a diet

free of protem the nitrogen excretion fell rapidly

for 5 or 6 days and then became relatively con-

stant Tlic larger amounts of nitrogen excreted

during the first few day s w ere bchey ed by Rubner

to arise from unorganized storage protein that

was utilized to fill a metabolic need for nitrogen

during tunes of protem deprivation Research

during the intervening years has failed to reveal

a depot or special form of protem that functions

exclusively as a re®er\c supply However, the

body tissues, particularly tho«e of hv'er thymus,

prostate, semmal vesicles clunentaiy tract pan

creas, 'pleen and kidneys, do contain labile pro-

teins that can be drawn upon when the need

orison Tbp«e organs loee their labile protem

rapidly This process ^eems to account for the

rapid fall and Bub^equent stabilization of unnarj

nitrogen excretion that occurs durmg the first

few days of starvation Pome of the protem mo-
bilized IS utilized for the synthesis of other body

proteins This phenomenon is well illustrated by

the experimental findmgs of Aladden and ^STiip-

pfe IFhen sev ere hy po proteinemia w as produced

by repeated plasmapheresis a normal dog re-

eyntfaesired 40 to 60 per cent of its plasma pro-

teins while fsstmg This however is not the only

function of the protein A large proportion is

converted into carbohydrate, which is «ub=e-

quently used to provide the energy required for

vital processes It appears then that the body

tissues, particularly tho'e of the v iscera, do con-

tain labile proteins, the supply of which, however,

IS quickly exhausted Tlie temporary lo®s of this

protein does no permanent damage to the organ

involved, there is no reason to believe that it
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differs chemically or functionally from the pro-

teins that normally constitute the donor cell

Tlie Fnd Products of Protein—
Metabolism, Urea

The great proportion of the nitrogen released

bj the catabolism of the ammo acids appears in

the urine of man, mammals, amphibia and elas-

mobranch fish as urea In birds and reptiles, on

the other hand, the chief end product of protein

breakdooTi is unc and In man and other mam-
mals the latter is derned from the metabolism

of tlie purines (ch 47) Urea is formed directly

(i e ,
without preliminary deamination), from

arfftntne n hich is lij drolj zed by the action of an

enzj-me

—

arginase—into vrea and ormyitne Ar-

ginase is present in the liver of mammals but not

in that of birds and reptiles The reaction may
be represented thus

This important mechanism has been thought

NH,

NH (CHi)i CUNH, COOH
Arginine

^ account for the greater proportion of the urea

formed m the body MTien ornithine was incu

bated nith slices of liver in the presence of am
monia and carbonic acid, brge amounts of urea

nero formed It is supposed that the ornithine

combines nith the ammonia and carbonic acid to

form argmme which m turn is hjdrolyzed by
arginase into urea and ornithine Thus arginine

serves as an intermediary m the production of

urea from the ammonia supplied by other ammo
acids The ornithine liberated by the decomposi

tion of arginine is used over again Ornithine thus

acts after the manner of a catalj«t to facilitate

urea production

According to Krebs and Henseleit the forma

tion of arginine from ornithine occurs in two steps

(1) The formation of the ammo acid ctlnlhne by
the addition of a molecule each of ammonia and
carbon dioxide to ornithine

Nir,

NH CU, CHi CHi CHNHi COOH
Citrulline

(2) The addition of a second molecule of ammonia
to citrulline with the production of arginine

Therefore, the production of urea from ammonia
and carbonic acid maj be represented thus

Although the ornithine cjcle is probably not

the only mechanism involved m the production

of urea, it is generally considered to be the major

one Some of its details hav e been clarified by the

work of several investigators (Cohen and Haj-

NH,

0-C^ -t- NH (CHi), CHNH, COOH

^NH,
Urea Oroitbme

ano Borsook and Dubnoff, and Hatner and asso-

ciates) Cohen and Haj ano reported that for the

production of arginine from citrulline glutamic

acid rather than ammonia appeared to be the

nitrogen donor and that Mg ions, edcnosmetri

phosphate (ATP) and oxygen were required for

the reaction The transfer of the NH, group it

has been suggested is effected by transamination

and the simultaneoas lo«3 of two H atoms (trans-

amination) The citruDine-argmine conversion

occurred only in the presence of oxygen Gluts

mate also acts as an acceptor of CO, and NH, m
the synthesis of citrulline from ornithine m the

first stage of the ornithine cycle Aspartic acid is,

however, according to the researches of Ratner

and her colleagues the specific nitrogen donor

m the conversion of citrulline to arginme, which

occurs anaerobically in the presence of Mg ions

and ATP Fumaric acid is also formed m this

reaction, but undergoes oxidation to oxalacetic

acid Through this latter reaction the tnear

box) lie and ornithine cycles are interlocked The

followingschemc IS given by Ratner

Urea is decomposed into MI, and CO, by the

action of urease This enzyme is found m legu

minoas pbnts especially in soy bean, and m
relatively high concentration in the gastric mu-

cosa (ch 38) Urease is employed m the deter-
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mination of urea (from ammonia evoKod) in

urtae and in other body fluids and m tissues

The ETcnETiov or urea avu it!» disttubutiov

IN THE BOOT On an ordinary mixed diet from

80 to 9Q per cent of the urinary nitrogen is urea-

nitrogen The absolute amount of urea nitrogen

excreted dail> is usuallj from 9 to 13 grams (20

to 30 grama of urea) Minimal amounts are also

excreted m the sweat (ch 52), salivary, intestinal

and mammary secretions The urea-nitrogen

varies with the protein content of the diet Upon
» •V’ff' epatpvi }J33} b? a? ir»w jut 2-

grams and on a diet rich in protein it may be

over 25 grams The value of urca-mtrogen is

therefore taken as an index of the magnitude of

the catabolism of food protein (exogenous melab-

oliam, see table, p 784)

The blood contains from 8 to 15 mg of urea-

nitrogen (18 to 35 mg urea) per 100 cc Urea is

readily diffusible and is found in about the same

concentration in the various tissues and other

fluids, e g , lymph, bile, cerebrospinal fluid and

pancreatic juice, as m blood The kidney, how-

ever, 13 an exception since it contains some^lSO

to 200 mg of urea per 100 grams of tissue We
have'alT^dy seen that the urinary ammonia ts

formed from glutamine and ammo acids in the

kidnej and not from urea (ch 34)

The site or toea PBODuenoN It has long

been known that the bver is an important site of

urea formation Perfusion of the bv er w ith anuno

acids or their addition to sbeed hver tissue leads

to the production of urea Urea is very widely

distributed tliroughout nature, being a constitu-

ent of the body fluids of the lowest forms of am-
rail hfc It 13 also found in plants For this reason

its formation m animals might be thought to be a

function common to all tissue But the experi-

ments of Mann and his associates in hepatecto-

mi2cd dogs, jxiints to the bver as bemg the mam
if not the Sole «ite of urea production After com-

plete removal of the bver the formation of urea

ceased, so tliat its concentration in the blood and

urmc fell progressively If the kidneys as well as

the bver were excised there was no accumulation

of urea m the blood although the ammo acid

conccntmtion ro«e Abo after the injection of

glycine or alanine into the hepatectomized ani-

mal, in contrast to the result obtained in the

normal animal, the concentration of the mjected

ammo acid rose in the blood and urme and there

was no evidence of urea production Tliat these

results in dogs apply to man is mdicated by the

observation of Rabmowitch He has reported

that m a ca«c of extensive damage to kidneys

and liver (acute yellow atrophy) the excretion of

unne was almost suppressed jet the blood was

urea-free The appearance of Icueinc and tyrosine

m the urine which occurs m acute yellow atrophy

of the liver may also be ascribed to the failure of

deamination of the«e ammo acids Nev crtheless,

although the liver undoubtedly plays the pre-

dominant role m the production of urea, certam

other tissues may under certam circumstances

share to some degree m its formation Graham
and as-sociates found, for example, that the active

xnammaiy .gland ^andures not jnrxm'udpxBhle

amounts

Creatine and Creatinine

Creatine (CiHjNiOi) (methyl guamdo-acetic

acid or methyl glycocyamme) • •

NH*

HN-C'

N(CH,) CH, COOH

may be looked upon as a derivativ e of gly cme, of

guamdme or of guanido-acetic yid It is also

related to argimne Ttls readily converted by acid

in etiro to creatmme
Creahntne, CiHiNjO (methyl gly cocyamidme)

18 the anhydride of creatine Its molecular con-

stitution IS shown by the foUowmg formula

NH C**0

HN=C^
I

CH,
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DitinbuUon of creatine and creatinine There

are about 120 grams of creatine contained m the

adult human bodj Of tins 9S per cent is con-

tained in the rausclea and 1 5 per cent in the

ncr\o«3 sj-=tem The remaining 0 5 per cent is

distributed throughout tlie other organs of the

bodj
, of these, the te«tes contain it m highest

concentration Tlie skeletal and cardiac rniisclea

and the graa id uterus are a groat deal richer in

creatine than the smooth muscle of the gastro-

intestinal tract and elsewhere About 80 per cent

of the creatine in muscle ls combined with phos

phone acid as phasphocreatine (ch 51) Of the

striatctl muscles the rapidlj contracting, pale

tjpe contain more than the slowl> contracting

red \arietj (p 11G5) In the muscle of inverte-

brates creatine i-s replaced bj arginine

Creatinine is present in mu«clc in much smaller

amounts One hundred grams of skeletal muscle,

for example, contain 300 to 500 mg of creatine

and onlj lO mg of creatinine The creatine of

whole blood amounts to from 3 5 to 5 0 mg and

the creatinine to about 2 6 mg per 100 cc B> far

the greater part, if not all of the creatine is con-

tained in the corpuscles T\io crealinmc is about

equally distributed between celb and plasma

rxcrction of crralifle and aeatinxne Creatine is

normallj ab-ent from the urine of men, but is

present in the urine of male and female children

up to the age of puberty and frequentlj in the

urme of women Tlie significance of these sen

differences is not evident In nonpregnant women
the creatinuTui is intermittent but is not related to

menstruation During pregnancy creatine is pres-

ent contmuouslj m the urine This maj be related

to high creatine content of the uterus For two or

three w ceks after childbirth the quantity excreted

IS even higher than during pregnancy Reduction

m the muscular ma«s of the uterus (involution)

maj account m part for the high output during

the puerpenum, but that uterine inv olution is not

the chief cause is shown bj the fact that it occurs

although Cae«>arian section and removal of the

uterus liave been performed Creatine als-o ap-

pears in the urine of either sex under the foilowmg

conditions high protein diet, starration, carbohy-

drate depncation, diabetet, tmeling dtseaue and

feier/, exophthalmic goiter and in certain musailar

dystrophies The crcatuiuria in all of these con-

ditions except the last is probably due to an in-

crease in the normal catabolism of muscular tis-

sue, the liberation of crcatino occurring more

ripi<ll> tlian its conver»ion to creatinine Protein

fowl, for example, has a stimulating effect upon

metabolism (p 787), whereas in wasting diseases.

fevers, etc
,

tissue breakdown is accelerated

Carbohydrate deprivation probably acts indi-

rectly in that its sparing effect upon protein

catabolism is absent In the mu-cular dystrophies,

e g ,
myasthenia grans, progressiie muscular

atrophy, amyotonia congenita, anterior pohomye-

liht, etc
,
the urinary creatine is probably denv ed

from the degenerating muscle fibers, the muscles

also appear to be defective in their power to store

creatine The creatmuria of normal children has

received no satisfactory explanation it is =aid to

be due to an increased production of creatine

induced m some w ay by the growth impulse and

also probably to a low capacity for creatine stor

age of the undev eloped muscles Another pos«i

bility IS that children have a relatively low pow er

to convert creatine to creatinine (Hunter)

The ongtn of creatine and creatinine Creatinine

B undoubtedly derived from creatine but there

has been much uncertainty concerning the btter s

origin One or other of the substances to w hich its

chemical formula suggests a relationship, e g
guanidine, glyme or arginine, has been con

sidered as a possible prfcfin^or The opportunity

afforded by the creatmuna of muscular dystro-

phies has been taken advantage of by Brand and

his colleagues m the investigation of this question

\arious ammo acids and other giianido com-

pounds were fed to patients suffering from such

disorders, ingested glycine, or gelatin which is

rich in this ammo acid, causes a pronounced rise

(40 per cent) in the creatine excretion of these

patients but not of normal persons The proper

tion of ingested creatine which is retained is aFo

much less than the normal (creatine tolerance

lest) Argminc and glycocy amine (guanidoacetic

acid) were also effective Feeding benzoic acid

which drew upon the body s glycine store lor

detoxication purposes (p 721) caused a decrease

in the creatine excretion The importance of gly-

cine in creatine synthesis is emphasized by the

obscnration of Almquist and Mecchi tint glycine,

which 13 an indispensable ammo and for chicks

can be replaced m the diet of this species by

creatine These results pointed to arginine, gua

nidoacetic acid and especially glycine as pre

cursors of creatine

The subject of creatine sv nthesis has been clan

fied recently through a number of expermients in

which isotopes were used as markers to identify

the particular substance under mscstigatvon after

it had been absorbed Tlie administration of iso-

topic glyanc (le, heavy nitrogen, N“, incor

porated m the glycine molecule) was shown bv

Bloch ami Schocnheimer to give rise to creatine
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wjtb a hjgh concentntion of the nitrogen isotope

Of all the other amino acids in^ estigatcd bj this

method, arginine alone n as found to lie a primary

precursor of creatine The isotope N“ was in^r-

porated into the amidinc part (NIIr-C*“NlI)

of the arginine molecule 'R'hon the i«olopic ar-

ginine was fed, the creatine isolated from the

tissues of the animal was found to contain the

isotope m this part of its molecule The researches

of du Vigncautl, and of Bor<ook and DubnofT,

show clearlj tliat the raethjl group of creatine is

furnished bj motbionine Tlic former worker pre-

pared metluonme in which the throe lijdrogon

atoms of the S-mcthjl group were present as the

isotope H* (deuterium) IiYhcn this was fed and

the CTcatinc of the animals* bodies determined,

the isotope concentration indicated tliat nearly

70 per cent of the methyl groups of the creatine

molecule liad been derived from methionine

Boreool. and Dubnoff incubated liver slices with

guatudoacctic acid (glycocjammo) wluch they

found was slowly converted to creatine, the con-

vcraion being hastened bj the addition of me-
thionine Glycocjamino is apparently an inter*

mediary m the synthesis of creatine m the body

,

when the isotopic form of this compound is fed

isotopic creatine is formed The conclusions to be

drawn from these experiments arc tliat argtnmc,

glycine and methionino enter mto the synthesis

of creatme but that other ammo acids do not

serve as precursors The first reaction, it appears,

IS between the amidmc part of argmme and g)>-

erne with the formation of glycocyamme The
guanidoacctic acid then undergoes mcthylation

by the transference of the methyl group from

methionine Thus

Glycine Amidine group ol arginine

NHt NHj

iniCOOH + —i=NH
Glycocyamme

NH,

i-NH
)

Nil

in*COOH

+ CH,
from

methionine

Creatine

NHi

i—NH

icH,

hn.coon

The Bite of creatme production is not knovrn

definitely but it is probably in the muscles These
al«o m all probabibty are the site of creatine

creatmme transformation (by dehydraium)

Mann and Magath found that removal of the

liver was wntbout effect upon crentimnc produc

tion The creatme which gives rise to urinary

cmatininc is derived very largely from the phos-

phocrcatinc of muscle

Creatme is not, as was held by some authorities

in the past, simply a waste product of protem

metabolism like urea If, for example, a large dose

of creatme is fed the greater part or the whole is

retained in the body* Creatmme, on the other

hand IS purely a waste product Up to 80 per cent

or more of an amount fed can be recovered un-

changed m the utmc The investigations of recent

years mto the chemistry of muscular contraction

Imc revealed the essential importance of creatme

(as phosphocrcatme) m the contractile process

(ch 51)

CnB-VTIKINE nxcnCTION AS AN INDEX

OP MosetE Metabolism

Tlic daily output of creatinine m the urine is

constant for the individual, amounting to from

1 5 to 2 0 grams for men and from 0 8 to 1 5 grams

for women This corresponds to about 2 per cent

of the crcatuic of the body Unlike the excretion

of urea, which is derived largely from exogenous

sources, the creatmme output is practically mde
pendent of the protein level of the food This is

evident from table 45 5 The creatmme excretion

IS therefore considered to be an mdex of the

magnitude of the metabolism of the tissues and

especially of muscle The daily output of creati

nine is extraordmardy constant for the mdivid

ual, It IS not influenced by ordinary exercise or

by the unne volume The creatmme coefficient

—

milligrams creatiniae* excreted per day
body weight in kilograms

IS from 20 to 20 for the majority of normal men
and from 14 to 22 for women Its value depends

upon the muscular development of the individual,

the sex variation bemg due presumably to the

different relative amounts of fatty and muscular

tissues ofmale and female bodies Athletic women
for this reason have a coefficient as high as or

higher than a man of obese build and poor muscu-

lar development

* In the expenments of Benedict and Oaterberg
over half a gram of creatine hydrate was fed daily
to dogs for a period of several weeks In the first

week none of the administered creatin w as excreted
either as such or as creatinine During subsequent
weeks when the ' creatine reservoirs had appar
ently become filled a large part was excreted un
changed A rise in the creatinine output also oc
curred indicating the transformation of creatme
to creatinine Aevertheless of some 53 grams of
creatine administered over the entire period of 70
days about 20 grama were retained Retention of
ingealed creatine is also demonstrable in man
Or creatme 4- creatinine, creafi ina

exists
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TABLE 45 5

Effect of dietary j)rotein on composUton of Mnne

(After Folm)

NTtiogen Rich Diet
NiMetn Poor

I>i«t

Volume of unne 1170 cc 385 CC

Total nitrogen 16 8 grams 3 60 grams

Urea nitrogen 14 70 grams = 2 20 grams =
87 57t> 61 7%

Ammonia nitrogen 0 49 gram = 0 42 gram =
0 3% 11 3%

Uric acid nitrogen 0 18 gram = 0 09 gram =

Creatinine mtro
1 1% 2 5%

gen 0 58 gram » 0 60 gram =

Undetermined ni

3 6% 17 2%

trogen 0 85 gram = 0 27 gram •»

4 9% 7 3%
Total sulfur 3 61 grams 0 76 gram
Inorganic SOi 3 27 grams = 0 46 gram =

90 0% CO 5%
Ethereal SOi 0 19 gram 0 10 gram -

5 2% 13 2%
Neutral S

1
0 18 gram “ 0 20 gram >

4 87o 26 37c

The Metabousu op Solfcr

Sulfur enters the bod} mainly as a constituent

of the ammo acids cysiine and melhtomne Food
also contains inorganic sulfates, small amounts of

sulfur in tho form of sulfolipids (sulfatidcs) in

certain glycoprotcms (mucoitm-«uIfuric acid and
choiidroitm-sulfunc acid) and in organic sulfides,

isothiocjanates, and sulfonium compounds Sul-

fur m inorganic form cannot be used m the con-

struction of body protein Practically spcakmg,

Viit’ouAy Tsivpi'nfieiAluTAasQ'AarTOyifaKj'ttpuii

the tno gulfur-containing ammo acids mentioned

above

The Distribution of Sulfur iv the Bodt

Sulfur L? contained in the ordinary tissue pro-

teins, in hair, horn, feathers, etc
,
m tnuan, as

mucoitm-sulfuric acid and chondroitin-eulfunc

acid, in certain gly coprotems of tendons, vitreous

humor, cornea and connective tissues, in gluta-

thione and insulin, m the taurocholic acid of bile,

as solfocyanatc in saliva, in ergothiomne, a com-

pound found in red corpuscles, in certain pig-

ments (mebnins, urochrome), and in nervous

tissue as aulfolipoids Inorganic sulfates are con-

tained in the body fluids generally

The los$ of Buljur from the body occurs in the

shedding of hair, nails, etc , m the bde, sabv a and

gastromtestmil secretions The great bulk of the

sulfur loss, however, occurs through the kidneys

The hittory of sulfur in the body The sulfur

bberateil m the catabolism of dietary protein is

la^ly' converted to morganic sulfates A part of

the morganic sulfate derived from this and other

sources becomes conjugated m the liver with

substances produced in the intestine by the bac-

terial decomposition of protein to form ethereal

sidfales The latter are excreted in the unne
The products of bactenal action, among which

are phenol denved from phenylalamne and
tyrosine, and indole and skatole from trypto-

phane, possess toxic properties Their excretion as

ethereal sulfates constitutes a detoxicatmg mech-
anism When the detoxicatmg function of the

liver 13 depressed as a result of hepatic disease,

some of these toxic substances arc excreted by
the kidney in abnormal amounts in the free state

Unitary sulfur The total urinary sulfur is

made up of the follow uig

Suli^atca

—SOi
\

Ethereal
Sllfates

\

./

Orcame S—8H
(Cystine,

metbioniDc)

Liver
Oxidized to
sulfate,
eonjugated
with mdole,
etc

A part
escapes
oxidation

Neutral

/
(1) Inorganic sulfur (85 to 90 per cent) Com

pounds of sulfuric acid with Na K, Ca and NHi
(2) Ethereal sulfate sulfur (6 to 8 per cent), e g ,

potassium and sodium salts of indoxyl sulfuric

acid (p 721} The former is known as indican

(3) Neutral sulfur (4 to 6 per cent) e g ,
sulfur

containing ammo acids, urochrome, thiosulfates,

thiocyanates, taurocholic and oxyproteic acids

The quantities of inorganic and ethereal sul

fates in the urine vary with the protein level of

the diet, and run more or less parallel with the

mtrogen excretion, the neutral sulfur is influ-

enced to a less degree For this reason the two

former partitions of the urinary sulfur were con-

sidered by’ Folm to represent food (exogenous)

sulfur while the neutral sulfur was taken to be
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derued mainly from bodj protem (endogenous

sulfur) On a diet of meat or during prolonged

stanation the ratio of sulfur to nitrogen in

the unne is about 1 to 14, i c
,
for erery gram

of sulfur there arc approvunatelj 14 grams

of nitrogen Tins is approximatelj the S V ratio

found m muscular tissue A graphic sumtnarj of

sulfur metabolism is shown abo\e

As a result of the cxcessix c production and ab-

sorption of putrefflctn e products the cTcrelion of

ethereal sulfates is inerca«e<l in acute intestinal

obstruction Thoj are aLo increased in earcinomi

of the In or Chronic constipation, howcier, eterla

little or no influence upon the excretion of these

substances)

The excretion of neutral sulfur is increased in

the rare metabolic anomaly known as cysiinuna

and in ca«es of mtlanolic sareoina, when an abnor-

mal sulfur-containing pigment appears in tbe

unne

The lumprotem sulfur of blood The sulfur of

blood, other than that present as a constituent of

protem, amounts to from 3 to 5 mg per 100 cc

Tbe concentrations of the three forms are gi\CD

in table 45 6

Misiovu (See Page 565)

Nitroqev Bal-iaces

The difference between the mtrogen taken m
tbe food and that excreted in the fecca and urmc
IS spoken of as the nitrogen balance (that lost m
the bair, sweat, saliva, etc , is negligible) On an
ordinary diet, the amounts of mtrogen excreted

daily m the feces and urine, respcctivelj
,
a^e^lgc

1 5 and 13 grams The mtrogen of the feces is in

part unabsorbed nitrogen of the food and in part

nitrogen excreted through the intestinal wall

When the intake and output are equal, the body

TABLE 45 6

Cancenlraltona of different forms of sulfur tn whole

blood and serum

(After Denis)

Wtole
1

'

1

Seram

1

ptr IDO u 1 ptr VSO cc
I mt

1

m
Inorganic sulfur 0 1-1 1

1

0 5-1 1

Ethereal sulfate sulfur
1 0 1-1 0

,

0 1-1 0
Neutral sulfur

1

2 2-4 5 1 7-3 S

The inorganic sulfur of blood is elevated in

renal in«uj?Eciency, xnCesttnal obslrucltort and
leukemia

TABLE 45 7

Example of adjusCmeni of nitrogen balance to

increased intake

1

Diy
1

Vltrogfa
us Food

Sllragfa
la Fkm

>itroeeo

bed
^

1

ftitrogeB
1

us Unne
|

JVitroeen

1

rtfii {ram t'lns
1

fram trami

I 1 14 40 0 70 13 70
1

13 60 +0 10

2
i

14 40
1

0 70 13 70
1

13 SO -0 10

3
i

14 40
1

0 70 13 70
1

13 60 ' +0 10

4 20 00
1

0 82 20 14 26 SO 1 +3 34

5 20 96 0 82 20 14 18 20 1 +1 9^1

G 20 96
'

0 82 20 U 19 50
,
+0 64

7 20 96
'

0 82 20 14 20 00 +0 14

• Modified from H C Sherman ‘ Chemistry

of Pood and N'utntion, ’ 4(h edition

13 said to be m mtrogen cyuihhnwm When the

intake exceeds the output the bodj is in positiie

mtrojen Iwi/ancc—mtrogen is bemg retained If

the ret cr«c is the case, i e ,
the output exceed* the

mlakc, the balance is said to be negative—the

body IS losing mtrogen TSTicn the mtrogen of the

food IS increaied a greater quantitj for a tune

thereafter is retained, but the bodj 'oon becomes

adjusted to the higher intake and gradually a

balance is re-established (table 45 7)

The healthy adult requires protein to replace

the incx liable lo«3 of tissue protem ItTicn given

a sufficient amount of protem to repair this so-

called wear and tear ' his output and mtake of

nitrogen will balance i e ,
he will be m mtrogen

equilibrium If his diet contains protein m exce^

of this amount the nitrogen not emplojed for

repair is excreted and mtrogen equilibrium ciaui-

taioed In starvation or oa a low protein intake,

or on a diet which lacks certain essential amino

acid**, tbe indixidual continues to excrete nitro-

gen derived from the dissolution of his own proto-

plasms, and BO goes mto negative balance In

children, in adults recovering from wasting dis-

eases or undergoing muscular training, and m
pregnant women, the bodj , if the protem mtake

IS hberal, does not excrete as much mtrogen as it

received Nitrogen is retained for the manufacture

of new tissue The dailj excretion of nitrogen of a

man of average weight upon a nitrogen free diet

amounts to from 0 75 to 3 grams It might be

thought that nitrogen equilibrium could be re-

established bj Bimplj feedmg this quantity of

protem mtrogen It is found however that a con-

siderablj largerquantitj IS nece&sarj Part of the

reason for this is that the ammo acids are re-

quired bj the body in different proportions from
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tho=e present m the food protein In order that

the body shall obtain a sufBeient quantity of suit-

able ammo acids for the replacement of its own
protoplasm and for the manufacture of \anou3

secretions and other essential materials, a rela-

tively large assortment must be a%’ailable from

which it can choo«e Those not required are dis-

carded For this reason, equilibrium can be es-

tablished upon a smaller quantity of animal pro-

tein, such as beef muscle which contains ammo
acids more neatlv in the same propoitions as those

m human body protem, rather than upon vege-

table proteins The wastage of nitrogen is less m
the former instance Iftheonlj protein in the food

13 one entirely lacking m certam essential ammo
acids Oj'^inp, threonine, etc ) the loss of nitrogen

resulting from the breakdown of such ammo
acids m the bodj’s protoplasm cannot be re-

placed A negativ e balance results no matter how
much of the inferior protein haa been fed (see

ch 46)

The quantitj of protein required to establish

nitrogen equilibrium depends very greatly upon

the content of the diet m the other two food pnn-

ciples—fats and carboh> drates It is impossible,

for example, to establish nitrogen equilibrium in

man upon an exclusiielj protem diet, the excre-

tion of nitrogen alnajs exceeds the intake even

though the individual ingests protein to bis full

capacity The reason for this is that man cannot

conmme and digest sufhcicnt amounts of protem

to satisfj his eneig) requirements Under such

circumstances he draws upon his stores of carbo*

bjdrates and fats, but after these have been ex-

hausted the protem elements of his tissues are

disrupted The non nitrogenous portions of the

ammo acid molecules are burned to make up the

calorie deficiency, and, as a con'equcnce, quanti-

ties of nitrogen derived from food and bodj pro-

tein are excreted It has been calculated that the

human subject would have to consume, daily,

vjmc 8 pounds of meat—practically an impossible

feat for a cn ilized man—m order to furnish the

necessary cnergj and maintain the body in nitro-

gen equilibrium On the contrary, a carnivorous

animal such as the dog which possesses a large

capacity for the digestion of protem food* thrives

* The daily energy requirement of man is aay,

3000 Calories I ight pounds of meat (3000 grams
anproximatclv ) which is 20 per cent protein, has a
caloric value of (20/100) X 3CO0 X 4 1 - 2900

The energy expenditure of an average sued dog
on the other hand is around 000 Calone* It ean
consume mless thaw armnute 2 pounds (900 grams)
of meat, yielding more than 700 Calories

upon a diet composed entirely of lean meat The

Eskimos are also capable—accordmg to I&ogh

—

of consuming relatively enormous quantities of

meat On a mixed diet, as we shall see immedi-

ately, nitrogen eqmlibnum can be established on
a veiy k)w protein mtake

Proteiv Sparers

Carbohydrates and fats are called proietn

sparers smee theu’ presence in the diet relieves tis-

sue protein of the necessity of furnishing energy

The protection of body protein by carbohydrate

has been shown clearly by numerous experiments

The following experiment performed by Lu^k

upon himself may be cited in illustration of this

important principle After a period during which a

mixed diet had been fed and a small positive

nitrogen balance established, 350 grams of carbo-

hydrate were withdrawn from the diet The mfro-

gen excretion mcrcased from 10 84 to 27 00 grams

daily, the balance becoming negative Also, the

mtroeen excretion m the urine m starvatum is

nearly three tunes greater than that upon a diet,

nitrogen free, but of adequate energy value pe ,

one composed exclusively of fat and carbohj*

drate) The nonprotein food has reduced the

breakdown of tissue protein

The nitrogen excretion on such a protein^r-
mg diet is therefore an index of the inevitable dis-

integration of body protoplasm which occurs un

der ordinary physiologies! conditions For this

reason it was called, by Rubner, the wear and

tear” quota of protem metabolism («ee p 779)

One of the lowest values reported for nitrogen ex-

cretion 13 that of Boothby and Sandiford, namely,

1 74 grams daily (0 024 gram per kg of body
weight)

Carbohydrate exerts a specific sparing action

quite apart from the fact that it fumishea energy

and so rclicv es protem of the necessity of perform-

ing this duty
, for the sparing effect exhibited by s

given quantity of carbohy drate cannot be brought

about by an amount of fat possessing double the

calone value Carbohydrate when fed alone has

a marked sparing action, whereas fat alone has
little or no protein-sparing effect and a positive

nitrogen balance cannot be established m man on
a diet composed entirely of fat and protein Nor
will fat by itrelf, when given after a period of

fa'ting, reduce the nitrogen excretion below that

during the fast Indeed, it actually increases the

output of nitrogen A diet who‘=e calories, up to

50 per cent or more, are denv cd from fat and the

remainder from carbohv drate has, however, as
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great a prolcjn-sparing action as one nIio«!o caL

ones are den\ ed from carbohj drate alone Lactic

and pjTUvic acids, products of carbohydrate me-

tabolism, arc also protcin-sparcrs to some cTtcnt

The sparing effect of carbohydrates can lie dem-

onstrated in the well nourished animal as well as

during star%ation ^^'hen dogs in nitrogen oquj-

hbnum are gnen c'ctra glucose, nitrogen is le-

tamed but the balance 13 re-catoblishcd when the

administration of glucose is stopped (Larson and

Cbaikoff)

The difference between the sparing actions of

fat and carbohydrate is not easily explained Ac-

cording to one \iew (Landcrgrcn) the specific

sparing effect of carbohydrate depends upon the

fact that gluco«e is \ itoUj essential to the bodyr

and mu'st be constantly supplied whatever the

cost If It is not available from out«ide sources or

from the gly cogen stores, tissue protein is broken

down to yield materials from which it may be

synthesized

Anotlier more probable explanation of the pe-

culiar sparing action of carbohydrate is, that it ts

u-md in the synthesis of the ammo acids w Inch are

incorporated into body protems Accordmgtothia

\ lew the nitrogen resulting from the breakdown of

tt««tue protem during fa«ting (or from tissue and
food protein when the diet con«ists exclusively of

protein and fat) is lai^cly or entirely excreted If,

on the other hand, certain intermediary products

of carbohydrate metabolism are avaibble, eg,
pyruvic acid, etc

, it is possible for ammo acids

to be rcsy’ntbc'sized That is, nitrogen which would

otherwise be wasted is retained

The Specific Dtnamic Acnov or Food

"Wlien a subject in the basal state ingests food,

an mcrease is observed m the rate of heat pro-

duction This increase above the BMR due to

ingestion of food is known as the specific dynamic
action (SDA) or the calongcnic effect of food The
amount of extra heat produced and the length

of time during winch the heat production is above

basxl depends upon the kind and amount of food

ingested The beat production commences to nse
witbin an hour after the food has been eaten, at-

tams a maximum in about the third hour and is

maintained above the basal level for several

hours The greatest specific dynamic action is ex-

erted by protein food \tTien protem is fed alone

to a fasting animal, m an amount possessing a

heat value equivalent to the animals estimated

basal metabolism, the heat production is raised 30

per cent or more above the basal level Carbo-

hydrate causes a rise of about C per cent and fat

of 4 per cent That is to say, when a quantity of

protein, carbohydrate or fat possessing an energy

value of 100 Calories is fed separately to an ani-

mal whose basal metabolism is 100 Calories daily,

its actual heat production will be 130, lOG or 104

Calorics, respectively The extra heat is gen

crated by the combustion of body substance, so if

loss of weight is to l>e prevented such an animal

must be supplied with shghtlv more than 130

CalorKs if his diet is protein or if carbohy drates

and fats arc also consumed extra allow ances must

be made for the amounts of these substances

which have been included

To take a theoretical case in illustration if a

man with a basal metabolism of 1500 Calories

were kept on a 1500-Calorie diet, his body weight

would decline until the total heat production

(basal -h SDA) w ould ju^t equal the energy v alue

of the food from there on, the body weight and

total metabolism would remain steady at the new
levels But if the energy value of the food were

again reduced to the pomt where it just balanced

the basal metabolism (no allowance being made

for SDA) a further weight loss and dmimution in

basal metabolism would occur, and should the

adjustment of food to basal heat production be

earned out repeatedly, the body tissues would be

gradually consumed, as Jong as the subject sur-

vived, in order to furnish the extra heat caused

by SDA In planmng a diet, therefore, an extra

caloric allowance must be made for the SDA of

the food H«clf (ch 55)

The extra heat resulting from protem food can-

not be employ cd for the production of mechanical

or other forms of energy It is waste heat and is

simply added to heat produced by the mu'Ciibr

exertion A diet very rich m protem is therefore

UDSiuted to heavy muscular work The SDA of

protem IS an important factor, however in the

regulation of body temperature (p 52) TOth

fat and carbohydrate the case is different, for the

extra heat is harnessed m the performance of

work. When exercise is undertaken upon either of

these ^letaoces tlie heat due to their specific dy
namic action is almost abolished, the extra energy

being incoiporated m the energy exchanges of the

exercise (table 45 8)

4\Tien new tissue ls being formed, 1 e ,
when the

nitrogen balance is positive, protem does not exert

its usual «j>ccific dynamic action Nor does it oc-

curm a fever, such as ty-phoid, when there is great

destruction of tissue protein The ingested food

then merely replaces or spares the tissue protein
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TABLE 45 8

Tht result* of an eipertmcnt of Rapport** idlteh

tUrutrales tke wttlualion of the "tpa*te heat’* of

the tptctfic dynamic action of fat and gtucoae tn

txerctse

Heat pToduclion at test and in exercise

and recoyery

(per
boui) wT

to Ex

oi
Werl)*

Dt«t4>
UOD
from
(A)

"« ptr
ftnl

talctut ptr amt

A In the postab'orp

tive state 12 7 2 40

B After ingeafion of

fat 15 2 + 19 7 2 51 + 58
C After ingestion of

glucose 15 4 +21 3 0 38 -0 8

D After ingestion o!
'

meat

100 grams 16 2 +27 6 3 38 +40 8

300 grams 17 8 +40 1 3 48 +45 0

* Based on H iiour penod after begmoiDg of

exercise

Tjib Cause of the Specific DritAUtc Action

8<‘%enil explanations for the phenomenon have

been offered It is certainly not due to digests e

processes, ix
,
to the contractions of smooth mus*

cle of the alimentar} canal or to the work entailed

m the secretion of the digestive juices This is

proved by the foUovnng facts Bones given to a

dog, or agar agar, "xilme cathartics, water or meat
extracts (which stimulate powerfully the gastric

to. Ti/av*,Wii tjc. offioiV VfpAyn *Aft

heat production Also, as already mentioned pro*

tein lias no SDA when new tKsue is being laid

down On the other hand, the injection of certain

ammo acids into the blood stream is followed by a

specific dj-namic effect

The cause of the SDA is still imperfectly under*

stood It IS generally accepted that the extra heat

produced by protein food is associated with the

metabolism of the ammo acids They exert in some
way a stimulating effect upon the tissue cells,

raising tbeir beat production to a high level, i e ,

the oxidation of the cells’ own fuel material is in

creased, the rate of other metabolic processes

w itbm the cells is raised The extra beat is not due
to tbe ammo acids themselves being otilued as

fuel nor to a stimulating action upon the tissue

cells of these matenals m the unchanged state It

IS m the intermediary reactions of tbe ammo acida

that the specific dynamic action of protein should

ba sought—e g , m the deamination process Bor-

sook and Wmegarden conclude from their studies

that the SDA of protein results from the metabo
lism (deamination and urea production) and the

excretion of nitrogen, an increased excretion of

nitrogen accompanies the greater beat production

According to Borsook an increase of from 7 to 10

Calonea of extra heat are produced for each gram
of extra nitrogen excreted The remainder of the

extra heat produced is a more variable and usually

a larger fraction of the total, itis attributed to the

metabolism of the carbon part of the protein

molecule There is a considerable body of evidence

for the view that the deamination of the amino
acids with the formation of urea contributes very

considerably to the specific dynamic action of pro

tcin Lundsgaard found, for example, that al

though tbe administration of sodium acetate or

sodium lactate was followed by only a slight m
crease in heat production, ammonium acetate or

ammonium lactate caused a pronounced rise, even

ammonium chloride caused n well marked increase

in heat production

The reactions responsible for the SDA of protein

are apparently situated in the liver and not in the

tissue cells generally, since W ilbelmj
,
Bollman and

Mann were unable to obtain any effect m hepatecto

mixed dogs following tbe injection of ammo acids

Dock also found that after the administration of

casein to rats tbe oxygen consumption of the hmd
quarters (muscular tissue) was 8 per cent greater

than ID the corresponding tissues of a control

group, whereas the oxygen consumption of the

abdominal viscera was 141 per cent greater

Tbe specific dynamic action of carbohydrate is

thought to represent the energy liberated m excess

of that required for the conversion of glucose to

glycogen After a fast which depletes the glycogen

stores, ingested glucose is oxidised m negligible

amnunta., yet it causes a pronounced spetafin dy

namic action (Dann and Chambers)

The specific dynamic action of fat is ascribed to

the increased concentration of fat in the tissue

fluids and, as a consequence to its more rapid

oxidation (“plethora theory” of Lusk)

The glands of internal secretion appear to have

no direct influence upon the SDA of protein, the

usual effect has been observed in a cretin with a

basal metabolic rate 20 per cent below normal and

it IS not altered in hyperthyroidism Thyroid

ectomy in animals is said, however, to reduce the

SDA of carbohydrate and fat Cushing and Fulton

found the SDAof protein within the normal range

m a number of cases of pituitary disease (hypo

pituitansm and acromegaly) Gaebler found it of

normal value in hypophysectomized animals In

undernutrition the SDA of all foods is increased

It IS, according to some observers, diminished in

simple obesity (ch 50)
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The SDA of carbohydrate and protein or of

c^rbohj dratc and fat 13 less than the sum of the

values of each when fed separately There is only

a slight discrepancy, however, between the values

for protein and fat, fed together or separately
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46
PROTEIN METABOLISM—Continued

Tlie Nutrilional Value of Various Proteins

Two factors must be considered m determining

the nutritional \alue of a guen protein (a) its

digestibilitj, 1 c , the amount absorbed, and (b)

its suitability for the construction of tissue pro-

tein

1 The digestibility of pnoTEiNs Although

by far the greater part of the nitrogen arising

from the catabolism of ammo acids within the

body IS excreted m the urmc, a email fraction is

ebnunated through the secretions of the digestive

glands and mtestmal mucosa This, the eo-callcd

metaholic mlragen, is estimated from the nitrogen

of the feces upon a nitrogen-frce diet In a man it

amounts to from 0 5 to 1 5 gram datlj , varying

in amount nith the bulk (roughage) of the diet

la order, therefore, to determine the proportion

of a given protein which has undergone digestion

and absorption, the total nitrogen content of the

ingested protein is dcterimned (each C 25 grams of

protein equals 1 gram of nitrogen), and from this

value the nitrogen of the feces leas that for the

metabolic nitrogen is subtracted Thus

—

foodN — (fecea N — metabolic N) * absorbed N

The digestibility of the particular protein is then

expressed as a percentage of the food nitrogen

which has been absorbed This percentage value

13 referred to as the coe^icunl o/ digeittbihly For

example, if the food contains, let us say, 10 grams
of nitrogen and it is found that 9 5 grams have

been absorbed the digestibihty is 95 per cent

Digestibihty m the sense just defined is quite dif-

ferent from the popular meanuig of the term

which refers rather to the subjective sensations

accompanymg digestion

Proteins of animal origm ha\ e the hipest di-

gestibility which runs from 95 to 100 per cent

That is, the wastage in digestion is S per cent or

less The digestibilitj of the proteins of nuts and

fruits is low, that of the proteins of legumes and of

potatoes IS around SO per cent (see table 46 1)

The digestibility of wheat proteins is from 90 to

100 per cent thus approaching that for animal

proteins

2 Tub suiTiSiLiTT of a given protein for

TiiE SYNTOESis OF BODY PROTEiv This depends

upon the ammo acid constitution of the protein

It 13 obvious that the greater the proportion of

ammo acids in the dietary protein which can serve

for the construction of tissue protein, the greater

will be its potential nutritive value In other

words, the more closely the ammo acid assortment

m the food protein resembles that m body protein

the loss of the former need be furnished A smaller

proportion of the ammo acids will then bo dis

carded, their nitrogen eventually bemg excreted

m the urmc, i e
,
less of the food protein will be

wasted

Methods emphi/ed for esimaltnff ihe nulnlne

tatues 0/ proteins Osborne and Mendel, emplojmg
rats added a known amount of the protein to be

tested to a diet free from all other proteins, but

adequate in other respects (i e one possessing the

necessary energy value minerals and the vita

mms then known) They expressed the nutritive

value of the protein as the weight, in grama

gamed by the animals per gram of protein fed, in

the case of j oung rats (value for growth), or m
the case of adult rats, the smallest quantity of the

fed protein in grams, per gram of rat per week,

neceraary to mamtam a constant body weight

(value for maintenance) McCollum and associates

also emplojed rats, feeding a basal diet of first

class quality la all respects except that it lacked

protein The lack was made good by adding the

protein to be tested, and the percentage of protein

required to be added to the food mixture in order

to promote normal nutrition gave an index of its

nutntivo value The general state of nutrition of

the animals, as indicated by rate of growth,

fertility, care of young and longevity, was noted

over a period corresponding to two thirds or more
of their life span On this basis proteins were

clashed as “excellent" good” or ‘ poor An ex

celfent or first class protein is one which ‘ will sup

port nearly optimum outntion over periods ap
proximating tno-thirds or more of the norma! life



792 NUTRITION AND METABOLISM SecUon VI

TABLE 46 1

ProUtn lalucs offoods for mainlenanee and growth

Letel of protein feeding 8 to JO per tent

(After Mitchell and Hamilton)

Food

j

killer
;
Con^

; Pro 1

1

Con

Frfsh
Bisu

CJuiUlj ot '

Fresh I

Basn ^

Protein
Value of

Fresh
Basis

Dig«-
Aibilityps'

1

<..( eent

R hole egg' 73 2 13 2 100 94 0 4 12 0
Milk 87 0 3 3 100 83 0 2 2 6

Lgg white' 86 2 12 3 100 S3 0 2 10 0

Beef liver 71
2| 20 4 90

!
77 0 4 14 9

Beef kidney 76 7 16 6 99 77 0 3 12 3

Beef heart 62 G 16 0 100 74 0 5 : 11 3

Beef round 70 0 21 3 96 69 0 4 13 7

Pork ham 60 0 25 0 100 74 0 6 17 9
I eaH 73 4 20 7 100 62 04 12 4

Rolled ovts 7 7 16 7 90 65 1 3 9 8

R hole wheat 11 4 13 8 91 67 1 3 7 I

Rhite flour 12 8 10 8 100 52 1 3 4 3

Rhole corn 10 3 7 S 95 CO 1 3 3 0

Potato 7b 3 3 2 78
'

1

0 3 0 8

Navy besna' 12 6 225 38 I 3 4 2

Average an&l>se4 taken aa far ea possible,

from Bulletin 2S (reviaed) OITice of Ex]>enme&t
Stations U S Dept of Agriculture

» The metabolic nitrogen in the feces is assumed
to equal 0 23 gram per 100 grams of dry matter of

(ooii Bulletin National Kc«eareh Council,

1026 xt, part 1, no 55, p 23

« Cooked
The cut tested was not recorded It proved to

be very fibrous Anal^ sis for shoulder cut assumed

*jnni tA tVi m •MtiuarA vtnvt'vpwtjd-iTi^

»o 9 per cent in the food mixture Nine per cent

is therefore the critical level for a protein of the

highest nutritive value Inferior proteins must be

fed at higher levels The relative values of several

fooil proteins are shown below in descending or

der

Fish muscle hcef muscle

Beef liier and kidnej

Egg (whole)

Milk
Soja bean

Oats (rolled)

Wheat (whole)

Tlie determination of the minimal quantities of

different prottins required for the maintenance of

nitrogenous equilibrium in adult animals or of a
positive bal-inee (storage of nitrogen) in growing

animals is aho u«ed aa a means of arming at the

nutritional values of proteins

The nutritive value of a particular protein,

based upon the nitrogen metabolism following the

feeding o! known amounts, is emplo3ed bj Mit
chell In this method, the value of the protein for

repair (maintenance) or building of new tissue

(growth) 13 given as a percentage of its adsorbed

nitrogen which is not lost in the urine, i e , the

percentage retained in the bod} This is called its

btologteat talue The animal is placed upon a basal

diet complete in so far as nonprotein factors are

concerned In order that none of the protein shall

be burned for cnergj purposes, its level in the diet

IS kept low, j e , there should be no excess over

that required for growth or maintenance The fol

lowing example from Mitchell will serve for il

lustration

A rat receiving a diet containing about 4 per

cent of protein, ingested daily 56 9 mg of nitrogen

and excreted 27 6 mg of nitrogen in the feces Of
the latter 21 7 mg constituted metabolic nitrogen

(p 791) The unabsorbed nitrogen was therefore

only (27 6 — 21 7 •) 5 9 mg , and the absorbed

nitrogen (66 9 - 59»)5l0mg The daily urinary

nitrogen was 4S6 mg Of this, 37 7 was derived

from tbc bod> tissues (estimated from urinary

nitrogen on a nitrogen free diet (p 785) The total

unnaty mtrogeo lees this value for tbe endogenous
nitrogen must represent the quantity of absorbed

nitrogen which was excreted that is, (48 6 -
37 7 • ) 10 9 mg is the quantity of absorbed nitro

gen which had been wasted in metabolism Tlie

absorbed nitrogen, as just stated, amounted to

51 0 So (51 0 — 10 9 •>) 40 1 mg w ere retained in

the body The biological value of the dietary pro

tein was therefore ((40 1/51 1) X 100 >) 79 per cent

In order to know the value of a food as a

source of protein the “biological value ’ must be

considered as well as the quantity present (nitro

gen X 6 25) A food may contain a first class pro

tein in small amounts or a poor protein in larger

amounts In some foods the protein is both poor

in quality and low in amount whereas in others

both the quantity and quality of the protein are

high The protein value of a food must take both

these factors into account

The values of individual ammo acids were tested

by Osborne and Mendel by feeding purified pro

tcins known to be deficient in their ammo acid

constituents The weights of the animals on the

deficient protein were observed for periods before

and after the mis'ing ammo acid had been added

to the diet Rose s method consists in feeding a

mixture of punfied ammo acids such as are found

in ca“em The effect upon growth was then de

termined after one or other ammo acid had been

omitted from the mixture

Tlie value of a protein m nutrition depends en-

tirely upon its ammo acid constitution Block and

Mitchell have shown a very close corrchtion Ixj-

tneen tlie biological value of a protein and its

1
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ammo acid content Tims, b> tlichjdrol38isofa

protein and determining the percentages of the

\inoiis nmino groups of which it w composed, a

\crj accu^atc apprai<5al of its nutritive value can

be made Although animal proteins arc usually

superior to those of plant origin, no gcriCTaltzation

can be made jn this re«pcct It is a matter of the

ammo acids of which the protein, animal orvoge-

tablc, is made up In table 40 2 the ammo acid

percentages m the proteins of liver and of soj

btan are compared

The Essentul Importance of Cfrtain Amino
Acids for Growth akd AIaivtfnance

In 1907 'U’lllcock and Hopkins found that when

young mice were fed upon a diet which contamal

zem (a protein of maize) as its sole protein, grow th

was arrested and the animals died in about 17

daj*« Zem is almost completelj free from trypto-

phane Yet, the addition of this amino acid to the

diet was not capable of promoting gron tb, and the

survival period of the animals vias extended to

only 33 daj’s The addition of tjTosinc was with-

out effect since zem already contains tlus ammo
acid in adequate amounts It was shown hy Os-

borne and Mendel that w hen b-sine, whteli is also

absent from this protein was added to the zem
diet together with tiyptopliane, the animals grew

normally and remained m good health (fig 40 1)

Ljsme added alone was of no more benefit tlian

trjTitophane alone flefalm, like zem, is an in

complete protein It lacks tjTOSine and trjpto-

phane and is very deficient m cj«ttnc A diet

winch contains gelatin as its sole protein mil not

P'twn.’t sretrrih .wsv* eiw?
librmm m an adult animal liVhen, however, the

laekmg ammo acids are added to the gelatin diet

its defects are corrected

Casein Casern is deficient m glycme and has a
Ion cystine content However, nhen, casein is fed

in sufficient quantity—^about 18 per cent of the

diet—or if cystine la added, normal growth results

(fig 40 2)

Edeslin (a protein m hemp seed) is relatively

poorm ly sme as is also phodin (of wheat) whereas

phaseolin (of navy bean) la deficient m cystine

and tryptophane If these, or other incomplete

proteins, are supplemented by addmg to the diet

the ammo acids m which they are deficient,

growth 13 supported Also wfLen the ammo acid

deficiency is not too great, growth can be pro-

moted by mcreasmg the percentage of the in-

complete protein in the diet (see table 463)

An essential or indispensable ammo aad has

been defined by Rose as one that cannot be syn

TABLE 40 2

(From data of Block and Mitchell)

Approximate ammo acid content oj liter and of

soy hean compared

(Calculated to IG 0 grams of nitrogen)

AmiDo Acid L.v.r Soy Bean

Arginine 6 6
1

framr

7 1

liiatidme 3 1 2 3

Lyemc 6 7 ! 5 S

Tyrosine 4 6 1 4 1

Tryptophane >•1 1 2

Phenylalanine 6 1 5 7

Cystine 1 4 ! 1 9

Methionine 3 2
1

2 0

Threonine 48
1

4 0

Leucine $ 4 6 G

Isoleucme 5 6 1 4 7

Valine 62 4 2

fH/t

Flo 40 1 Shows the indispensabdity of lysine
for growth (After Mendel

)

thc-izcd by the animal organism out of the ma-
terials ordinarily available, at a speed commen
sumte with the demands for normal growth and

».Wh jwjjst Jba.TfttEv:? he si';!;^'rd m the diet

Of the 25 ammo acid-* which have been identi

fled as con'stitutmg protein material, 10 are m
dispensable for normal growth They are as fol

lows

Arginine

Histidine

Isoleucme

Leucine

Ly'sme

Metliionine

Phenylalamne

Tlireoniiie

Tryptophane

Vahne

Experiments m which it was ‘=hown that casein

when constituting the sole protein of the diet

would not support growth unless fed in relatively

large amounts or in smaller amounts and supple-

mented by cysiine, led to the belief tliat this

lumno acid was indispen«able The mistake was

evideotly the result of confusion with the other

Eulfur-contauung ammo acid, meUnonine The
failure of growth on the low ca‘=ein diet was due

to this protein’s madequate methionine content,

but this could be made good by the addition of
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TiO 4 6 2 Chart onlttl shows satisfactory growth of rat when 18 per cent of casern was preseot in the

diet as the sole protein With a smaller amount of casein—0 per cent—much less rapid growth ensued
That the iRsuOleiency of the smaller amount of casein is essentially due to its relative deneieney in

cystine is shown by the marked accelerating influence upon growth brought about by the addition of

this ammo acid to the food containing 9 per cent of casein and the prompt retardation of nowth which
resulted from the withdrawal of cystine from the diet Chart on rxght shows the favorable effect upon
growth of supplementing a protein (zein), incapable of maintaining animals when it is the sole protein

furnished la tne diet with a mote “perfect” protein (lactalbunun) The proportion of the lactalbumin

used—

4

flpereent—wasof it<elf insumcientforfullgrowth It evidently furnished the ammo acid groups

which were lacking in eein (After Mendel

)

cj’stmc In other words, cystine can substitute tn

part for methionine, cystine itself is not essential,

for it can be eompklely replaced m the diet by

methionine' which can be converted to cystine in

the body Proof of the deniation of cystine from

methionine was obtained by Tarver and Schmidt

who fed animals methiomne containmg the radio-

active isotope of sulfur (S"} and later isolated

isotopic cystine from their tissues Ci^-stine ts a

constituent of plasma protem and unless it or

methionine is furnished in adequate amounts m
the diet hypoprotememia result^ Cystine is also

an essential component of kcratm the protem of

hair, feathers, nails, born etc Ar^nnine (p 774)

can be synthesized m the body but not in ade-

quate amounts for normal grovfth, it is therefore

an essential constituent of the diet of young ani-

mals rj/rosinccaabeformedfromphcnylalanroe

’ To mskc this point clear we maj use an illus

tration the case of a typesetter who has lost a

number of dies for say
,
the letter A He can con

tinue to set ty pe so long as his supply of A letters

lasts but when this la exhausted his work must
cease though there is still a large number of other
letters IIis typesetting is limited by bis supply of

A letters

Id rats deprived of tahne grave nutritional de-

fects develop which have been the subject of

studies of Epstein and Rose The animals tecomo

very ecnsiiive to touch and show Btnere muscular

mcoordination, (e g ,
stnggcrmg gait and circus

movements) together with loss of appetite, emaci-

ation and eventually death

The ammo acid requirements for budding new

tissue (growth) are more exacting than tho-se for

repair (maintenance), i e , for the maintenance of

mtrogen equilibrium in the adult and the preven-

tion of a loss of weight Some ammo acids which

are ^scntial for the growing animal can be dis-

pensed within the adult Arginmc, for example, is

not requued in the diet of the adult dog, and in

th© adult rat nitrogen equilibrium can be main-

tained upon a diet lacking in this ammo acid, but,

as just mentioned, it is not synthesized rapidly

enough to promote maximal growth Even of the

nmino acids essential for mamtenance the le\ el in

the dwt need not be aa high for mamtenance as

for growth Adult man can be maintained m
nitn^n equilibrium upon eight ammo acids, his-

tidine bemg dispensable



Chapter 46 PUOTniN METABOLI‘?%I-Con/jnt«d 795

TABLE 46 Z*

The ammo acid content of a number of proteins, srams per cent

Atnino Acii]
'

Ctlatm ' Cuein LacUl Erz
Albumm Cludin Z«m

Glycine
!

25 5 0 4 0 4 0 0 0 0 0 0 3 S

Alanine
1

8 7
1

i 8
,

24 2 2 2 0 9 S 3 6

Valine 0 0 7 9 3 3 2 5 3 3 1 9

Leucine isoleucine 7 1 1 97 ' 14 0 10 7 6 G 2o 0 20 9

Aopartic acid 3 4
!

4 I 1 9 3 ! 6 2 i 0 S 1 I 8 10 2

Glutamic acid
i

5 8
;

21 8
,

12 9
1

13 3
1

43 7 ,
31 3 19 2

Hydroxyglutamic acid ' 0 0 10 5
'

10 0
'

2 4
'

2 5

Serme 0 4 ! 06
1 I 8

1

0 1
1

1 0 0 3

Proline 0 5
1

8 0 3 8
1

3 6
1

13 2 9 0 4 1

Hydrotyproline 14 1 : 0 2 00 2 0

Phenylalanine '

1 4 1 3 9 I 2 6 1 2 3 7 C 3 1

Ty rosine 0 01 6 5 1 9 4 0 3 1
1

5 9 1
4 5

Cystine 0 n 0 3 4 0 0 9 2 4 0 8 1 0

Arginine 1 0 1 3 0 6 0 3 2 1 8 15 $

Histidine 0 9 1
2 6 1 5 2 3 2 1 1 2 2 1

Lyme S 9
1

7 6 6 4 3 S 0 6 0 0 2 2

Try-ptophane 0 0
1

2 7 1 3 0 8 0 17 1 5

Total 02 4 1 91 8 81 9 C3 2 91 8 103 4 96 6

* Modi6e<l from Mitchell and Eanulton, ' The Biochemislr} of the Ammo Acids Am Cbem Soe

Monograph benes No 4S, p 191

The utiUznlJon of a protein deficient m one or

other ammo acid is limited b> that deficiency

Fop example, if edcatin, nluch is poor m lysmc, is

the sole protein of the diet, tlie other amino acids

of which It IS composed arc utibzed only in certain

proportions linut^ bj the hsme content A large

part of the remainder is discarded Similarly the

utiluation of casein is limited by its cy*stine plus

methionine content Non if lysine is added to the

diet of nhieh edestm is the sole protein, or cystine

or methionine is added to the ca«ein diet, the

other ammo acids in these proteins can be utilized

and built into body tissue Lysine is essential for

maintenance as well as for growth, but for the

former, relatnelj small quantities are required

Gliadin (of wheat), winch contains less Uian 1

per cent Ijsme, is madequatc for growth e\co

though fed m large quantities but is suitable as

tlie sole source of protem in an adult Zein, on
the other hand, w hicb la entirely lackingm lysine

and contains httle tryTitophane is inadequate for

either growth or mamtenance Serum albumm is,

deficient in tryiitophane and isoleucine, it will

not promote growth in young rats and will

scarcely maintain body weight The proteins of

several common foods are given in table 464
Most of the work rclatmg to the mdispcnsa-

bihty of the various ammo acids has been carried

out upon rats The ammo acid requirements of

adult man ha\ e l)ecn inv cstigatcd by Holt and his

colleagues and by Rov; and hia conorkers Their

results m general accorti with tho<!C of animal

experiments Methionine, as the sole «ourcc of

sulfur-eontammg ammo acids, was found to be

capable of mamtaimng nitrogen equilibrium The

nitrogen balance could not be mamtamed upon a

diet completely lacking in lysxne whereas Aish

dineand nrgmine prov ed to be dispensable Others

Imc found, however, that while nitrogen equihh-

rium can be mamtamed in men on a diet lacking

in luaiidioe, loss of weight occurred Tryptophane

was found to be mdi pcn'^ble, the subjects de-

velopmg negative nitrogen balances intbin a fen

days after havmg been placed upon a diet lackmg

m thn, ammo acid nor could nitrogen equilibrium

be mamtamed when rahne, tAreoninc, leucine, tso-

leuctne or pAcnj/fafaniTie was laclang from the diet

Lysine and melhtomne were also found to bo in-

dispensable, but as mentioned above, adults can

be mamtamed m nitrogen equihbnum m the ab-

sence of histidme

Ro^ and his collaborators usmg symthetic diets

have attempted to determine quantitatively the

ammo acid requirements of man Tlie diets used

suppbed from 6 7 to 7 1 grains of nitrogen per day

and contained m addition to e««ential ammo
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TABLE 46 4*

Character of proteins in some common foods

Food
Vf»ten»ls

CKiet Rinda of
Protein Prestnt

Conptete or Incomplete

Almonds Excelsm Complete
Casein Complete (low in eye

Cheese
Lactaibu

tine)

Complete

min
GluteliD

I
Complete

Zem Incomplete (lacks ly

Com sine and trypto

phane, low in cya

tine)

_ Ovalbumin Complete

Ovovitellin Complete
Gelatin Gelatin

;

IncompIeteOaekslryp
tophane and tyro

sine, only a trace of

cystine high in ly

sine)

Lean meat
Albumin
Myosin

Complete
Complete

Casein Complete (low in eys

Milk
Lactaibu

tine)

Complete

min
Nav) bcana Phaseolin Incomplete (tow in

cystine)

Peaa Legutnio Incomplete (low m
cystine)

Soy beanaj
Glycioin

Leguinelia

Complete
1 Incomplete

1

Gliadm Incomplete (lacks ly

B^cat
1 Gluteoin

sine)

Complete

•FromM S Rase, Foundations of !>itUnlion

TABLE 46 5

Ammo aci3 requirements oj ahuCi man

Ammo Acid BequiKnienU 1

Observed

Fnposed

Mimmum Intake

L-Isoleucine

rams ftr ity

0 65-0 70 0 70

ftami ftr
44y

1 40

L Leucine 0 60-1 10 1 10 2 20

L-Lysine 0 40-0 80 0 80 1 60

DL-Metbionine* 0 fO-l 10 1 10 2 20

L Phenylalanine* 0 80-1 10 1 10 2 20

L Threonine 0 30-0 50 0 50 1 00

i^Try ptophan
I

0 15-0 25 0 25
,

050
n-\ aline 0 40-0 80 0 so ' 1 60

• L-Cystine raay replace up to SO to 89 per cent

of the miDimal methionine needs D Methionine

IS fully os active as L-methionine
* L-Tjrosine maj replace up to 70 to 75 per

cent of the minimal phenylalamoe requirement

1

acids, glj cine and urea The latter two compounds

served as a source of nitrogen for the synthesis of

the dispensable ammo acids The amount of a

given ammo acid in the diet was decreased until

the nitrogen balance of the subject became nega-

tive The diet was then supplemented with the

ammo acid until nitrogen equilibrium was re-

established The ammo acid requuements of man
determmed bj Rose in the; manner are shomi in

table 46 5

It seems that, generally speaking, the several

ammo acids ivhich hax e been found indispensable

for rats are ato essential dietarj constituents for

other mammals, including man There are, how-
ever, certain mmor species differences, the grow

mg mouse, for example, can dispense with argi-

nmem the diet, smce.apparentlj ,it cansynthesire

this ammo acid m greater amounts than can the

rat Glt/ctne which is required especially for the

manufacture of collagenous tissue and of proto-

porphyTin {ch 6) can be ejuthesized bj the bodi

and, therefore, is not an essential constituent of

the diet m manunab It is indispensable, however

for the growth of chicks, although it can be re-

placed in this species bj creatine The chick, also

unlike the rat, has no abilitj to synthesize argi-

nine The essential or nonessential nature of a

particular amino acid, as well as the species dif-

ferences, may possibly depend upon bacterial

synthesis in the witestaie, the baelenal synthesis

of ammo acids and even of protein is known to

occur m the intestinal tract of ruminants It has

been found by Martin, for example, that rats fed a

diet containing aU the essential ammo acids and
the known v itamins fail to grow if succinylsulfa-

zole, a bacteriostatic drug is added to the food

The most suitable proteins for grow th are those

^wfataAwigvnwA Vr/W3t t/iA'an;

has provided for the nourishment of the growing

aniinal, namely,

factalbunun (of nulk) ovointelltn (of hen s egg)

omlburmn (of ben s egg)

These support growth when given at a level of

about 9 or 10 per cent in the diet Next m order

of their biological value come,

proteins of meal glulehn (maize)

gluUmn (wheat) glyexntn (soy bean)

eosetn (milk)

These support grow th if giv en in sufScvcntly high

concentration in the diet Ca«cin, for instance,

IS required to be given at a level of IS per cent for

growth and 10 to 12 per cent for maintenance A
comparison of the value for growth of several

proteins, when given in the same percentage m
the diet, is shown m figure 46 3
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Flo 46 3 Comparison of growth on diets contaioinn approximatelj^ the same percentage (4 5 per
cent) of different proteins, namelj

,
lactafbumm, edestm, casein, globulin (sciuash seed) and glycioio

(soy bean) (After Lusk )

Tlic following vegetable proteins are incapable

of supporting growth but are suitable for main-

tenanco

gliadin (wheat or rye)

legumin (pea)

legu7nelin (soy bean)

phaseohn (kidney bean)

kordetn (barley)

The following are incomplete protems and arc

unsuitable for either growth or maintenance

2ein

gcfatin

The biological values of the protein imvtures in

the various foods are shown m table 46 1, p 792,

from which it is seen that the values are in de-

scending order as follows eggs, milk, meats, whole

wheat and potato, rolled oats, com, white flour

and beans The nutritional value of ordinary meat
vanes largely with the cut—a tough fibrous meat,

i c
,
one with a high proportion of collagen and

elastm has a low coefficient of digestibility and a

low biological value The biological value of eoine

samples of very fibrous beef, for instance, may be

bttle higher than that of white flour

The Supplementart Reiations Among
I^OTEINS

It does not necessarily follow that because a

certain protein la inadequate for grow th or even

for maintenance that it is worthless in nutrition

It 13 evident from what has been said in the pre-

ceding paragraphs that an incomplete protein can

be utilized if its shortcomings in one or more of

the essential ammo acids are made good by the

addition to tlie diet of some other protein, rich

m the elements which the first one lacked Zein,

for mstance, fed in any quantity, is inadequate for

either growth or maintenance Lactalbumin at a

level of Jess than 8 or 9 per cent is incapable of

promoting normal growth Yet normal growth

and nutrition are supported by a diet containing

13 5 per cent zem and 4 5 per cent lactalbumm
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(fig 462) The proportions of trjptophane and

cv'^tine and probabli also of lj’«ine are higher m
lactalbumm than in bodj prottm Therefore, the

excels of the«e amino acids m bctalbumin, in-

stead of being wasted, combinca with the ammo
acids of zein (which otherwise would be discarded)

to form tismc protein

Id a simitar manner the amino acida of geintin

are utilized if supplemented bj a protein nch in

tr>ptophane and cjsfine Even two ineomplete

proteins, if one contains an abundance of the

ammo acids which the other lacks supplement one
another So, the biological value of two proteins

given together may tie much greater than theeum
of their values when fed alone Proteins which lack

the same ammo acid (c g ,
casein and phaesolin

which are deficient in cvstine) cannot of course

supplement one another The supplementary rela

lions of proteins is evident in the chief natural

foods these all contain two or more proteins (see

table -16 4) For example, in milk the deficiency of

casein in cystine and mctbiomne is made good by
the rcltivcly high percentage of these ammo
acids in the other milk proteins Abo, though
gliadtn of wheat will not support growth, wheat
itself will The lysine poor ghadm is supplemented

by the other wheat protein, gluteom, which is

nch in lysine Maize contains, besides zein, the

supplementary protein glutelin These facte ob
viously, are of fundamental importance in die

tetics, especially m the economy of agricultural

feeding Cheaper foods can be fed aod good sutn
tion promoted if due consideration be given to the

supplementary relations of their contained pro

terns Oelatm nch m lysine improves the nutri

tional value of wheat and oats, both relatively

poor in tins ammo acid There is also a pronounced

supplementary relation between the proteins of

milk and those of oats and wheat
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47
THE METABOLISM OF THE PURINE

AND PYRIMIDINE BASES

One class of conjugated proteins—the ntuko-

protizns (p 771)—are compounds of simple basic

proteins prolamnts and Aistowes, nith nwc/«c

aad The protein is m saltlihc combination nith

the acid but appears to be present mcYcess When
a nueleoprotein is hydrolj zed the protein is split

off lea\ ing nucleic acid Cell nuclei contain nucleo*

protein in rolativcij high concentration, and it

was from pus cells obtained from used bandages

of surgical wards, and from the heads of salmon

sperm, that this conjugated protein was originally

isolated bj Jliescher

The nucleic acids arc composed of (a) phos-

phoric acid, (b) a pentode and (c) a nitrogenous

group—a purine or a pjTimulinc A mononucleo-

tide the fundamental unit of the complex nucleic

acid molecule may therefore bo represented thus

phosphcnc oetd—penfe«e—punne
or pjnmtdtM ba^c

The pento<e part of the mononucleotide may be

either 2-d-desoxynbose or d nbo'=e and the result-

ing compounds are referred to respectu ely ns des-

oxyribonucfeic acid CDNAJ and nbonucfeic acid

(RNA) Earlj mvestigations re\ealed that the

thymus gland is s rich source of DNA and it r\a3

thought that this nucleic acid was found only m
animal tissues whereas the RNA isolated from

} east was present only in plants However, this

bebef was erroneous for it has been amply dem
onstrated that DNA and RNA are normal con

stituents of both plant and animal cells

It was originally believed that each nucleic

acid molecule contained four bases which were

present m equimolecular amounts In view of this

Levene proposed that four mononucleotides each

containmg a different nitrogenous base, were

Imked together to form a tetranucleotide The
tetranucleotides were considered to be the sub-

units of long chain polymers that constitute the

nucleic acid molecules The tetranucleotide theory

had to be abandoned when more accurate tech

niques showed that the different bases contained

in a nucleic acid molecule were not nece^sanly

present in cquiinolecuhr amounts Tlie four pj-

rimidme bases commonly found in the nucleic

acids arc Cidosme which is present m both DNA
and RNA 5-methjl cjtosme and thymine which

appear to be found onlj mDNA and uracil nbich

IS found otil5 m RNA

NH, NH,
1A

N CH

1

N C-CH.

hoA Ah
V/

Hoi Ah
%n/

Cytosine 5 Meth>l c>tosinQ

on
1

OH
T

4\
N CII N C-CH,

iioA All hoA Ah
V/

Uracil Thymine

31tie puTioe ha^es adenine and guamae, are pres-

ent in both the DNA and RNA

OH

i N

NH,

Guanine

A-
/

Adenine

CH
\ /

\ C CH N C

h,nA I Ah hc C f<H

Estimations of the molecular weight of nucleic

acids bj various methods ha\e produced results

that varj over a wide range Values of 10 000

to 23 000 have been postulated for the molecular

weight of RNA whereas figures for DIsA he be

tween MOOOO and 3000000 Upon bjclrobsis

nucleic acid is «pht into its constituent nucleo-

tides The purme nucleotides are termed adenjhc

aetd and gvanyhe acid respecti\cly The further

action of hjdrolytic agents splits off phosphoric

799
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acid from the nucleotides The residue (sugar +
purine or p^Timidme) is then called a mtcleoxvie

Tlie ademnc-contaming nucleoside is known as

adenosine, the one containing guanine is called

guanosine

The Nccli- tc Acid DisTuiBuxtov i\ the Celia

The chief nucleic acid of animal cells la desoxy-

ribonucleic acid (DNA) smaller amounts of ribo-

nucleic acid (RNA) arc also present, largely in the

nucleolus DNA h found mainly m the chromo-

eoitics together with small amounts of R\A The
protein with which the nucleic acid is combinetl is

usually a histone, but is a protamine in sperm

cells The cytoplasm of the cells also contains

both nucleic acids but RNA predominates it ap-

pears from the ribonuclease test' that the RNA
IS contained mamlj in inclusion bodies (e g , mito*

chondria) within the c>’tophsm

Tliere is little doubt that nucleic acids are

clo«elj associated with the phjsiolog} of cells, and
especially of the chromatin material of the nucleus

duTing TcpTOfluctioD During the dilfercnt phases

of mitosis changes in conccnlmtion and distribu-

tion of the nucleic acids of the cells occur In the

metaphase the D\A of the chromatin increases

whereas the RNA of the cj^oplasm diminishes In

miosis (sperm cells) the concentration of DN A is

doubled during the first division but not in the

second an increase again occurs in the bter sper-

matid The nucleic acids are bcheied to play an

essential role in the multiplication of the genes

A number of pathogenic viruses have been shown

to be complex nucleoprotems Staphylococcus

bacteriophage also is most probably a nucico*

protein

The T,vd TnoDUcra or IhJaivB jrvn

PYnniiDiNE Metabolism

Nucleoprotein is «plit by the digestive enijTnes

into protein and nucleic acid Specific tissue en-

zymes known as desaxynbonuclease and ribonu-

(lease break the respective nucleic acid molecules

into smaller groups of nucleotides

—

oligonueleo-

tides and Iclranacleohdes Tliese cnzjTncs are pres-

ent in pancreas and other animal tissues, in yeast,

‘ This test depends upon the (act that basophilic

granules in the cjtoplasm are stained red by py
roninc fl basic dye, but fail to do so after incuua
tion with an aqueous solution of ribonuclease A
specific test (leultons) for DNA in cell nuclei

consists in treatuiR the tissue with HCT and then
immersing it in fuchsin sulfurous acid reagent
{‘'chill 8 reagent)

, m the presence of I>NA a purple
color appears Bj means of these two tests DSA
and UNA can be distinguished

and in certain bacteria (see streptodoma'e, ch

12) The further changes which the molecule un-

dergoes in the tissues are not clear, but nucleo-

tidases and nucleosidases which break off phos-

phoric acid and sugar groups respectively have
been described

Uric aho (first isolated bj Steelem 1776 from

urinary calculi) This urinary constituent is the

end product of punne metabolism in man (see

scheme below), higher apes, birds and reptiles*

Adentne is deamimted by a specific tissue en-

zyme, adenose to form hijpoxanihtne Ilypoxan-

ihine IS then oxidized by the enzyme, hypoxan-

Ihine oxidase toion/Aine which in turn is oxidized,

by means of xanthine orwiose, to uric acid The
other purine, puontne, is converted by the dcami

native action of g'uorwise to xanthine and by fur

thcr oxidation to une acid * In mammals other

than the primates, and m insects excepting the

thptera, from 80 to 98 per cent of the uric acid

IS oxidized further by an enzyme uncase, to allan-

fom and carbon dioxide * 'Thesemimaiswouldap
peat to possess an advantage over man, since

allanloin is some 250 times more soluble than is

unc acid The conv ersion of uric acid to allantoin

occurs m the liv er (dog) Mann and his associates

for example, have shown that after hepatectomy

uric acid accumulates m the blood, and when unc
acid IS injected, from 70 to 100 per cent can bo

recovered from the urine unchanged TIus is ni

marked contrast to the behavior of the normal

dog which excretes 9S to 100 per cent as allan

tom Extracts of dogs liver arc rich in uncase

In some classes of ureotelic animals (most fishes

and amphibia) furtlier degradation of unc acid

occurs, allantom being conv erted to allantoic acid

(catalyzed by allantoicasc) and then to urea In

* In birds and reptiles uric acid is the end prod
uct of protein metabolism ns well as of punne
metabolism Arginase is absent from the liver of
these forms According to Benedict from M to 70
per cent of the urinary nitrogen of tlie«e species
IS in the form of unc acid Thus the end product
of nitrogen metabolism differs according to the
animal class Those animals birds and reptiles in

which the mam end product is unc acid are called

vncotefic (Gk tetos, end) whereas mammals
which excrete nitrogen mainly as urea arc termed
ureotelic
•The production of une acid mav follow an

other course namely ,
conversion of the nuclecxide

adenosine or guanosinc by deamination to hy
poxanthosine or xantbosine, which is then split

into its pentose and punne groups hypoxanthine
or xanthine respectively (see plan on p SOI)

•The spotted coach dog (Dalmatian) oddly
enough is an exception like man and unlike other
esmne breeds it excretes unc acid

* Guanine is the end product of punne metabo
lism in the spider
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Diagram A
Nucleic acid

II

Adenine nucleotide
(ftdcinlic iietd)

Guanmc nucleotide
(BUin3 lif ftcul)

Ilvpotanthoaine Adenosine

Hypoxanthine

II

(man ape Dalmatian dog,
birds reptiles and
dipterous insects)

(mammals other than man,
ajies^ and Dalmatian do^^
nonaipterous insects
certain maggots)

Allantoic acid (some teleost fish)

Urea (most fishes, amphibia)

I
&

Ammonia and carbon dioxide (Crustacea)

Crustacea, the latter is finally broken down to

ammonia and carbon dioxide

The stages through which uric acid or allaatom

IS derived from nucleic acid are shown in the

scheme on page 805

Tlio chemical changes m\ohed in the conier-

Bion of guanine and adenine to uric acid or allan-

toin arc indicated m the formulae

lattle IS known concemmg the fate of the pj-

rinuclines in man In animals they arc for the most
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part eompletelj oxiducd, the nitrogen being ex-

creted mainlj as urea The urine contains pynmi-

dincs in insignificant quantities

The Stnthesis or Pubives iv the Body

There is no doubt that punne synthesis ocean
in the young mammal, for, iihen upon a diet com
prised exclusively of milk, which is almost purine

free, it excretes unc acid or allantoin, and at the

same time manufactures nucleic acid for the con

sttuction of cell nuclei That synthesis also octura

in the adult nas abonn by Benedict who kept a

Dalmatian dog under a purine free diet for nearly

a jear, during which time the animal excreted 100

grams of unc acid This had not apparently been

denved from bod> tissue since the animal mam
tamed a constant weight In more recent studies

with i«otopieally labelled nitrogen purine

synthesis has been proved conclusively, after the

administration of amino acids or ammonium salts

eontamiDg N" the isotope has been found in the

nucleic acids of the aniraat a tissues Glycine has

been demonstrated in tho same wa> to participate

in tho formation of the punne ring

Much of the recent success m delineating the

metabolic sequences through which simple com
pounds are incorporated into the more cem
plex purines and pyrimidines has been due to

the isolation by Kornberg and his associates of

5 ph08phonbos>lp}ropbosphate (PRPP) This

substance which is formed enzymicalty m body
tissues through the reaction of adenosine tnphos

phate (ATP) with nbose phosphate, plays a cen

tral role m the biosynthesis of the nucleotides

Simplified schemes depicting the metabolic steps

in the synthesis of some mononucleotides are pre

Bcntcd below

The PnoDucriov, Destructioy ajjd

^.-xCKmxTN w Mmt; XtTO

In man, unc acid is formed in part from purmes

taken in the food {exogenous tme and) andm part

from body purines {endogenous unc aetd) The

latter are derned from the breakdown of nuclear

material as well as from free mononucleotides

e g , adenylic, inoeinic and guanylic acids, found

in muscle and glandular stnictures Muscle and
more especially glandular tissues, c g ,

thymus,

Lver, kidney, pancreas, testes, etc
,
and legunu

nous vegetables are foods rich in purines

Unc acid is formed from ammonia m the bver

of the bird but little is known of the intermediate

stages of the synthesis As already mentioned

(footnote, p 800) unc acid is the end product of

both protem and punne metabolism in birds and

most reptiles, when ammonium salts contaming

N** ate fed to birds, uric acid labelled with the

isotope IS excreted According to Krebs and his

associates hypoxanthine is first produced Just

asm the dog no urea is formed after hepatectomy

,

so in birds no unc acid is produced after removal

of the liver, ammonia accumulates m the blood

The site of unc acid production in man is un-

known, but the liver, according to Jones, is the

only tissue which contams xanthine oxidase,

which suggests that unc acid production is, in

part at least, a function of the human Iner The
results of the m\estig3tioDS of Folin and associ-

ates indicate that from 80 to 70 per cent of the

unc acid produced by the human subject is de-

stroyed, the Tomainder appearing in tho urine

The liver is probably the site of unc acid destruc-

tion* m maa We have already seen that unc acid

accumulates in the blood of the hepatectomized

dog, which indicates that unc acid production oc

eurs iQ extrahcpatic tissues and that the unc acid

alkmtoin conversion is a function of the L\er

Little information is available concerning the

process whereby unc acid is destroyed in the hu-

man body, its end products are unknown aJIan

tom 13 not one of them howeier, since human
urine contains insignificant amounts of this sub-

stance, and what little a present a simply that

taken preformed in the food Uric acid a excreted

in the urine as the urates of sodium, potassium

II OP.Oi
DtaQram B

II,N’ H

''c/

n,C—NH,

Ti—c—nii »... • H—A—OH m-M*

n—i—OH ?
*

H i 1

1
0 - >

II-C—OH
1

H i 1

II—A—Oil

H—A—on
AiilPo* AhiPO» u-A

Aii.po,

a 6 phosphonbosyl
pyro^hM^hate

Ribosamine
phosphate

Glycmamide
ribotide
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II

I

n,c-x-c-ii
I II

0=C—N O HV
ii-i—

amide nbotide

COOH

ill.

i-H

-i-H

0

/ ..

J>iaffram S~cont
COOH

n-i-oii
I

'

NK,* + COi + ATr

Ht
<

B-J

H-J

Ub
I

B ^

JilB.PO.

S aminoiinidazole-4 (N suecino)
catboxamide ribotide

/
N
}h

3-OH
I

H-C-OTI

inj

Funxntte
+ lt«0

IIN^ ^C—M,

lli h-
"Scii

\

H-i-OB I

B-i-OH
I

B-i 1

in.po.

Hypoxanthine 5 phosphate

H-i 1

CH.POi
Guanosine 5 phosphate

(Guanylic acid)

Fumamte Aspartate

NH»

Adenosine 5' phosphate
(Adenylic acid)

Punoe synthesis
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Diagram C

coon
coon 0 1

! !l NH, CH.
nrr. x Tr.v_n npn. i i

A
HN CH

, 1 11
FRPP

II.N-in-COOH
0=C—N-COOH

i A

-HO 0=c c—COOH
\n/

1

H

- CO,’

Aspartic acid Carbamyl
phosphate

Carbamyl i/-aapartate Orotic acid

0 NH, NH,
1

/K
HN CH

I 11

Nn, N CH
1 II

1

/S
N CH-.11! ?

0=C CH

H

ATP
'

0=C CH

'V
0“C CHX H

Fornule

9
1

C 1

ii_i_on
1 H—C OH

1

1

CH, 1

H—i-OH ?II-i-OH S

)
1 0

n-c-OH T

H—i I n }' \ « A 1

iiiiPo, in,—p,o„ AhiOH
Undine 5' phosphate Cytidine S' triphosphate 2 Deoxycytidine

A
C-CHi

o-i 4h

ii-i-

n-i.

1

in,
I ... 0

A
HN C-CII,

- Nil.* o-i AhX n

in,

H-i-

in,0H
2' deoxy 5 mcthylcytidine

PyriDiidioe synthesis

and ammonium, and in the free state After urine

has been ^Oldcd a crj’stallinc deposit of urates

and free unc acid appears The average daily out-

put of uric acid, on an ordinary diet, is from 05
to 1 gram Of this the endogenous unc acid

amounts to from 0 3 to 0 4 gram Muscular tis-

sue most probably furmshes the precursors of

endogenous uric acid, exercise causing a nac id the

uric acid of the blood, and increased excretion m
the urine

Protem (purine-froe, e g ,
milk, eggs) and car-

bohydrate foods accelerate the excretion of unc

acid, and lower its le\el in the blood* Food fat

has the revere effect—reduced excretion and a

raised level in the blood

Small quantities (15 to 45 mg daily) of purines

are excreted in the urine These include adenine

(but Dot guanine), hypoxanthme and xanthine as

well as the methyl punnes contained in beverages

* The possibility has been suggested in the past

that a proportion of the unc acid formed in the
humau nooy is derived as the great part of it is in

birds, from the catabolism of protein There is no
reason to believe, however that a conversion of

this nature occurs to any significant extent
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/diagram D

(DN=

u-i®
1!

=c-Nn,

II \

HN—C=0

hA A—NH
(I II

\
CH

X-
II ^
Q ^2^ jf

®
adenine

(d'ammopuriae)
hypoxantbine
(6 oxi panne)

bypoiMtbioe oxidsie

II—N~C=>0

H,N-A i-N-H

N-O-N

HN—C=0

-0=i i—NH
fuft&aw I II

HN'-c—
guantne

(2 ammo 6 oxjpunne)
xanthine

(2 6 diox^-punne)

xaBtbtsr|QsidAM

HN-C—

0

o-i i-XH

I II

hn-c-nh
unc Ofid

(2 6 8 tnoxiTunne)

Ln«»*e

NH, NH, H,N

A**o
1

COOH
1

A—

0

1
•UaalBUiaM

0-A C=-0«NH
1 1

\
H--N C -N—

H

(

\H-CH \HH
alfantotc octd atlanloxn

jallatitoicua

NH, COOH
I I

C“0 -f- C-«0
I I

NH, H
vrea glyozyUe

acid

NH, + CO,

The latter are caffem (1-3 7 tn methyl xaothine)

of coUee, IheophpJhne (1 3 di metb>] xanthine) of

tea and theobromine (3 7 di methyl xanthine) of

cocoa The methyl purines undergo partial de

meth> lation in the body and are excreted as mono
and dimethy ) punnes It appears that theobromine

IS excreted entirely in this form and is not con

verted to uric acid Caffeine and theophylline on

the other hand are converted m considerable

amounts to uric acid and excreted as such This Is

an important point to bear in mind when consider

mg dietary restrictions for gouty subjects

Gout

Gout IS a disease which predommantlj afflicts

the human male Its incidence is \ery low m
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women and it is not known to occur m other ani-

mal species The acute attack gencrallj starts

suddenlj (o\ ernight) and is characterized by the

development of inflamed swollen joints that are

excruciatvnglj painful The joint of the big toe is

often afTecled flrst although any one may become

involved Goutj arthritis is frcqucntli precipi-

tated m people prcdispo'^ to this disease by
traumas such as local or general infections and

ma> follow ovcrmdulgcnce m rich foods or alco-

hol Tlie acute stage lasts from about one to six

weeks and eventuallj subsides spontaneously

The uric acid content of normal blood averages

about 3 mg per 100 cc In gouty individuals the

blood uric acid concentration is elev ated and may
reach lev els 10 to 20 limes the normal value The
hjpcruricemia of gout is usually accompanied by
the prc‘s;nce of deposits of uric acid m the carli

bginous tissue about the joints of the great toe

and fingers and m the helix of the car and tarsal

plates of the cicbds These deposits, which in

some areas maj reach the size of golfballs, arc

called tophx and are completely painless

The cau*^ of unc acid deposition in the tissues

IS obscure It IS not a result of the blood becom

mg saturated with this metabolite for although

the uric acid concentration may be greatl> elc

vated the limit of its solubilitj in blood is never

reached In other conditions associated with h>-

pcruncemia (such as nephritis and leukemia)

tophi do not usually occur It has been suggested

that local changes which increase the affmitj of

cartiLagmous tissues for uric acid are responsible

for the growth of the tophus

Reports m the early literature indicated that

the hj-pcruricemia of gout w as the result of a renal

defect m the excretion of uric acid However, in

numerous recent investigations, where more re-

fined methods have been use<l to assess kidney

function, no evidence has been obtained of any

abnormality m urate excretion in victims of gout

The result of investigation carried out bj Stetten

and colleagues and by tVyngaarden leave little

doubt tint the merproduclton of unc acid is

largely responsible for the high concentration of

this metabolite in the blood These workers have

consistently found that people afflicted with gout

mcorporatc two to five times as much glycinc-l-

C* into uric acid as do nonnal individuals

Tlic fsetors responsible for the production of

acute inflammation in gout arc unknown The
following observations serve as convinang evi-

dence that the high blood lev el of unc acid ts not

directly responsible for the attack of gouty ar-

tlintis (a) Although a diminished excretio

blood uric acid may’ precede an attack there i

be no nse in the blood unc acid at this time

Substances such as cortisone and benemid wl

increase the excretion of unc aeid fail to reh

an acute attack (c) The administration of i

acid orally, intravenously or subcutaneou

around the jouits, to goutv individuals dun
periods when the disease is quiescent, fails to p
cipitate an attack (d) Hyperuricemia may
present in a number of other diseases (leukemi

polycythemia, nephritis) with no signs of gout

Although tlie production of unc acid is great

accelerated in gout the substance itself does n<

produce acute inflammation This strongly sUj

gests that a precursor of unc acid is the offendin

agent

Other conditions asgoaated with a high \eiel o

Wood tine c«d arc {a) Leukemia and polyeyOiemxa

The elevation of the blood unc acid in these con

ditions IS not associated with syTnptoms of gout,

tlie high level of blood uric acid is evidently due to

increased production and not to failure in excre-

tion In leukemia, for example, the amount passed

daily in the urine may be as much as 12 grams

The increased unc acid production in this condi

tion 13 probably due to the disintegration of body
tbsuc generally rather than, as has been supposed,

to the destruction of wlute cells (b) Pneumonia

(c) Nephnhs In renal failure the unc acid is one

of the first of the nitrogenous substances of the

blood to show a rise (d) Lead potsornng (e)

Toxemuu of pregnancy (f) In certain other con-

ditions associated w ith a high nonprotein nitrogen

ol the blood
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CARBOHYDRATE METABOLISM

Without doubt the carbohjdrate euhstance

most important m roptabolism ls glucose AU or

gani'ms seem to be able to utilize gluco<5e Glu
cose sometimes called dcxtro'c becaiKc itB eoIu

tion rotates the plane of jwlanzed light in a

dextro-rotatorj direction and often written d glu

cose dissoKes in ^aler to gne an cquihbnum
mixture of a and 0 glucose approximately ttvo-

thuxls of the glucose being of the a form The
formulae of these two isomers are written

II—C—OH
I

H—C—OH
I 0

HO—C—II I

I

H—C—OH

I

cu,on

a Glucose

UIb - +110*

0 GIucwc

lali, = +175'

I

CHjOll

(Equilibrium mixture)

[aL = +5-’ 5'

It will be noted that a cjelic structure has been

ncconled the glucose molecule * In this ca«e the

Ting IS composed of fixe nrlxm atoms and one

•To account for tie charnctenatic reducing
properties of gl ico’e it is presumed that in «olii

Isow there exists a verj small amovint ot the open
chan aldchjdic form in equilibrium with the
cjclic forms

oxjeenatom sometimes referred to as an am> lene

oxidtc fing a and 0 isomers of gluco'c maj also

possess a rmg composed of four carbon atoms and

one oxjgCR atom This is the so-called 7-5100066

Such a ring is a butj lene oxidic ring These forms

of glucose are xerj rcactiie that is unstable

They hate not been isolated It may be pomted

out as an example of their reactivity that they

reduce Fchling s solution in the cold Because of

this inari.ed reactivity it has been postulated that

such compounds mu«t be the first intermediaries

in glucose metabolism But there is no conclu iv e

evidence for such a change and all theories of

glucose metabolism mv oh mg the formation of a

reactive form of gIuco«c hav e x cry little factual

basis Glycogen or animal starch is a polysac

chande composed of glucose units and «o is WTit-

ten (CJIioOih [according to Haworth x - 12

In liver glycogen formed from gxLxctose x may
equal IS (Bell)] Glycogen is widely distributed

in the animal body but the bulk occurs m the

muscles ami the liver Glycogen may be isolated

from tissue by hot water extraction or more read

ilv and completely by hot alkah It is worthy

of note that whereas polysaccharides are very

stable IQ alkaline solution monosacthanclcs (glu

cosc fructose galactose « tc ) are unstable The
reverse bchav lor l exlubited m acid solution Tlic

gheogens as Con has shown arc a series of

branched polysacchan Ics differing mainly in the

degree of branching and the length of the so-called

inner and outer chains Step-w ise degntlation by

the action of phosphoryla=c and amylo-1 C-glu

to*idase and synthesis by pho«phorv 1 1 c and the

branching cnzyTrie of liver and muscle has re-

vealed the structure

Glucose occurs in the bodv m coml mation w ith

otlier substances such as salts of glucose phos-

phoric acids and m ll c lactatnig animal in com-

bination with galactose as lactose Tl e latter

sugar (glucose 0 gaIacto«idc) may be obtained in

two distract crystalbne forms referred to os

a and 0 lactose respectiveh
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The Blight difference in chemical configuration

belvTOcn glucose and jjaheto'-e should be noted

Carbohjdratca occur aa 'ulistiluent groupings ui

certain proteins Such proteins nu> be extracted

from tissues p ij ing duo regard to their solubditj

properties From such extneted proteins there

haxe been isolated gluco'-e (from gljeoprotcins)

glucosamine mannose (from certain blood pro-

tema) and xarious ponto®ea, that is 5 carbon

sugars possessing the general formula (CiHi«0$)

in nucleic acid nhich is combined nith certain

proteins to gii e the so-called nuclcoprotcms (eh

47) It maj be pointed out that pentoses also

occur in combined form as nucleotides, and tliat

yery nrely cases of human pentosuria areencoim

tcred

Carbohj drates also occur Imked w ith fattj sub-

stances Tlius the cerebrosides contam williin

their molecule galactose units The galactose »
present m the normal or amjlenc oxidic nng
form Cerebrosides may be extracted with th^

usual fat Bolv ents The galactose may be split oft

from such extracted substances by acid hydroly

SIS Glucose may also be present in cerebrosides

(P 843)

Alethods of estimation

Glucose The simple sugars have four properties

^hich permit their identification and estimation

(1) their abilit> to reduce the salts of heav\ metals

in alkaline solution (2) their optical actmtr, (3)

fermentation bj yeast and b> various microor

gonisms (4) oxidation by specific enaymes (glu

cose oxidase) The methods depending <hi the

reduction ol the salts of heavy metals have been of

great raius tn /I'iyiyoJrigjnaJ work hut smee other

r'

conipountU present in the hodi also possess this

propertv il IS ncccss ir\ to prove that the reduction

IS due to i,lucose This is accomplished by utiliz

mg the third or fourth properly monlioneJ above,

1 e b\ fermenting the glucose Mith yeast or with

certain microurgiinisms or oxidizing with aspecilic

enzyme such ns that derived from Pentcilhim

notalum The optical activity of the carbohx

drates is an invaluable properli when they are

present m solutions uncontammated by various

other optically active substances which are pres

ent in physiological fluids

G/yco^cn Glycogen IS very resistant to alkaline

hydroloysis but as Claude Bernard discovered

reachly yields reducing sugar on ncid hydrolysis

Pfltigcr boilcil glycogen for several weeks in strong

alkali without destroyiA? it Advantage js taken

of this property to free glvcogen of contaminating

substances After alk dine Indrolysjs of the ti«sue

tbe gUeogen is precipitated from solution by al

coho) Tins material is then broken down by acid

hydroUsis to glucose which is stable in acid sniu

lion The sugar is then estimated as desenbed

above am) (he amount of g)v cogen calculated from

the result The histochemists using the most ef

fcclivc vital staining procedures will probabK
soon )h! aide to tell us the approximate amount of

parliculotc gly cogen id the living cell and perhaps

also of the soluble form which is of course one

step ne ircr the metabolic pathway

Lai he eu id In muscle gly cogen is broken dow n

to lactic acid during muscular exercise and in the

recovers from excrci«c part of it is resynthesized

to gh cogen The lactic acid is estimated by oxida

tion to acetaldehyde and the latter is determined

by distilling It into sodium bisulphite wath which

It forms a double compound Ilesidual unbound
bisulphite is titrated with iodine

APrRoMiiATE Disthibction or CAnBOHYnnaTES

Lxrer Uutett Bhai
tir coil ptr ftiil fer ctnl

Glucose 0 OG-0 15 0 02-0 04 0 OS-0 11

Glycogen 0 2 10 0 0 2-1 8 trace

Lactic acid 0 01 0 01 0 01

Human luer ih about 3 per cent, muscle 50 per

cent and blood 7 per cent of body weight (Brody

and Kiblcr) Glucose and lactic acid are found in

the other soft tissues and «ome of these contain

small amounts of gly cogen The gly cogen content

of kidney and of heart muscle has been exten

«i\ely studied under aarious physiological and

pithologicai conditions

Absorption of Sugar

The monosacclundes formed durmg digestion

are rapidly absorbed from the small mte«tine In

tbe rat,, galactose disappears from the mtcstine
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mo^t rapidlj
,
glucose a little more slowly and

fnictose much more so There is, therefore, &
selectne action of the mtestinal cells m the ab-

sorption of sugars (Con) idence is accumulat-

ing that the absorption of sugar maj proceed

agamst a concentration gradient, i e > when the

concentration is lower m the lumen of the small

intestine than m the blood There is an increase

in the amount of csterified phosphate in the in

testinal muco'a during the absorption of both
gluco'sc and fructose but this phosphorylation

maj be related to metabolism rather than to ab-

sorption It has, however, been suggested by
Lund^gaard that the relatively high le\el ol es-

terified phosphate m the mtcstmal mucosa durmg
the absorption of fructose may be due to slow

dephosphorjlation and thus account for the well

Lnown delay in the rate of absorption of this

sugar

The slow absorption of glucose from the small

intestine after hypophj'sectomj or adrenalectomy

maj bo a part of the picture of inanition rather

than a result of the loss of a specific adrenal phos-

phor} Utmg factor, as has been suggested The
fact that the administration of sodium salts

stores the rate of glucose absorption m adrenaicc-

tomized animals (Deuel) is m fa%or of the non
specific effect

Glucose IS not absorbed in appreciable amounts

from the stomach until high concentrations are

reached, and onlj slowly from the large bowel

Tlic Fate of Ingested or Injected Glucose

There is good c> idcnce that no other mono-
saccharide is as effectu e in the livcrless animal as

glucose This finding suggests, and there is uidced

good evidence, that the other monosaccharides

are normallj changed to glucose in the liver

Fructose is a better glj cogen former than glucose

but galactose is much inferior in this respect

^^’hen glucose is absorbed or is mjcctcd some of

It can be accounted for bj the increase in liver

Llv cocen. some is converted to muscle glycogen

Tlie concentration of glucose in the soft tissues

is tcmporanlj raised Tlic u^c of isotopes has re-

V ealed a rapid anil extensiv e com ersion of glucose

to fat (Stetten) and a more delijxd increase ui

oxidation (Wick and Drurj) Various intcrme-

duitcs in gluco«c metabolism may be converted

to ammo acids bj transamination reactions and
the ammo acids subsequent!} converted into pro

tein (p 777) The«e processes but not tlic precise

time rcbtionehips have been well established

TTie Formation of Glucose in the Body

Glucose 13 apparently formed m large amounts

onlj m the liver When this organ is removed

(Mann and Magath) hypoglycemia soon appears

and sugar must be provided if the animal is to

survive more than a few hours Sugar is made
from protem in the hver and evidence obtained

on phlondzinizcd ammals mdicates that some of

theammo acids glj cine, alanme, cj’stme, a«partic

and glutamic acids may jield gluco«e m the theo

retical amounts (Lusk) It is w ell established that

plants form sugar from fat There are a certain

number of reports of respuatorj quotients below

07 which disturb tho«e who believe in the uni

tarian ‘significance of the quotient, but this ratio

should not be used as a weapon against it«elf It

has been established that an appreciable amount
of sugar IS formed m the kidnej (Bergman and

Drury, Remecke), but this appears to be a small

fraction of that supplied by the liver

The Comrwn Metabolic Path

The recent discov ery of the nature of the active

“2-caTbon fragment which has long been postu

bfed 03 being an imporlant intermediate m the

metabolism of fatty acids, mdicates pathways bj

which the conversion of carbohydrate to fat (or

the reverse change) occurs The labile aeetjl

groups found in acetjl-coenrjTne A which arise

in the oxidation of pj ruv ate or from the oxidation

of fatty acids, appear to be identical It is not

surprising therefore in view of this common
pathway in the metabolism of carbohjdrate and

fat to note that the old controversj as to whether

or not conversion of fatty acid into glycogen can

occur has been settled in the afiirmative by the

use of isotopes The small amount of isotopes in-

corporated into glycogen agree, howev er, with the

view that fat is not quantitatively an important

precursor of glycogen or glucose Smee certain

ammo acidsform sugar, it is beconungincreasmgly

clear that the various metabohe materials share

a common pathway and that acetyl-coenzyme A
provides a link which joins them («ec Fat Metab-

olism)

Formation and Breakdown of Glycogen and
tlie Oxidation of Sugar

Great advances in our knowledge of the most

fundamental aspects of carbohy drate metabolism

have been made m recent y care Most of the steps
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in tlip fonmtion and bn akdott n of glj pogrn and

the o^idition of •sugar Invo l»cen rc\eakd bj tho

work of Harden, Younp, LmbfJen, Mejerhof,

Warburg, Con, Lolimann, Peters and numerous

otlier in\c«tJgators Man^ of tlic indntdualfitc]^

arc not ob^ser\ ed in the intact cell since the uiter-

medute products which Jme been identified i»

ntro tlo not accumulate There are, for example,

at lea'st twelve cnzjmatic reactions involved in

the anaerobic convirsions of gljcogcn to kictic

acid Pncticalli all of these liave been sliown to

be reversible but since the final product of one

reaction IS immediately removed bv the following

st<p the process proceeds in one direction The
phosphorylation of glycogen and of glucov has

been prov ed to be the introduction to a long senes

of changes by which thcKs products arc trans-

formed through various phospliate esters to py-

ruvic or lactic acid Glycogen after phosphoryla-

tion breaks down to glucose-l-phosplutc This

(Con ester) is converted to gluco'ie-t>-pho<phate

which is abo the first step m the oxidation of glu-

cose

The w ork of Con and Con in vv Inch the enzyme
pho^phorjlase, which catalyzes the reversible re-

action glycogen (or starch) + inorganic phos-

phate St glucose 1-phospliatc, was isolited and
purified, 15 of great mtercst This enzyme is

widely distributed in animal tissues ami is re-

sponsible for the first stage m the breakdown of

glycogen It also affects the synthesis of a poly-

saccharide indistmguishable from glycogen Some
glycogen must be present to “prune” this latter

reaction and adenylic acid is an essential con-

stituent of the mixture for activity m either direc-

tion It IS now well established tlmt this transfer

of phosphate groups is of paramount importance

in the mechanism by which cells derive encigy

from the breakdown of food materials Muscle

glycogen breaks down to COj and H*0 under

physiological conditions The steps from glycogen

to pyruv 1C acid can occur anaerobically but from

pyruvic acid on, an adequate oxygen supply is

necessary WTien there is a relative lack of oxygen

lactic acid is formed Pyruvic and lactic acids are

interconvertible m the body This lactic acidmay
diffuse out into the blood stream It may be used

directly by other peripheral tissues or may be

converted to glycogen in the Uver

This part of the cy cle is apparently not brought

mto play under ordinary circumstances but may
be involved in muscular exercise or under condi

tions of anoxia

-*B]ood Glucose—

I iver Glycogen

L
Muscle Glycogen

Blood Laciic Acid«~

The Con Cycle

Clycogcn-containing ti««ues, with the exception

of the hver, exhibit the same pattern of break-

don n of this poly saccharide as has been described

in muscle In the hv er, glycogen does not normally

break down to CO* and HjO or to lactic acid but

to dextrose This w probably due to the fact that

the III er contains a v cry active pho«phatasc w Inch

conv wls the glucose-l-phospliatc and the glucose-

C-pho<fph3te to gluco«c and thus removes three

esters from the medium
Under certain conditions in iitro, gly ceric alde-

by de phoephate and dihytlroxyacctone phosphate

can be isolated from the breakdown products of

muscle glycogen In the dnbctic clog there sub-

stances, and nLo pyTUvic acid, form extra

«ugnr,” but so docs metliyl glyoxal which is not

s part of the accepted schemes

Tile negiilalion of Blood Sugar

The blood sugar lev el reprerents the resultant

of oxidation storage and excretion on the one

hind and formation and absorption on the other

This may be reprerented graphically (fig 48 1)

The relative constancy of the blood sugar

which IS on equilibrium mixture of a and P-glu

core m the normal fasting anunal is made more

remarkable by the fact that the production, stor-

age, and utilization of sugar are affected by a

great number of chemical and nervous factors

WTien sugar is not being absorbed from the

intestinal tract it must be made in the liver or

kidney from non-carbohydrate sources or bber-

ated by the breakdown of glycogen The liver

glycogen is the emergency supply which is avail

able while the process of gluconeogenesis is gath

enng speed In the a\ erage man approximately

100 grams of glycogen are present ra the liver

and this would only supply the demands for sugar

for some five hours if the g!uconeogene«is were to

cease The rate of glycogen breakdown is affected

by adreauhne which is bberated m emergencies

(see also glucagon) and the rate of gluconeogenesis

by the interna! secretions of the anterior pituitary

gland, the adrenal cortex, the thyxoid and the

pancreas, as will be discussed later An important

part of this homeostatic mechanism for the regu-

lation of blood sugar appears to be the lev el of



312 XUTRITION AND METABOLISM Section VI

C/ucose e^cmec/^

Arceyj/

aso

a/6

O/^

ac&
acu
ooo

/?»77 /iver g/ycogen

/ • /vasc/e AxAc cc/d
^6/ucose//c^ fiver “ oAsoribedcanbcAydrcik

>= /Siiyaiyr^Mo'

/A»7xi/r*»^

',5/oraff^a3ff/ycogef7/fT//rs^/ni/sc/ss

'OA/£/a//o/7A>CGg aric/A^aL^'
r\Ab/fyrmaAon

Fio 48 I

blood sugar itself (So“kin and Levine) Under ex- Iralion of dextrose decreases the rate of output of

pcrimental conditions la which variation in tlie sugar by the liver In the mtact animal the pan-

rate of secretion of insulin la impossible, i e , m creatic mechanism is also involved The insulin

the dcpancreatiied dog given insulin at a constant content of the blood may determine at what level

rate, indirect e\ idence indicates that the adminiv of blood sugar gluconeogenesis in the In er will be

Glycogen

±IIiP04
1[
(rhosphorylase)

(Hexokmase + ATP)

(Phosphatase Liver)

Glucose 1 phosphate

j|

(Phospboglucomutsse)

Glutose-^pbosphate

Hcxose-l ft-di phosphate

Tnose phosphate

PhosphopyruTic Acid

I
vift Tricarboxylic

j

Acid System

Ihi (Cytochrome 8>atem Molecular

I
and Coenaymes) Oxygen

CO, + II.0

(Other intermediate steps in this process shown in cb 51)
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inhibited In the absence of insuUn onlj extremely

high levels of blood sugar exert a protem-spanng

action

IIj"pergljcemia

An increase in the blood sugar beyond the

normal range constitutes a hj'pcrglyccmia This

ma> be a protoctiae phenomenon I^^th the ex-

ception of insulin a rise in blood sugar provides

the greatest single stimulus for the formation of

glycogen and the utilization of glucose

Prolonged h> pergl> cemia may be present when
cither or both of the followmg processes are oper-

atmg (1) dimimshed utilization of glucose, (2)

overproduction and discharge of sugar from the

liver Disturbances in endocrine function arc the

mam causes and the mechanism of these changes

V. ill be discu'^ed later

Transient hj-perglycemia raaj be due to cither

phj'siological or pathological processes Alimen-

tary hypei^lj cenua is a phisiolog:ical process and

its height depends on the amount and nature of

the carbohjdratc in the meal Adrenaline h>TXrr-

gbceniia is a part of the phj'siological response

to an eraergenej Nerve impulses acting on the

liver, changes in hjdrogeo ion concentration of

liver cells due to asphyxia or other causes, may
produce a transient nsc m blood sugar Toxic

products of infection acting on the liver to in-

crease gluconeogeoesis or on tissues in general to

dimmish utilization of sugar may produce a hy-

perglycemia of short or long duration The role

of glucagon will be discussed later

Glucosurui

The occurrence of glucose m the unne is the

result of hypcrglj cemia except when the renal

threshold to glucose is lowered (phloridzin dia-

betes m ammals, renal diabetes m man) ITie

following list of the methods of causmg expen-

mental glucosuna is slightly modified from Ingle

1 Pancreatic (msulm) in'rafficiency

Pancreatectomy—Von Rfering and Min-

kowski

Alloxan—Dunn, Sheehan and McLetchie

Subtotal pancreatectomy and hi^ caloric

mtake—^AUen

Withdrawal of insulin following its pro-

longed mjection m the foice-fed normal

rat—Ingle and associates

2 Hormonal
Crude anterior pituitarj' extract or puri-

fied growth hormone—Houssay and

Biasotti, Evans, Young, Campbell,

Ander»on

Adrenal C-ll-oxjgenatcd steroids—Long,

Katzin and P!iy, Ingle

Estrogens—Dolm, Joseph and Gaunt,

Ingle

Thyroid—Iloussaj

Glucagon—Cavallero, Ingle, Salter, Da-
vidson and Best

3 Dietary

Starvation and subsequent feedmg—Leh-

mann
Ov-erfeeding—Hofmcister

Sudden shift froin high fat to lugh carbo-

hj (Irate diet

4 Glscogenoljsis

Piqfire—Bernard

Emotion—Cannon, Sbohl and Wright

Epmephrme, drugs, toxms, trauma

Glucagon—transient hj^vergli cenua partly

by glj cogcnolj-sis and partly by glu

coneogenes IS

fi Henal

Phlondzm—Von Mermg

Pancreatic Diabetes

Rmoial of the Pancreas

When the pancreas is complctelj remov ed from

a dog or cat, a characteristic syndrome rapidly

develops (Mermg and Rfmkowxki, lfi89) When a

diet including the known essentials is provided,

the ammab may live indefinitely if adequate

amounts of msulm are administered The ammab
recover rapidly from the operation and appear

oorznaf, bat the diabetic state qmeWy serperv enes

when insulin is discontmued The sugar content

of the blood begins to rise vnthm a very short

tune, depending on the size of the last dose of

insulin, and mcreases from the normal level of

008 to Oil per cent to 0 20 to 040 or higher

within 24 hours The urme gives a positive Bene-

dict's qualitative test for sugar when the blood

sugar rises above approximately 0 18 per cent

This point, the so-called renal threshold, is the

level of blood sugar above which large amounts

of sugar are excreted m the urine In some ani-

mab the ‘ threshold” rises vv hen the diabetic state

IS aUoned to persist (There is some glucose in

normal urine and small amounts of other sugars )

The excretion of nitrogen is increased and this

may be taken to mdicate protein breakdown or

dcCTcased protem formation The ratio of glucose

to mtrogen excreted m phlondzm poisonmg is
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36 1 but this ratio is not ob«<r\e<l in depan-

creatized (loRs and indeed that obtained is so

lariable tliat little significance can !» sttadied

to it The ratio is Ion in animals on a high protein

diet and there is evidence that the additioD of fat

may incrca'c it somevdiat It is established that

glj cerol mav be com erted to sugar In the fasting

diabetic the blood sugar and sugar excretion are

maintained at high lei els The sugar is apparently

formed from bodi protein m the liver since the

blood sugar of the diabetic falls rapidlj after

hepatcctomy The ammo acid contents of the

blood and urine arc increased The loss of protein

contributes to the decrease m bodj weight

The dL'turbed metabolism of fat in the depan-

creatized animal w indicated by the accumulation

of t!ic ketone bodies in the blood and by the ca

crction of excessive amounts m the urme The
ketosis in a fat dog is greater than m a lean but

this species is characterized by its efficiency in

mcUtwlizmg fats, without ketosis The loss of

body fat 13 rapid but the ketosis may be so severe,

cvm in this species, that the animal dies in coma
before the fat reserves arc depleted

^ Hydroxy -butyTic and aeetoacetic acids and

others deriv ed from tissue breakdown appropriate

base and thus when the available reserve of base

IS dcplctwl may produce an acidosis In acidosis

the respiratory center is stimulated and "air

liunger * and coma are produced The mechanism

of coma production in diabetes is not completely

knoivu ^me observers believe tliat acetoacetic

acul w particularly toxic This acid is oxidized in

the bladder and lungs to form acetone which is

excreted in the urine and expired air

Tlio neutral fat content of the blood mcreoses,

due probably to the increased rate of mobilization

of dep6t fat, and there is also a rise in chohr’terol

enters and the phospholipid

\\*hile there B proof that the depancreatized

dog can still bum sugar—all the criteria of sugar

combustion in the normal have been satisfied—il

IS not permissible to conclude that there is no
intirfcrence with this process The rapid sugar

utilization in the hepateclomiicd diabetic animal

and the production of a diabetic condition by the

administration ol corti-ono, which apparently

acts m part, by stimulating the liver to produce

more ghiixw, tend however, to emphasize over-

production rather than underutilization On the

other hand the anterior pituitary and the adrenal

cortex contain substanew which inhibit the utih

2 itionnfgluco=c The evidence non mdicatcsthat

both overproduction of sugar from proton and

diminished utilization play a part in the creation

of the diabetic state Calculations of these rates

o! production and utilization of glucose based on

the rate of disappearance of ingested C'*-gIuco«e

m diabetic animals hav e indicated that underutili-

xatvon B a more prominent feature tlian over-

production (Wemhouse, de Bodo, Wrenahall)

The respiratory quotient of the depancreatued

animal not receiv mg msulin assumes the low lev el

069 to 0 73 and is not usually raised when sugar is

given Under certain conditions, in ammals which

have received a high protein diet and insulin for a

tune the quotient may be higher (Soskm) The
characteristic low quotient may indicate combus-

tion of fat but if any process such as com ersion

of fat to sugar which gives a very low quotient

should be taking place the ratio might indicate

the resultant beta cen sugar combustion fat com-

bustion and the conversion In brief, since more

than one interpretation of a quotient is possible

great caution must bo observed in drawing con-

clusions vrith regard to its significance IMien the

hver IS removed from a depancroatized dog the

quotient rises, mdicatmg either that relatively

more sugar is bemg burned or that conversions

givmg a low quotient are taking place to a smaller

extent

The glycogen content of the muscles of a de-

pancreatizcd animal may be reduced below the

normal level but appreciable amounts remain

There is no diminution of heart muscle glycogen

and indeed convincing evidence of an increase has

been obtained Liver glycogen falls to very low

levels A slight increase m both muscle and liver

glycogen can lie produced by giving large amounts

of sugar vv ithout exogenous insulin This might be

due to small amounts of residual insulin which

would now appear to persist under certain con-

ditions for rather long periods

Whereas the glucose utilization of the normal

heart is low that of the diabetic animal is even

less when the blood sugar concentrations are the

same Lactate, however, is used almost as well by

the diabetic as by the normal heart (Lovatt

Evans) These findings eliminate tlve necessity of

supposing that the diabetic heart depends for its

eiicigy entirdy on protein and fat The rate of

usage of glucose but not of lactate by the diabetic

lieart is increased when m«ulin is supplied

Tlie excrelion of phosphorus is increa^ied m the

(lepancreatized animal The administration of

eugar or adrenaline does not caase the prompt fall

in the inorganic phosphate of the blood which is

observed m normal animals These 8ub®tance«,
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therefore produce their effects by raising blood

sugar which in turn calls forth insulin Adrenaltne

and insuha thus affect blood inorganic pho^ihate

similail}

,

but msulm is effective in the absence of

the adrenal glands, i e , the action is in both cases

due to the pancreatic hormone

Tlie diabetic animal is \ erj susceptible to infec-

tions but It IS not establisherl that this is due to

the raised sugar content of the tissuca Some dia-

betic patients ha\e a decreased ability to form

antibodies Tins defect appears to be more closol}

related to hj'poprotememia than to hyperglj-

cemia Pathological conditions arc obsen ed with

considerable froquenej in the ejes of diabetic

animals Many of these abnormalities including

cataracts may be eliminated in the diabetic dog

by adequate treatment with diet and in«uhn The
Iner rapidly undergoes extensive fatty degenera-

tion and there maj be an accumulation of large

amounts of neutral fat

Although there is coo<idcrab}e rariatiao at the

length of bfo of the depancrcatued dog or cat,

most indi\ iduals fed on a mixed diet do not live

for more than two or three weeha without insulin

Under certain conditions dogs may survue for

eeien weeks It is now established, however, that

when the anterior pituitary is also removed the

ammal (dog) maj hs e for nine months, at lca«t

ond exhibit only a mdd form of diabetes Severe

diabetes produced under these conditions bj ad

numstration of the diabetogenic substances of the

anterior pitmtarj is alle\ lated bj m'uhn

Tlic Antidmbetic Hormone—Insulin

'ITie name irwu/me was suggested bj de Mejer
in 1009 for the hjpothetical internal secretion of

the pancreas the search for n bieh had been stimu

lated bj von Mermg's and Mmkow =ki s findings

(18S9) While other workers, among whom
H6don, Zuelzer, and Scott may be mentioned

obtamed \erj suggestive results, which m ®ome
cases were probablj due to the presence of ui«u

Im, Bantmg and Best working in Slacleod s labo-

ratory (1922) were the first to obtain a prepara

tion containing the antidiabetic hormone m a

form which consistently alleviated all signs of

diabetes m completely depancreatired dogs (fig

482)

SoTmcE OF Issxhjn

Small amounts of insulin are presumabb pres-

ent m tissues other than the pancreas but meth
ods are not >et available for their quantitative

estimation Blood provides an exception to this

gcocrahzatioo and this subject is discussed on

page 818 In the mammalian organism the pan
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crcas appears to be the onlj organ to manuhclarc

in <11101 or to «tore it m more than minute amounts

Tlie islet cells of the pancmas are of four types

—a, ^,7 and 3 Tliecr and /S tj pcs contain gran

ulcs The y are non granular The 3 cells ha\e

been seen only in human pancreas (Bloom) and

are not well defined In dog pancreas the number
of cells per islet aanes greatlj, as do the rola

tii'e numbers of the various tjpes of cells One
etud^ gives the average number per i«let as 30
and the average ratio of a to ^-cclls as 20 75

The I'Ict volume maj be about one one-hun-

drctltli of the pancreas Tlie /3-cclla occupj the

peripherj of the L«lcts and are "mailer than the

others It is these ceUs which are considered to be

producers of the antidiabetic hormone, indeed,

the granules of these cells may con«Lst, in part, of

tins sub«tance Epithelial cells of the small ducts

are con'idercd to be the “mother cells” of the islet

and acinar cells ?^cw islet colls maj, therefore,

be produced from them The reader is referred to

recent papers bj Lanarow in “Diabetes” and

other journals

The mam points of cv idence vv hich indicate that

the hormone is produced m the i«lot ceEs are as

follows (I) Histologicallj , the i«let8 are glandular

structures, the obvious outlet for the secretion of

which IS through the blood stream (2) There are

rolativcl} large amounts of the hormone m the

principal islets of teteostcal fishes, in which few

cnzjTne-producmg cells are found (3) The active

«ub«tatice ls found m degenerated pancreas m
which the loss of acmous tissue has proceeded

more rapidl) than that of the islet ceUs Ligation

of the pancreatic ducts eventually produces a de-

crease m the insulm content of the pancreas,

but moderate amounts of in«uhn may still be

e’ctracted vvlien very few cnzjanc-producmg cells

remain (4) Wlien most of the pancreas, approxi

mately nine-tenths, is remov cd from a dog char-

aetcn'tic lesions (gly cogen infiltration) arc found

in the 0<ell3 of tlie remnant Tlic«c changes can

be accelerated by a high carbohy clrate diet, and

prevented or eliminated by administration of in-

sulin or by fasting (5) The chiucal condition

known as hypcrmsulini'm occurs when the p9i>-

ercjs liberates abnormally Large amounts of anti

duabetic hormone In many of the cases there are

ilcfimfc tumors of the islet iclls After oi>erotive

removal of thc^c ma«sts of i*let cells the blood

sugar LS maintained at higher levels (C) Metas-

toses in other tissues arising from carcinoma of

the Lslct cells have been shown to contain msulm

(7) Tlic injection of anterior pituitary extracts

leads to destructive changes m the L«let cells,

chiefly in the ^-celLs, while there is little or no

effect on the a-cell« (8) Alloxan and other chemi

cal substances destroy the cells of the islands of

Langerhans, leaving the other cells essentially

intact The pancreases from a number of dogs

treated with diabetogenic materials have been

assayed for their insulin content, and the values

obtained were roughly proportional to the con-

centration of granulesm the cells as determined

by histological studies of these tissues Good
agrccmeDt between the amount of extractable m-
subn and the size and number of granules m the

^ells of human pancreas has aLo been obtained

(Ilartroft and IVrenshall)

Ctiemisthv of Insulin

Insulin was first L«obted in crystalline form by
J J Abel in 192G In 1934 D A Scott showed

that It could bo readily crystallized as the zme
salt and that Abels crystals contained zme
Nickel, calcium and cobalt also aid in cffectmg

crystallization of insulin preparations There is

about 05 per cent of metal m the crystals The
salts” of the in«u!in protem may appear m v an

OU9 forms—the zinc compound usually as twin

platelikc rhombohedra Cliemical analy«is by
Brand and by the Cambridge workers under the

leadership of A C Chibnall indicates that the

in«iulm molecule is built up entirely or almo'it en-

tirely of amino acids lD«ulm is richer m the

ammo acida leucine, glutamic acid, and cystine

than most other proteins, methionine, trypto-

phane aiwl hydroxy prolme, which are common in

many proteins, are absent from the msulm mole-

cule (fig 483)

The maximum molecular weight of in'ulin is

48 000, pTl 7 0 to 7 5 protein concentration 0 4

to 0 9 per cent Howev er, when more dilute eolu

tions of the hormone are used below pll 4 or above

7 5 the insulm molecule dissociates mto subunits

hav uig a molecular weight of about 12 000 (Gut-

freund) The single in®ulm molecule has a weight

of 5733 (Ilarfenist and Craig, Sanger)

Wien in«mlin li oxidized with performic acid

tlie molecule is 'plit into its separate poljTieptide

chains Two fractions can lie isolated A, an acidic

fraibon containing no basic ammo acids and B,

a basic fraction These tn o phy sjologicaliy inodice

components are joined b\ disulfide linkages

Sanger made a great contribution b\ introducing

the U.SC of partial hydrolvsis of dimtroplienyl

denvstivoa of tht fractions to determine the se-

quence of the ammo acid components He had
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N amylamine Iniulm Crystals
(Kindness of Dr D \ Scotl)

Fio -48 3

a\AiIjbIe the invaluable tool of paper chromatog

ra| hj of Martin and SjTige and the nc\% cr knowl

edge of the chemical ImUiges attached by specific

ensjmc sj stems such as pepsin trjpsin and

cJij niotrj psjn The cxnct sequence of all the

immo acids m the two cltains of insuhn is now

known but wc aie still far removed from the

knowledge of how the chams are formed and

loined togctlicr m the licta cells of the islets (fig

48 4)

Wlien a dilute acidic solution of msuhn contain

uig a small amount of salt ts heated a flocculant

precipitate forms In experiments m winch

shghttj different conditions were used, Baugh
lias sliown that the insulin tan be modified to

j lel ! fibrils The rate of fibril formation increases

with increasing hjdrogcn ion salt and protein

concentration and with temperature In fibril

formation two reactions are involved First the

formation of active centers and second the

elongation of tlic-^c into fibrils These fibrils have

little or no antidubetic activitv but can be con

verted mto active insulin as can the so^slled

heat precipitate of inbuhnl bj changing the reac

tion to the alkaline side ‘‘ceding an insuhn eolu

tion with fihrili may bring about a complete con

version of the active insulin mto inactive fibrils

Slightly acKbfied msuhn has been kept for long

periods but m dilute alkah mbuUn la relatively

unstable Various attempts have been made to

nscertam if there is in the molecule a specific

grouping of certain of the ammo acids which is

really responsible for its hormonal activity It may

be concluded that the phy'siological activity of

N!I,
I

—S S
,

NH, NHi NH

A Cham Oly lieu Val Glu Glu Cy Cy Ala Ser Val Cy Ser Leu Tjt Glu Leu Glu Asp Tyr Cy Asp

(21 residues)

i; s

1 !
S

NHjNH,

B Chain Phe Val Asp Glu His Leu Cy Gly Ser His Leu \al Glu Ala Leu Tyr Leu Val Cy Glj

(30 residues) I®" ^he Pbe Tyr Tbr Pro Lys Ala

Fio 484 Tie structure of beef insulin (Sanger F Thompson E O P and Kitai R Biocbem J

69 509 l9oj

)
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uxsulin nu-y be slightly and sometimes re\eraibly

decreased by certain minor chemical changes m
the molecule, whereas appreciable chemical altera-

tion gives a considerable diminution or complete

absence of actu itj Other changes ha% e been sug-

gested, such as the action of sulfhjdryl groupings,

as in glutathione, which may reduce the cystme

disulfide linkage, a change which is known to bo

accompanied by inactivation

Stvndwidizatiov of Iksuun

Zme insulin crystals from all sources so far ex-

amined (man, cattle, hog, sheep, bison, fish) have

the same potenej The fourth international stand-

ard, a preparation of zinc insulin crystals, con-

tains 24 units per mg There arc two well es-

tablished methods of assaying the potency of an

insulin preparation The lowering of blood sugar

m fasting rabbits and the production of convul-

sions m fasting mice are both satisfactory effects

of msuliQ for the comparison of unknown and

standard products This new international yard-

stick of insulin IS free of glucagon

LlQEtUTIOV OF IvaULlK

The arrangement of the capillary loops about

the islet cells and the reported scarcity of lymph

channcLs provide morphological evidence m favor

of the capillary blood stream as the pathway by
which insulm reaches the sy'stcmic circulation It

IS important to remember that insulin passes first

to the liver, but there u no proof that this tissue

takes ad^ant8ge of this favorable arrangement

Although there are many pieces of experimental

evidence which support the conclusion that the

level of blood sugar is an important factor in the

regulation ol insulm liberation, the possibdily that

a decrease in the rate of discharge of sugar from

the liier may also be produced when the blood

sugar is raised, is frequently overlooked This

latter effect is apparently produced by a direct

action on liver cells The injection of small

amounts of glucose mto the artery supplying a

pancreas grafted into the neck of a depancrcatized

dog or mto the pancreatic artery in a decerebrate

cat causes a prompt lowering of blood sugar In

this latter ca®e the effect was not obtained when

the «plcmc or portal vein was u®cd The produc-

tion of hypcrglj ccmia, gly cogen infiltration of the

beta cells of the islets and permanent diabctw by

the intraperitoncal administration of glucose (Lu-

kens and Dohan) strongly suggests an overstimu-

lation of pancreatic islets by the raised blood sugar

^ lev el Anderson and Long have demonstrated an

output of insuhn from perfused rat pancreas when
dextrose w as added to the perfusion fluid and Lu-

kensand his group hav e obtained simibr results in

the dog The results of experiments with de-

nervated pancreatic grafts indicate that the nerv -

ous control is not essential The nerve impulses

which affect the islet cells are apparently con-

ducted in part, at least, by the vagus Vagus fibers

have been traced to the islet cells and nonmedul

lated branches are said to pierce them Tlie results

of stimulating the vagus appeared to be clear cut

and the pathway was traced by one group of in-

vestigators to the hypothabmic region, but other

workers have as yet been unable to confirm the'*

findings There may, of course, be a constant liber

ation of a small amount of insulin

Information on the factors controlling the se-

cretion of insulin has accumulated very slowly

The finding of Iloussay, Foglia and their collab-

orators that two or three pancreases from normal

dogs, when introduced m series into the carotid-

jugular circulation of a depancreatized dog, pro-

duce DO more effect than one pancreas, is strongly

indicative of a chemical control of insulin lil^

eration These workers have studied the rate of

liberation of insulin from the pancreas of hypopli

ysectomizcd dogs, and of dogs made transiently

or permanently diabetic by anterior pituitary

extracts The findmgs in general conform to those

obtained by studying the msulin content of pan

creas m relation to the state of carbohydrate

metabolism of the animal (p 825) Neither of

these methods yields mformation as valuable as

that which will be obtained when the insulm con-

tent of blood, and the rate of pancreatic blood

flow can be accurately determined m intact un
anesthetized animals M?hen this technique is

perfected, the effects of agents which may affect

the level of plasma insulin can be carefully

studied

Insulis is Blooo

As a result of the work of GelUiorn, Anderson,

Dormtein, Groen, Tuerkischer and Hertheimer,

and their collaborators, methods for estimating

the amount of insulm m blood are now available

These depend on the blood sugar response of hy

pophysectomized, adrcnalectomized alloxan-dia-

betic rats or mice or on the increase m sugar up-

take of segments of isolated rat s diaphragm

IVhile few laboratories have the necessary pro-

cedures readily available some interesting results

have been obtained The value for normal human
blood was approximately 4 X 10"' mg per cc

,
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1 e ,^50 ;ig per cc Some insulm can be dctcctwl

in the blood of mo«t matuntj-on«ct diabetics but

none in the blood of growth-onset, i c
,
childhood,

diabetics (UawTcnic and Bomstem) These find-

ings arc m accord vrith ^Vrcn«hall a reports on ex-

tractable insulm from tfie pancreas m these two

groups of dmlKtioa

In recent j cars as a result of the work of Randle

and of ValLance-ORcn, who use the nt diaphragm

technique, and of Renold and hi3 collnguca, who
use the epididjmal fat jiad of the rat, this field

has become much more actue PUsma insulm is

low m cases of hjimpituitansm, high m acromepi-

hes and m hj permsulimsm The administration

of dextrose, of somatotropin and possiblj of the

hjiiogl} cemic sulfonamides mcrea«cs pla«ma in-

sulin

Gfvehal Effects or l\aiTLts o\ the
Dudetjc Onoisnssr

It la well established tliat insulm restores to the

depancrcatiaed animal rts ability to utiluc sugars

and fatsm a normal manner Tlie cxcessn c break-

down of protein is prex ented The ketosis rapidly

disappears Glycogen is deposited m large

amounts m the h\cr Muscle gljcogcn may be in-

creased The respiratory quotient rises when sugar

IS made a\ailable, or in fact when msulm alone is

administered Animals recoicr tlieir ability to

deal with infectuc agents la bnef, a well treated

depancreatued ammal is difScult to distinguish

from a normal one Tliere has been the ddficulty

,

of course, that in the animal without a pancreas

relatively large amounts of msulm are made avail-

able (by subcutaneous or mtrai enous injectioo)

while in the mtact animal «maU or large amoimts
are presumably liberated from the pancreas as

the need arises Adult depancreatized d<^ on an

adequate diet including the enzymes of the ex-

ternal secretion of pancreas have been nuintained

m good condition for more than six years (Mac-

leod, HMon, Bliss, Fisher, Wren«hall)

The Mechanism op Acno> of Ivsoun

In both the diabetic and the normal animal the

lev el of blood sugar is lowered by the administra-

tion of msulm The sugar is not used m the blood

it'self but its rate of passage out mto the tissues is

accelerated

Gltcoqfv STORAGE Small amountsofglyxM^o
may be deposited in the museles and bver of the

depancreatized dog when no insulm is gi\ en but

the administration of msulm produces a dramatic

incroa<’e m the rate of deposition in both the«o

tissuivv Stetten’s work u«ing deuterium as a

tracer, indicates that the dialxrtic organism make',

its lucr gUcogen from three carbon compounds

(lactic acid) while the normal or msulm treated

animal uses laigely the slx carbon compound (dex

trose) In the norma! animal one of the mO't clear

cut effects of m«ulm is the increase in the rate of

glycogen deposition in the muscle It is obvious

tJiat msulm abo promotes gly cogen storage in the

liver of the normal animal and this situation

should not be confusxl with the results of adding

more insulm to an already normal supply In the

normal adult animal there may be an actual loss

of glycogen from the liver when extra m«ulm is

administered Tins may be due to the accelerated

gly cogen depositionm muscle a process w faich has

a high prioritv in the disposition of «ugar, to the

presence of glucagon m the in«uhn used, or to the

incrM'^d rate at which fat is formed and sugar

oxidized Thc«c Utter proceo'cs would decrease

the amount of sugar ovaibble for storage as gU

cogco in the liver The bver slice is not a good

preparation for the study of glycogen formation

The action of msulm eon be well demonstrated

m eviscerated and in isolated perfused prepara

tions such as the hmd limbs of the cat or dog

Dextrose must be 'uppbed 1 en great use has

been made of the finding by Gemzm]l in 1940 that

the rat diaphragm in nfro takes up more sugar

and forms more glycogen when insulin is added

As little as 0 1 unit of msulm per kilo will double

the diaphragmatic gly cogen m the fastmg adreno-

demeduUated rat Ivebon (1944) demonstrated

the inhibiting effect of a prior injection of anterior

pituitary extract The isolated rat diaphragm does

not respond to msulm with an increased use of

o-^gcD but the skeletal muscle from the <=ame

species does

There la an mcrease in the glycogen of heart

after removal of insulm from the body (Cruick-

sbank) The renal tubules exhibit a deposition m
the diabetic state which may be related to the

increase m sugar which they are attempting to

reabsorb The beta cells m the islands of the pan

creas show gly cogen infiltration (Duff and Tore-

son) m the diabetic organism This used to be

termed hydropic degeneration

On fat metabolism In the depancreatized

animal insulm decrea'es the Lpcmia and cboles-

teroleaiia and prevents the deposition of the large

amounts of exce«!s fat which accumulate in the

liVCT m the imtreated animal The level of the

ketone bodies m the blood is restored to normal
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The fact that insulin increases the formation of

fat has been ob\ lous ever since the first emaciated

dog or diabetic patient demonstrated a fine pad

of adipose tissue, made as a result of treatment

with the hormone This effect was not perceptible

m short term experiments without the aid of

tracers and the disappearance of sugar w as usually

attributed to oxidation or perl«.p<5 m part to de-

creased gluconeogenesis Using the technique of

isotopic tracers, Stetten has calculated thatm the

w ell nourished rat onlyabout 3 per cent of the glu-

cose mgested each day is converted to glycogen,

while 30 per cent is used to make fatty acids In

the absence of insulin the diabetic animal exhibits

a much lower level of lipogenests, as well as of

gl} cogencsis

In 1913 Bloch and Kramer were the first to

demonstrate an in tnlro effect of in<iutin on fat

formation Liver slices incubated m the presence

of pjTuvate and labelled acetate showed ineor

poration of the bbcl into fatty acids and this

process was enhanced bj prior administration of

insulin This work has been strongly supported

and extended bj Gunn with Brad) and Lukens

and by Cliaikoff and his group Thus we learn

that insulin has widespread effects on fat forma-

tion and mobilijation It promotes lipogenesis

from glucose and acetate u the liver and m many
extrahepatic tissues It prevents the loss of depot

fat and the accumulation of fatty deposits in the

liver It suppresses ketosis by inhibiting the for-

mation of ketone bodies It is probable that the<«

different effects of insulin are closetj interrelated

and that they arc all linked with its action on the

oxidatum of gtuco'c, i e ,
lipogenesis is dependent

on glj colysis The effect of insulm on the unesten-

fied fatty acids of the blood plasma is discussed

under fat metabolism (ch. 49)

Ov pROTEUf jiFTABousir Thc early work on

msulin m Toronto demonstrated that msulm re-

duced the elevated nitrogen excretion character-

istic of the diabetic state In 1926 Janney and

Shapiro noted a fall in blood urea and nonprotein

nitrogen of normal human subjects given in<nilm

and other investigators found a fall m blood

amino acids in animals and man In a classical

study Mirsky showed that insulin decreased thc

rate of protein catabolism in the nephrectomized

dog C^ikoff and Porker in extension of F N
Allan’s original findings established a linear rela-

tion between insuhn dose and mtrogen retention

in depancreatizcd dogs The evidence obtained by

Forkcr, by Lot'pcicb, and by Smex, MacMullen

and Hastings inicatcs that insulin encourages the

meorporation of labelled ammo acids mto protein

Krahl has reported the incorporation of C'^ la-

belled glycine mto glutathione and into protein

in liver slices This process is greatly reduced in

diabetes but is restored to normal by msulm The

evidence suggests that insulm stimulates pep-

tide synthesis rather than mhibiting breakdown

Sutex and associates, Krahl, and Manchester and

Young have provuded evidence that the incorpora-

tion of ammo acids mto the protein of isolated

rat diaphragm is augmented by insulin m the

absence of added carbohydrate These findings

suggest that this action of msulm is largely mde*

pendent of a stimulation of carbohydrate metab-

olism It may be produced by either or both of tw o

mechanisms, (1) increasing intracellular protein

^mthesis or (2) accelerating the transfer ofammo
acids across the cell membrane
The literature records that Mir«ky, Yoimg,

Gaebler, Lotspeich, Frame and Russell, and Lu-

kens m distinct investigations have agreed that

the presence of insulin is essential for the protein

anabolic effect of the pituitary growth hormone,

somatotropin There is now ihrect evidence that

an increased secretion of msulm occurs m response

to gomalotropm m several species of normal am-
mala Somatotropin has htlle anabolic effects in

the complete absence of insulin and recent work

has shown that msulm can stimulate growth, i e

,

nitrogen retention bone growth, fat formation,

etc , in the complete absence of somatotropm

(Salter and Best) Normal growth undoubtedly

requires the coordinated action of somatotropin,

insulin and the other hormones
On oxidation of bugvh The interpretation of

most of the early work on this subject was con-

fused by the lack of a suitably labelled dextrose

In 1949 YiUee and Hastings found that m'nilm in-

creased the oxidation of glucose as judged by the

rate of appearance of the carbon bbel m the COi
formed by the isolated rat diaphragm Similar re-

sults have lieen secured by Sacks and Sincx who
found that insulin increased thc turnover of iso-

topic phosphorus m various phosphorus com
pounds, the deposition of C'^labelled glucose as

glyco^n and the oxidation of glucose Feller,

Chaikoff and associates, using C’^Iucose have

established that the rate of utilization was re-

duced to half thc normal value m dogs by re-

moval of m«ulm and restored completely by giv-

ing thc hormone Using C‘*-labelIed glucose in

eviscerated rabbits Mick, Drury, Bancroft, and

iVIacKiy were able to distinguish between the

glucose oxidized and the total amount which dis-
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appeared ^Ticii insulin iias gl^en there was a

delaj-cd, but large, increase in the labelled carbon

of the expired air and therefore m the amount of

glucose oxidized The rest of the bbellcd carbon

was found m gljcogcn, fattj acids, proteins and

in nonglucose water-soluble compounds

Ox CELL PERMFABiLrr\ The suggestion that a

key point in tlic action of insulin maj be on tlie

permeabilitj of muscle cells to glucose lias liecn

reined and strongly supported Levine and

Goldstein This view has been supported hy

Drurj and V ick who interpret tlicir e\idcnce to

indicate that insulin is not an oxidative catalj'st

and bj Mmk.>, who finds that entrj into cells

does not depend on the molecular configuration

of the sugar as pre\ lous authors had suggested

Park,Bornstcin,Post and Johnson have found an

increase m the intracellular content of glucose

after insulin adminrstration and this finding fa-

\orsan action on the cell membrane rather than

one on intracellular enzjuies These autliors and

Randle and Smith ha\c noted an increased glu-

cose uptake of isolated rat diaphragm bj pro-

cedures which inhibit oxidatue phosphorjlalion

Insulin docs not mhibit oxulatiie phosphorjla-

tion ^tadie) Randle and Smith suggest that

in«ulm may promote glucose uptake hy dia-

phragm by preventing access to the process regu-

lating glucose cntr> of some substance generated

during oxidative phosphoiybtion Shaw and
Stadie hav e suggested that glucose maj be utilized

partly at the cell surface and partly within the

cell

The cojiBiVATioN of iftsxaiN with tissues.

Stadie and hw colleagues ha\ e obtained e% idence

to support their working h5*pothesia that msului

and other hormones must form a rather firm

chemical compound with the intact cells on which

they act Isolated rat diaphragm dipped for a few

seconds m a solution of insulio fixes uisuhn which

rcyeals itself bj mcreased utilization of sugar by
the tissue Diabetic tissue has a decreased ability

to bind insuUn Growth hormone and cortisone

mhibit this combmation of uisulm with muscle

cells Insuhn injected mto the In mg animal and

much much higher concentrations in the fluid

bathing the diaphragm tn vxtro lead to the bmdmg
of about the same effective amounts of insuLn

Alammarj and adipo'e tissue also bind insubn

Insuhn as a growth hormone The various

anabobc effects of msulin show that it possesses

some of the characteristics of a growth hormone

True growth, mcludmg lengthenmg of the epi-

phj-seal discs, can he elicited in completely hj

pophj'Rcctomizcd animals hy gn mg gradually m-
crrasing amounts of slow acting insulin (Salter

and Best) \Vliilc it had been known that joung

lij'pophj'<'ectomucd animals ma> grow for a time

after removal of the pituitaiy (Scl>e and Colhp),

and wliile it had been suggested that growth hor-

mone liberates insulin (Young), proof that hj-

pophj scctomizod rats, which had m some cases

not grown for months, could be made to resume

growth by insul/n hid not been preiiously se-

cured Wlion hj pophj'scclomized rats arc force-

fed (Scow) or made h5’pcrphagic by hj-pothalamic

puncture (Kennedj) endogenous msulm is pre-

aumabB liberated and this maj be an essential

factor for the growth and nitrogen retention ob-

served Under these circumstances the effect of

exogenous insulin maj not be demonstrable, i e
,

an optimal concentration of msulin maj already

be present

On puosphatf and potassium Insulm pro-

duces a dramatic fall in the inorganic phosphate

of blood plasma (llarrop) Ingestion of glucose or

injection of idrenshne has the same effect but not

in the absence of the pancreas Levine Loube and

Wcisbcrg (1949) hav e “hown that the intrav cnous

administration of fructose to untreated depan-

crcatizcd dogs consistent!} produces a fallm blood

inorganic phosphate The change m phosphate is

apparently a consequence of the rapid entry of

bexoses mto cells In«uhn is necessary for the

entry of gluco'e but not of fructose After m
suhn there may be a rise in the bexo^e mono-

phosphate of mu'cle This is an indirect effect

apparently due to adrenalme liberation and a
stunulation by it of phosphorylase action on glj-

cogcn and the formation of the first breakdown

product, g!ucose-l-phosphate Insulm does not

sigmficaotlj cliange the amount of adenosine tri-

pbo«pfaate (ATP), phosphocreatme, or inorganic

phosphate m musete There may be a rise m the

ATP fraction of In er The rate of turnover or re-

generation of these phosphate compounds is in-

creased by insulm and this is probably an mdex
of the mcreased rate of phosphorylation of sugar

which IS, as we have «;een, an indispensable pre-

luraoaiy step in its metabolism The free energy

for this change is made available by the conver-

sion of ATP to adenosine diphosphate (ADP)
plus a high energy phosphate groupmg This phos-

phorylation of gluco«e then permits glucose to

make available the free energy which it possesses

New molecules of ATP are provided as a result of

subsequent steps m the anaerobic breakdown of

glucose
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Born«tcin and Park m Con s laboratory have

found that scrum from alloxan-diabetic rats in-

hibits the uptake of glucose in n<ro by the dia

phragm of normal fasted rats Removal of either

the adrenals or pituitary from the diabetic rat

eliminates this mhibitory effect of its serum, and

the mjection of both growth hormono and corti-

sone restores the effect These findmgs, therefore,

suggest that the insulin-re\ ersible mhibitor of

glucose uptake is formed as the product of joint

pitiutarj and adrenal aetivitj Studies mD un-

doubtedlj soon be made on the sera of diabetic

patients

Various changes in the concentration of the

metallic constituents of the blood ha\c been re-

ported after insulin injection The«e, and particu-

larly that in the concentration of potassium,

suggest ft fundamental relationship between elec-

troljde and carbohydrate metabolism The de-

crease in blood sugar produced by insuhn is ac-

companied hj a simultaneous fall m potassium

It u now well established that the administra-

tion of insulin lowers the insulin content of the

pancreas in fasting or fed animab Furthermore it

protects the islet cells agamst the degenerative

clianges which occur after the removal of a large

part of the pancreas Similarl} the degenerative

changes m the islets and the loss of insulin content

produced bj the admmistntion of the dtabeto

genic substance of the anterior pituitary gland are

prevented if insuhn is supplied If, after the dia-

betic state has been produced m partially de>

pancreatized cats by administration of diabeto-

genic preparaticinB, insuhn is given in adequate

amounts, the diabetes maj disappear Thus insu-

lin under tliev experimental conditions can both

preicnt and cure diabetes (Haist, Campbell and

Best, Lukens and Dohan)

Interffiifnce with the Action of Insulin

Other hoTinones There are file internal secre-

tions the action of which raaj be considered to be

anLigonistic to tliat of insulin There is no evi-

dence of any chemical interaction of these hor

moncs with the antidwbetic substance

Enzymes Insulin is destrojed by pepsin HCl
and by the activated protcolj'tic pancreatic en-

zj-mc, chymotrj-psm Crj’®talline tr> psin does not

destroj insulin I A Mirskj and his colleagues

have shown that the li\er and to a lesser extent

other tissues contain a factor which is capable of

inactiiatmg m«u!in and a second one which in-

hibits this action These factors arc referred to as

msuUnase and msulmase-inhibitor Their phj-sio-

k^ical significance is not established but their

presence suggests the possibihty that an mcrea«ed

rate of destruction of msulm as well as a de

crea*!ed formation must be considered

Reaehon of tissues Smee msulm acts on the cells

of the liier and muscles, factors which influence

these tissues, acidosis for example, may modify

insulin action Furthermore, since the liver is so

largely responsible for the regulation of blood

sugar, influences affectmg this organ maj cause a

change in sugar content quite apart from the ac

tion of insulin A change in the acid-base cquilib

rium of the body toward the acid side renders

injected insulin less cffectiv e, a change tow ard the

alkaline makes insuhn more effective

Products of infeelion The toxic products elabo

rated by man> microorganisms may interfere with

the action of msulm There is experimental en
dence (1) that the msulm content of pancreas is

decreased in certain severe infections but this does

not necessarily indicate a decreased rate of hberfl

tion of the hormone, (2) that the suprarenal and

thyroid glands are gUmulatcd to release more of

their internal secretions,* (3) that the synthesis

of glycogen from lactic acid in the liver is mhibited

and (4) it now appears that normally bv er glj co

gen 13 changed to glucose by glucosc-fl-phospha-

ta«c Ain>!asc, which splits glj cogen to dextnns,

maltose and finallj to glucose, docs not have ac-

cess to the bver cells IVTien certain toxins are

administered, however, am>lase activitj can be

demonstrated and this abnormal route of glycogen

breakdown provides another mechanism by which

the products of infection make the organism re-

sistant to the action of msuhn Insulm has no

effect on the activity of amylase Certain toxms

may act on one or more of these mechanisms but

investigation of this field is still m the prclimmary

stages

AneMetics All anesthetics mterfere somewhat

with the action of insuhn More or less asphyxia

is produced by all general anestlietics In asphiTua

(1) adronalme is liberated and (2) acid products

tend to accumulate Chloralose and amj^al cause

the least disiuibance of carbohj dratc metabolism

Insulin Requirement and Aduinisthation

Intcrcstmg studies have been made of the in

suhn requirements of depancreatized dogs under

different conditions Thus the blood sugar has

*The first effects of the products of infection

may be to excite liver tissue to increased gluco
neogenesis and discharge of glucose I>ater the
liver cells may be damaged so that less glucose is

produced
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been kept at a nonnal level bj simultaneous and

continuous intravenous injection of m«ulm and

dextrose solutions The insulm required was be-

tween 0 06 and 0 4 units per kg per hour, while

the com?«pondingrequirement of dextrose was 0 2
andOGgm per kg per hour The higher values

for msultn and dextrose were tho'^c required by
unanesthetized dogs, the others bj anesthetized

dogs In another study the amount of insulin

nece«sarj to keep the blood sugar at a normal

value in depancreatued dogs under basal condi-

tions was between 0 005 and 0 035 units per kg

per hour, w ith an av crage v aluc of 0 017 units per

kg per hour The duration of action of insulin is

not proportional to the size of the do-^ injected

but is a simple function of the logarithm of the

do«e, i e ,
insulm is inactivated m the bod> at a

rate proportional to the amount in the bodj at the

tune Thus if 1 unit lasts four hours, 10 units

would last eight hours It is established that the

completely dcpancreatized human subject may
require le«« msuhn than many “spontaneous” di-

abetics Similarly, the sUoxan-diabetic dog may
require more insulin than the dcpancrealized

There are three obvious possibilities to be ad-

vanced m explanation (1) The absorption of food

IS reduced by removal of the pancreas Compari-

sons should bo made on the same levels of nutri-

tion (2) The a-cells of the pancreas elaborate an

antagonist of inmlin, glucagon (3) The alloxan

or the melo-pituitarj diabetic may and frcqucnllj

does have some pancreatic msuhn available This

may be liberated more physiologically than exo-

genous insulin and thus heh> to maintain the or-

ganismm a condition which creates a demand for

more insulin

Insulin may be administered effectively by the

subcutaneous or mtrav enous route Some absorp-

tion may be obtained by inunction or by appbea-

tion to the sublingual or other mucous surfaces

Rectal edmmistration is ineffective Studies con

tinue to be made on the problem of the oral ad-

ministration of inmlm Efforts hav e been made
to combme it with various materials, dyes,

phenohe substances, tanmcacad, etc which might

protect the protem molecule from destruction by

the intestinal enzymes The diSculties involved

are obvious, and it is therefore not surprising that,

while some success has attended these efforts in

the laboratory, no satisfactory apphcation to the

treatment of diabetic patients has yet been made

Modified Ivsulik

One of the most obvious difScuHiis m the use of

regular insnlm in chnica) diabetes is its transient

and sometimes too violent action This difficulty

has been much more frequently encountered "ince

the highly purified prcjiarations of msulm have
been made available The cruder products were

absorbed more slowly 'UTiile a great many at-

temps have been made to slow and prolong the

action of insulin, the first important success has

been obtamed by Hagedom, Jen'^n, Krarup and

Wod-trup The«c investigators have «hown that

a compound of msuhn with any one of «everal

protamines exerts a slower and more prolonged

anti-diabctic effect than regular msulm This has

been shown by microscopic observation (Beecher

and Krt^h) to be due to the much slower absorp-

tion of the msuhn combmed with protamme than

13 the case with the regular preparations of this

substance

Completely depancreatized dogs may be mam
tamed sugar free, while receiv mg a very hberal

diet, on one doee of protamme msuhn daily with-

out the development of any hypoglycemic reac-

tions (Kerr and Best)

Scott and Fisher demonstrated that protamme

msulm IS greatly unproved by the addition of a

smaU amount of zme The resulting product,

protamme zme msulm, exerts a more prolonged

byToglycemio action and forms a much more

stable suspension than protamme insulin

Various other forms of modified msulm have

been prepared and tested chmcally* Histone in

euliD and globm msuhn are examples Protamme
zme msulm has been prepared m crystallme form

(Hagedom) and free msulm is stable when added

to this rnro/ifiUDd -Zmo-msiilm/irejnaraJjnrL^ with-

out protamme, exertmg a prolonged action, hav e

recently been made available by HaUas-Af^Uer

and associates

Ilypogly cemia

Under certam exceptional circumstances hypo-

glycemia may be produced byexeessiveulihzation

of glucose (prolonged v ery v lolent muscular exer-

cise) but interference with the formation of sugar

m the bver is largely responsible for most types

The three mam factors which dimmish sugar pro-

duction may be classified as follows (1) abnor-

mality of hver cells, (2) the mhibitmg action of

insulin on gluconeogene«is m the hver, and (3)

the decreased hepatic gluconeogenesis resultmg

from diminished output of the antenor pituitary

,

thy-roid, or cortical and medullary adrenal secre-

tions Under the first headmg a great variety of

experimental and clinical conditions may be ^

—^for example—^phosphorus or hy dnume >
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TABLE 48 1

Spontaneous hypoglycemia or dysinsuUntsm

llvper nsul n sm *

(Ilyperaci vuyor
Tumor of Islands of

taagtrhans)

Interfertare w th
GIucoscogrsr« s lo

L ver

Ilypotuftct on ot
Antenor Pita taiT

Adrenals or Tbyteod

In experimental In expert In expertmental

animals menial animals

Hvnertronhv animals Removal of

after duct li Hepatectomy pituitary

gation? Interference (anterior

Hvoertronhv with arte lobe)

alter anterior nal blood Removal of

pituitary ex flow adrenals

tracts? Poisoning Removal of

No tumors care Phosphorus thvroid

fully studied Chloroform Ilvnovlvcemia

Hydrazine (or increased

Synthalin susceptibility

etc

Deposition of

fat

to msuhn)

Clinical obser Clinical ohser Clinical obser

(ions lations laltons

Cases of hyper Hepatitis Hypoglycemia
plasm and hy Carcinomata in so-called

pertrophy liellow fever pituitary ca

Cu^es of tumor Acute yellow chexia or

atrophy Simmond a

Poisoning disease

Phosphorus Hy poglyccmia

Carbon tet in Addison s

rachlo disease (some

ride cases)

Benzol
!
Increased sus

Chloro ceplibility to

form insulin after

Sy nthalin
1

thy roidec

etc

Surgical in

terference

with blood

flow

1
tomy

There ma> also be excessive utilizatioD of sugar

bj muscles—dogs m tread mill marathon runners

etc

• Tlic term hjpennsuliniam nas introduced

1 ) Scale Harris in 102 1 to describe cases exhibiting

signs of hj pogI> cemia The first report of a tumor

of the i«1ct cells nhich in this case had secondary

growths in the liver was made b> \Nilder Allan

Power and Robertson m 1927 Manj cases of tumor

have now been studied A histological section from

tl e first tumor successfully Removed is shown in

fig 48 5

uJgf jellow fever, acute jellotv atrophj, and the

bactcml infections MTicn the normal Iiv er is com-

plcfcl) removed, profound hjpoglj cemia occurs

promptly Approximately 80 per cent of the nor-

mal liver must be remoi ed before hypoglj cemia is

produced Under the second headuig ne maj con

sider hypennsulmtsm This term should be re-

sened for conditions m which it ls established

that there is liberation of excessive amounts of

insulin from the pancreas This has been the case

in numerous instances in which the removal of a

tumor of islet cells has corrected the hjpo-

gljceraw Correction of the condition b> removal

of a la^ part of the pancreas docs not prove

tliat tlie cause w as liberation of abnormal amounts

of insulin smee decreasing the amount of insulin

maj merely compensate for the first abnormahtj

The relative importance of the three glands of

internal secretion listed under the third heading

maj varj m different species Removal of the

th>roid increases the sensitivity of an animal to

insulin and the same is true of the adrenal me*

duUa but h>poglj cemia I* not produced Mlien

the anterior pituitarj is extupatod however

there may be profound h>poglj cemia and this

finding suggests that diminished secretion of the

diabetogenic substance ma} be an important fao-

tor m certam clinical cases in which the liver

and pancreas appear perfcctl> normal In some

species removal of the whole adrenal gland causes

hypoglycemia and this ls at least partiall> cor-

rected by the administration of cortical extnet

Clinically certam cases of Simmond a disease (di

minished anterior pituitary secretion) and of Ad
disons disease (mvohement of adrenal cortex)

may exhibit hyjiogly cemia (Sec table 48 1 and

fig 4% 5)

Signs and Stuptosis

The signsofhypoglycemia were first adequately

de^ribcd by Mann and his collaborators The low

blood sugars w ere produced in dogs by remov al of

the liver The description of this condition enabled

the Toronto mvestigators to recognize that the

effects of large doses of insulin were the same as

those due to hypoglycemia produced by other

means TTie signs and symptoms vary in the dif-

ferent species The first signs m the rabbit arc

hyperexcitability and desire for food The excita-

bility liccomes greater, and mild and then severe

comulaions arc exhibited The head is retracted

and the hmd limbs extended in the mten als be-

tween convailsn e seizures Coma 13 frequent Tlie
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animals maj exhibit rigor mortis immcdiatclj

after dcatli The signs m dogs are quite similar

Mice m some instances maj become comatose

without exhibiting tom ulsions Cold hloodedani

mals do not show anj signs until manj hours or

p\ en daj-s after insuhn injections ^ The •igns and

sjmptoms m man ha\c been cxtcmuclj studied

m the labontorj and clinic The initial sjTnptoms

may be hunger or a feeling of ner\ou'5ne<s—

a

stn^ of impending danger A little later there

maj be profuse pcrspintion altcmalc pallor and
flushmg of the face xertigo and diplopn Tlic

blood sugar at this stage is 0 OG to 0 04 per cent

but the Itxcl xancs greatlj m different mdixid

uals Most hj'poglj cemic reactions proceed no
further than this In xer\ sex ere cases there ma>
be delirium conxulsiona and death The true

blood sugar maj ilecrcasc until onlj nonaugar

riducing power remains

Sakcl s insulm-fihock treatment for scliizo

phrema has focussed attention on the mctaboli«m

of bram and the effects of prolonged hypo

gljccmia Bram tmic utilizes carbohjdratc al

most exclusixcli Hjpogljcemia interferes with

the suppl} and produces much the same condi

tion as Oj dcfiucncj The electrical activitj of the

cerebral cortex is deprc's'ed m hjpogljcemn and
restored to noimal bj the administration of glu

cose The reduction m the OMdatu e metabolism

of bram is undoubtedlj responsible for this and

other changes

Cerebral damage which raaj be permanent

has been ob^orx ed in both animals and man as a
result of prolonged hypoglj ccmia

Allexiation of Hytoglyceuia

The intravenous administration of glucose is

the most effective method of alleviating hypo-

glycemia The prompt recovery of almost mon
bund animals provides one of physiology s most
fascinating demonstrations Mannose is almost as

useful as glucose and fructose also occupies a
preferential po«ition Galacto«e and maltose have

a slight but transient effect Sucrose * lactose and
pentoses are not effective Glycogen and glycerol

liaie been shown to exert some beneficial action

The effect of these substances in hy pogly ccmia is

pjobably largely dependent on the rapidity with

wluch they are transformed into glucose m the

* Similar prolonge 1 delay may be ob«erved in
mammals after injection of huge doses of insubn

Carbohydrates which form glucose arc of
course effective The above atatement refers to
the results of intravenous injections

Tio 1S5 Pf otomicrograph of adenoma of pan
crcatic islets associate 1 with clinical hypoglj
ccmia Tins tumor illustrated \ as the first to be
surgically removed Hematoxylin and costn stain

X 1000 From Howland G Campbell XX R
Maltby 1 J u J Robinson X\ L JAMA 93
C74 “9 19'>9

liver Fructose may lx; converted slowly to glu

«>«e jn muscle but there is a poseibihty that it may
be Immwl directly (Griffiths and Maters) It is

generally oseunied that the only sugar directly

oxidizet! m the muscle where a large part of the

total oxygen u'O takis place is d glucose The
usefulness of tht other carbohydrates would

therefore depend on tlio ease of their conversion

into this sugar Adrenaline and pituitrm may be

used to alleviate hypoglycemia but glucose is

much more efficacious and safe Liberation of

adrenaline is how ex er one of the physiological

mechanisms by which hypoglycemia is corrected

Intense anger such as tliat which might well be

experienced by a diabetic whose hypoglycemia

was mistaken for alcoholic intoxication (Duncan)

may correct hy^iogly ccmia through 1 beration of

adrenaline

The Jnsiilin Content of the Pancreas under
Different Conditions

The msulm content of the pancreas has been

determined m various animal species The insulin

IS extracted from mmeed pancreases w ith an acid

aqueous alcohol solution Certain contaminating

material is removed and the active material is

precipitated This is then redissolved and esti

mated by the mouse metliod of assay In tl e dog

tl e msulin content of the free splenic end of the

pancreas is greatest, tliat of the attached duodenal

portion has an intermediate value while that of

the free duodenal end is low est the x alues being

about 4 3 and 2 units per gram respectively In
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TABLE 48 2

Factors depressing islet groicth

1 Restnction of caloric intake

Restriction of carbohydrate intake

2 Administration of large amounts of insulin

3 Removal of the pituitary gland

Factors increasing islet groicth

lotict Hypo*

1 High carbohydrate intake

2 Continuous injection of glu
.

co^e

3 Injections of anterior pitui

tary extract + +
4 Injections of growth hormone !

preparations 1 + +
5 Injections of ACTH ' 4-

6 Injections of cortisone + +
7 Thyroid administration + +
8 Estradiol benzoate + t

0 DiethvJstilbestrol + t

10 Progesterone + t

11 Testosterone •
t

From R E llaiet

* Not significant

t Not done

partially depancreatued dogs, provided sufficient

pancreas is left to prevent the onset of diabetes,

the insulin content docs not differ from that of the

corresponding part m a normal dog, nor arc any
degenerate e changes m the jS-cells noted If dia

betes supervenes, hydropic degeneration of these

cells IS ob^rved, and the insulin content of the

remnant of pancreas falls to extremely low values

The daily injection into dogs of diabetogenic ex-

tracts from the anterior lobe of the pituitary gland

produces a prompt and profound decrease in the

insulin content of the pancreas (in seven days to

0 2 units per gram) If the mjcctions are stopped

at this stage, the msulm content is restored to

normal withm four days If the administration

IS continued the insulin is reduced to negligible

amounts No reco\ ery w ill occur when this point

IS reached Simultaneous administration of msulm
prevents or greatly modifies the fall m tlie losulm

stores TliLS fact strongly suggests that the ^-<0115

are permanently damaged by the extract through

oxeniork and that the simultaneous admmistro-

tion of insulm relieves the cells of some of this

excessive demand for the hormone

Starvation («evcn days) or a diet rich m fit

produces a decrease in the insulin content of the

rat’s pancreas to about half the normal value,

which is about 2H units per rat The«e animals

have their msulm stores speedily restored to nor-

mal (m SIX days) when they are returned to a

balanced diet, carbohydrate alone effects a partial

restoration Daily injection of msulm mto rats

causes an even more marked decrease m the in-

sulin content of the pancreas than does starv ation

(Haist and Best) Massive doses of insulin over

prolonged periods may produce atrophic changes

in the pancreatic islets of partially depancreatued

dogs which survive the treatment (Mir«ky)

The injection of anterior pituitary extracts m
eertam strains of rats increases the islet volume

and the insulin content of pancreas (Young, Rich-

ardson and Marks) In other strains tliere is no

increase m msulm content

The factors which affect the volume (growth) of

the ^-ccUs of the pancreas are given m table 48 2

Subcutaneous estrogen transplants or the ad-

mmistration of stilbestrol produce an mcrease m
the insulin content of rat’s pancreas This effect is

not observed m the absence of the pituitary

(Griffiths, Marks and Young, Funk) Stilbestrol

may exert a diabetogenic effect in force fed nor-

mal and partially dcpancreatized rats and under

lhc«c conditions Ingle has been able to demon-

strate diabetogenic effects of all the estrogens

Under more physiological conditions Houssay,

Fr^lia, Martinez and their colleagues have dem-

onstrated that the cstrogemc substances decrease

the incidence of diabetes m partially depancre-

atizcd rats—presumably by stunulation of the

0 cells in the pancreatic remnant

The effect of age on the msulm content of the

pancreas has been studied in the cow In fetal

calves under 5 months the concentration was 34

units per gram m calves 6 to 8 weeks old, 10 units

per gram, m heifers 2 years old, 5 units per gram,

m cows over 9 years, 2 units per gram Pregnant

cows 7 years old and older showed no change from

the normal insulin content of about 2 units per

gram ^cott and Fisher) In Wistar rats the total

msulm content of the pancreas mcreases with age

Pdncrea«cs obtamed from nondiabetic persons

at autopsy have an average msulm content of

about 2 units per gram This is probably some-

what lower than the true value Pancreatic tissue

from diabetic persons shows wide variations The

pancreas from diabetic children contams very

little msulm Pancreas from diabetic adults con

tama on the av crage some 40 per cent of the nor-

mal amount of insulm (Wrcnshall) The insuLn

content of a tumor of islet tissue surgically re-
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ino\ od from a patient suiTermg from hiT^nn^ulm-

ism maj be as lugh as 214 units per gram

It IS, of cour'c, apparent that thc«c “msulm
contents” mdicate the balance between the rate

of production of the hormone in the islets and the

rate of liberation There is good reason to bclic\e

that under certain conditions the rate at libera-

tion is proportional to the content Under other

circumstances tlus ts probably not true, but the

nte of liberation of insulin can at present only

be inferred from data which arc susceptible of

vainoiis interpretations The conclusion has been

drawn from some of these rc^sults, combined with

histological studies, that the islet cells ore

“rested” after admmistralion of insulin, bj

starvation and bj a high fat diet and that less

insulin is e-vcrcted bj the pancreas tlian under

normal conditions Partial pancrcatcctomj
,
suffi

ciently cxtcnsiv c to result in diabetes, or admints-

tration of diabetogenic extnets causes (1) marked

stimulation of the islets and (2) subsequent dc-

generatnr changes and loss of insulin *

The Use of Insulin in Nondiabctic

Conditions

Favorable rc«ults have been claimed for the

use of msulm m a very great variety of nondia

bctic conditions It has been u«cd m pernicious

anemia, m acute infectious diseases, m eclampsia,

m pernicious vomitmg of pregnancy, and m hepa

titis—to mention onl^ a few HTide it is con-

ceivable that msulm might be of slight benefit m
some of these conditions, it would appear that

equall> satisfactory results can be secured by the

administration of glucose alone It is a chnical

(act that the admmistration of glucose produces

favorable results m a varietj of hepatic abnor-

malities A high glj cogen content appears to

protect the hver cells from damage and inhibition

of gluconeogenesis produced by both msulm and

glucose may also play a role

Insulm can now be considered, however, an

established adjuvant m the treatment of certam

cases in which lack of appetite prevents the inges-

tion of adequate amounts of food The physio-

logical basis for this use of msulm m these non

diabetic individuals rests ver> largely upon the

increase m hunger and appetite which may be

caus?d bj the administration of sufficient materia!

to produce a definite but not too marked hypo-

glycemia In 1924 BuLatao and Carlson reported

that production of hjTioglycemia m experimental

* For references to work on insulin content of

pancreas see Haist, 1944 and Wrenshall, 1952

animals by the subcutaneous mjection of in«ulm

was uniformly accompanied by hypertonus and
hyTicrmotility of the stomach The gastric tonicity

and motility increase as the hyqiogly cemia deepens

until complete tetanus is readied, which persi-ts

until the dog exhibits hypogly comic comniUions

or until sugar is giv cn The effect of sugar is imme-
diate, but if a Luge dose of msuhn lias been given

Uie hyperactivity of tlic stomach returns as soon

ns the blood sugar falls again The first record of

the mcTca«c in gastric pcristal-is in the human
indiv idual after insulin administration w as that of

Dickson and Wil on, 1921 One hour and ten min-

utes after the adrainistmtion of msulm the tone,

depth nnd rate of peristalsis and rate of emptying

of thcstomach were definitely increased Thiscon-

dition persisted for two hours when the blood

sugar was found to be 70 mg per 100 cc GIuco«e

was then given and while the acute symptoms
were definitely relieved the hunger por'isted Sub-

sequcntlv Quiglev , John^'On and Solomon studied

tlie effect of JD'ubn on the gastric movemonts of

four human subjects They found that doses of

from 12 to 20 units of insulin definitely increased

the gastric activ ity The first definite augmenta

tion was observed about an hour after the injec

tion nnd persisted for at least five hours Tliere

was prolonged duration of the hunger period, and

this was considered to be the most cliaractenstic

effect of msulm The mcrea«cd peristalsis pro-

duced by insulm is not mhibited by such pro-

cedures as smoking unpleasant emotions body

discomfort, or the presence of moderate amounts

of noncarbohydrate food m the stomach The m
creased movement TV33 inhibited by atropine The
immediate relief of the excess peristalsis when ap

propriatc amounts of gluco'se were given was con

finned More recently Grossman and Stem have

shovm that the sensations of hunger mduced by

msulm with the exception of the epigastnc pangs

of distress associated with individual gastnc con

tractions, contmuc to occur after complete v agot-

omy m man

It 13 known that insulm does not exert its effect

on gastnc motility and secretion after section of

the vagus nerves This means that either msulm
acts centrally by stimulating the vagus, or that

the continued elaboration of acetylcholine, which

we now know is an esseutial part of the mechanism

by which the vagus exerts its action provides a

foundation upon w hich the peripheral effects of in

Bulin may be superimposed

Insulm augments also to some extent pens

taltic movement in the duodenum and in the colon,



828 NUTRITION AND JWETABOLISM SecUon \ I

but the effect is not as marked as in the case of

the stomach It will be remembered that one of

the earlj symptoms observed in expenmental am
mals and also in human subjects after the admims
tration of insulin is an increase in hunger In

animals an attempt to consume material of little

nutritive value which under ordinary conditions

they would not attempt to eat is often observed

It would appear, therefore, that the clinician is

able to take advantage of this situation byprovid

mg nutritious food for his hungry patient The
increase m weight observed in both animals and

patients when appropriate do«es of insulin are

given for prolonged periods is due to increased

deposition of fat, and to a lesser extent to in

creased deposition of carbohydrate and protein

The increase in weight is not attnbutable to un
physiological retention of water

Influence of Other Endocrine Glands on
Carbohydrate Metabolism

The Adrenals

The glucosuria produced by adrenaline was first

noted by Blum The intrat cnous route of admmts*

tration gives the greatest nsc of blood sugar but

subcutaneous, intramuscular or intniperitoneal id*

jectiona are effective The immediate rise in the

sugar of the blood is due to breakdown of liver

glj eogen to glucose There may be a considerable

decrease in the amount of liver glycogen Adreo*

aline also mobiliics mu«<le glycogen (Con) but

here the immediate product is lactic acid and not

glucose A part of the lactic acid is earned by the

blood to the liver where it is converted to gly-

cogen, which in tum fumi'ihes the blood with

glucose Muscle glycogen is therefore available

indirectly to replenish blood gluco«e When lactic

acid from the muscles has been changed in oppre-

ciable amounts to glycogen in the liver the amount

of substance m this organ may be mereased over

the normal lev cl Adrenaline therefore in moderate

dosage, first enuses a decrease and then an increase

m li\ er glycogen Very large doses over prolonged

periods may lower both muscle and hv er glycogen

The nervous control of adrenaline secretion will

be discussed m chapter 63, and the manner m
which thoracic autonomic impulses may affect

blood sugar through its liberation will be appre-

ciated Adrenaline docs not accelerate sugar for-

mation from other substances in the liver Dia-

betes has not been produced by the continued

administration of adrenaline

Insulin and adrenalme are not chemical ontag-

onists but po«se<w opposing physiological actions

Adrenaline accelerates the breakdown of both

bver and muscle gly cogen but the lactic acid made
from mascle gly cogen may result in an actual m
crease u\ the Uv er Insulin promotes the formation

of ^ycogen m both oigans, but the increase in

muscle glycogen may be at the expense of sugar,

which w'ould have formed liver glycogen These

arc excellent examples of the manner in which the

action of a hormone may be obscurcil by other

effects WTien the blood sugar is lowered to about

0 06 per cent by insului an increased rate of libera

tHjn of adrenaline may be detected (Cannon

Houssay) Adrenaline has also been reported to

increase the rate of liberation of in«ulm from the

pancreas

Adrenaline is one of the steps m the meclianisms

by which liberation of adrenocorticotropic hor

mone (ACTH) is released in ammaLs (Vogt, Long

and Fry) but it has not been possible to demon-

strate this effect m roan Thus a substance re-

leased in emergency causes a prompt hyper-

glycemia and may at the same time set m motion

other changes (literation of ACTH) w hicli stimu-

late gluconeogenesis and thus provide for the

contiDuation of the blood sugar rise On the other

hand, a meal high in carbohydrate giv cn to farted

raU causes a reduction m the cholesterol content

of adrenal cortex (liberation of cortical hormone)

which IS coincident with a rise in liver glycogen

(Abclin) This and related studies arc perhaps the

beginning of a more eompkto understanding of

the physiological coordination of medullary and

cortical activities There is some evidence that a

mechanKm even more rapid than one which could

be mediated by mlrenaline may play a role m
ACTH liberation

Tbe adrenal cortex and carbohydrate

MSTTABOi/isM After double adrenalectomy in some

species (cat and rat) the carbohydrate ^c'^?rvcs of

the liver and mu'^cles are depleted and there may
be defimte hypoglycemia (Britton and Sihettc)

These workers show ed that the hypogly cemic con-

dition may be corrected when the cortical hor-

mone and gIuco«c are provided but not w hen the

latter alone is given They reported tliat the ad

ministration of extracts of the cortex elev ated the

carbohydrate stores of adrenalcctomized animals

well beyond the normal limits Insulin and glucose

do not increase glycogen deposition in the adren

alectomised animal unless cortical extract is sup-

plied (Bntton) but it h possible tlut thw effect

might occur if the animali were «upphed with a

diet adequately low in potassium and high m
sodium Ixing and his collaborators have greatly

extended the earlier experiments of Britton and
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SiJvct(<? ami find nthcr remarkable ificrea*^ in

li\cr gljcogcn m fasted or fed normal ammnla
when extracts of thi a<lronal lortcx nrc ailminis-

tered Muscle gljcogcn nas not affected by the

cortical material in tlie'^e experiments but may be

increased when adequate amounts of sugar arc

supplierl

After IIoussaN ’s demonstration that rcmo\al of

the pituitarj gland attenuates the sci'cre diabetes

resulting from total pancreatectomy m the toad

and dog, Long and Lukens showed tliat a aerj

similar change could be produced by adirnalcc-

tomy m the dcpancreatized cat or dog It has been

shown by Lukens and Dolian that the diabetes of

adrenalcctomized dcpancrcatucd animals and also

that of hyqiopln-ecctomizcd dcpancrcatiied ani-

mals can be increased in sei erity by the injection

of cortical extracts

Long, Katzm and Fry ba\ c shown that the rat,

partially dcpancreatized b\ the method ofShapiro

and Pincu«, is an excellent preparation for the

demonstration of the role of tlie adrenal cortex in

carbohy drate metabolism Adrenalectomy attenu-

ates the diabetes w Inch may be obser\ cd m tbe«e

animal^ The grafting of cortical tissue may re-

store the glucosuria to the extent which lias been

ob»cr\ ed before adrenalectomy

The relative diabetogenic potency of various

adrenal steroids has been studied by Long and his

collaborators, by Kendall and by Ingle and Thom
In 1041 Ingle demonstrated adrenal steroid dia-

betes m normal rats which were forced to ingest o

diet nch m carbohydrate but of normal caloric

value This adrenal diabetes was highly resistant

te?iasaiis

one and 17-hydroxy ll-dehydrocorticosteronc

have all been shown to produce hyperglycemia

and glucosuria in the normal rat Ingle, Li and

Evans have induced these signs of diabetes m nor-

mal force-fed rats by the admirusfration of pure

adrenocorticotropic hormone The hyTcrtrophy

of the adrenal cortex w as \ ery marked in these

animals. The production of a decreased carbohy-

drate tolerance in human subjects by ACTH
(Browme) and of a state of metabolism similar in

many respects to clinical diabetes by administer-

ing more highly purified adrenocorticotropic hor-

mone (Conn, Louis and Johnston) are landmarks

in the clmical extension of laboratory findmp

The diabetes m human subjects which persisted

for as long as the mjections were continued (10

days) was resistant to msulm (See also Alloxan

Diatetes, p 836.)

It has been shownby Long and his collaborators

and by Ingle and other workers that the mecha-

nism through which these adrenal extracts pro-

duce glucosuria ls in part by stimulating gluco-

Mpogenesw from protein, but as the increase in

nitrogen excretion is insufficient to account for the

extent of the glucosuria, interference with glucose

oxKlation has also been jxistulated

Some Init not all of the abnormalities of carbo-

hydrate metabolism in adrenalcctomized animals

are apparently due to the disturbance in sodium

and potas.sium metabolism Thus the delayed ab-

sorption of sugar and fat and the failure to store

glycogen from glucose tan be favorably affected

by appropriate salt treatment On the other hand

the sliarp fall m carbohydrate levels in fasting

adrenalcctomized animals and the amelioration

of ibabetos in partially dcpancreatized rats by
adrenalectomy are not corrected by feeding salt

but are by the administration of suitable cortical

material

Wide it has been shown that the pituitary

preparations may exert a diabetogenic action m
the absence of the adrenal a part of the pituitary

effect IS undoubtedly exerted through the adrenal

cortex Tlie recent work of do Bodo has demon-

strated that the sensitivity of the hypophysecto-

mizcd dog to insulin is considerably greater than

tliat of tlie adrenalcctomized dog

Many of lhe«e findings which have been ob-

tained on experimental animals have been con-

firmed by Thorn and hts colleagues in studies on
patiente with Addison’s disease

The Pituitary and CARBoarpRATE
Metujomsm

It ha.s been appreciated for many years that

abnoimahties m carbohydrate metabohsm may
be associated with acromegaly of longstanding or

with the presence of various pituitary tumors In

1903 Borchardt found that an extract of the pos-

terior pituitary raised the blood sugar In 1911

Cushmgobserved that “pituitary deficiency ’’ may
be accompanied by an increased carbohydrate

tolerance "When msulm became available Bum
demoi^trated an antagonism between “pituitrm”

and msulm, and several workers (Olmsted, Geil-

mg, Houssay) showed that animals were more

sensitive to msulm after removal of the pituitaiy

body

It appeared for a time that both the oxj'tocic

and pressor principles of the posterior lobe pro-

duced hyperglycemia and thus mterfered with the

action of msulm The work of Ellsworth and

others mdicates that the oxydocm is
’

’ the
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more important factor from tlai ^ iei\ point but it

i<i doubtful, from the dosage nccc“=ar3 to produo;

the effect, sihcther this is of physiological sig.

nificance Griffiths hss reported that posterior

lobe extract, le, the xasocon'tnctor principle,

interferes with the absorption of insulin The ac

tion of subcutaneously administered insulin ism
hibited but wJicn the intravenous route is used

thus effect ls not observed

Interest has been focussed on tbc anterior lobe

of the pituitar) bx the briilianl researches of

Houssay and his collaborators and of other in-

vestigators The mam pomts established in Hous-

sax ’s laboratory ore as follows (a) Removal of the

anterior Jobe of the pituitary increases the scnsi-

tn ity to inHilin of the normal animal and dimin-

ishes the intensity of diabetes m the depanerc-

ntued animal (h) Injections of preparations from

the anterior pituitary into normal or hypophy

sectomued animals dimmish their *onsitu ity to

insulin and increase the Bcxenty of the diabetic

state m hypophysectomired dcpancrcatizcd

(Houssay) anunaU (c) The adtrunistration of a

suitable extract of the anterior pituitary can in-

duce a diabetic condition Tlus point nos inde-

pendently established by tiie reports of Cxmos

and hta colleagues and of Baumann and Marmc
Tlie effects of pancreatectomy and hypophysec-

tomy are contrasted in the following summary,

and the condition of the animal (tom nhich the

pancreas and the pituitary liaxe both been re-

moved IS briefly de«cribod

faiKrtalulmy {0tt) nypaHyudtmy (Da$)

Hyperglycemia Low blood sugar hypo
Polyuna glycemic convulsions

Glycosuria during fasting

Ketonuria

Aroturia

Insulin necessary for Greatly increased sensi

survival tivity to insulin

Metabolic rate normal Low metabolic rate

or slightly rai«ed

Decreased ability to Carbohydrate furnisbes

utilize carbohydrate increased proportion

of fuel

Decreased ability to Rapid disappearance of

form glycogen fat and liver and muscle sb
protein cogen due to utiliza

tion of carbohydrate

and decreased gluco

neogenesis *

Pancrealceloniy and Ilypophyseetomy

Animals BUtvvve without insulin Potyuna,

glucosuria ketonuria, azotuna slight or absent

* For direct evidence of this effect see Crandall
and Cherry

Administered carbohydrate partially or com
pletely retained i c

,
carbohydrate utilization

much better than in depancreatized dog Meta
bolic rate low Glycogen deposition

Permanent diabetes The anterior pituitary

gland contams n number of substances winch

aflect carbohydrate metaljolism in a variety of

ways These vv ill now be considered briefly Evans,

M^er, Simpson and Reichert in 1932 demon
strated the production of a prolonged diabetes m
normal intact animals by anterior pituitary ex

tract, F G Young, 1D3S was however, the first

to produce a permanent diabetes comparable m
intensity to that rcsultmg from complete pancrea-

tectomy, by mjection of extracts of the anterior

lobe of tlw pituitary He has found, mavery large

number of dogs, that he is able consistently to

produce a permanent state of diabetes by the

daily injection, cither intrapentoneally or «ub-

cutancou«Iy, of a preparation of anterior lobe ma
terial The permanent state of diabetes may be

produced after as few os eleven daily injections

but more are usually required Tlic diabetogenic

activity, tliat is the active material which will

produce permanent diabetes in dogs, is ossoci

ated with the globulin and pseudoglobulin frac-

tion of the pituitary extract Youngs work was

confirmed by Campbell and Best and by Dohnn
and Lukens and many others Degenerative

lesions of the islet cells of the pancreas were first

noted m tlic«c permanently diabetic animals by

Richardson and loung Signs of proliferative

changes in the islet cells in the early stages of the

mjections were found by these workers and b\

Ham and Haist who also observed proliferative

changes in the acinar and duct cells of the pan-

creas (fig 486) The diabetogenic extract pro-

duced prohferativ e changes in i arious other gland

ular tissues in the body Campbell, Haist and Best

noted that the diabetic state produced by the pi

tuitary extract was not intensified by complete re-

moval of the pancreas and secondly, that the

insulin content of pancreas was reduced to a neg

ligiblc quantity This latter point has been dis-

cussed elsew here

It would appear that the mam effect of the sub-

stance or substances which produced the perma

Dent diabetes is exerted upon the Inlands of

I^ng^rhans The«e celts are apparently first

stimulated and then destroyed by the repeated

injections of the active material

The permanent diabetes produced by the abov e

procedures differs from that caused by pancreatec-

tomy,m tliat the animals may In e for long pen-

odswitiumtthcadministration of insulin Insome
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(a) 'Normal dog islet cells

(b) IMet from dog made diabetic with extract of anterior pituitary gland

Fia 486

cases however insulin 13 required Starvation or

a diet V er> richm fat causes a marked diminution

in the intensity of diabetes in the permanently

diabetic animal

The production of permanent diabetes by the

diabetogenic eubstance of the anterior pituitary

can be prevented by the simultaneous adimnistoa

tion of large doses of insulin (Haist, Campbelland

Best) The islet cells are protected from profound

degeneratue changes, the insulin content of the

pancreas remains at a moderately high level, and

the state of permanent diabetes is not induced

Lukens and Dohan ba^ e shown that permanent

diabetes producedm partially depancreatized cats

by administration of the diabetogenic substance

of the anterior pituitary gland can be cured by
the use of insulin by a reduction in the caloric

\alue of the diet or by an mcrease m its fat con

tent Recovery from early diabetes has followed

a reduction m the diet only when the diabetes

vras \erj mild but treatment with insulin pro-

duced recovery at this stage regardless
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Bc\ent3 of the If treatment \\cre tlclajed

until after the Ishts of Langerhans had bicoine

atrophic norcco\erj was possible

It IS to be noted that in tin. prc\ ention ami tim,

of thw experimental «Labetes the Ie\el of the

blood siig ir IS probablj one of the most important

factors nhieh determines the direction m nhlch

the iskt lesions mil progress Tliis interpretation

IS supported bj all the results which Young
Ilaist, Campbell and Best and Lukens and Do-

lian ha\e obtained and is m line with the earlier

studies of F M Allen, Copp and Barcby, and
others Tlie rise of blood sugar m itself n ould not,

howeier, constitute an adequate stimulus for the

production of the extensive changes in the islet

cells The diabetogenic factor must operate

through other meclianisms as well The level of

blood insuLn maj be one of these

Highly purified growth hormone has been

shown to be diabetogenic, i e to produce porma

nent diabetes in cats (Cotes, Reid and Young
1040) and m dogs (Campbell Davidson, Snairand

Lei, lOoO) It would appear that this is the mam
diabetogenic component of anterior pituitary ex

tracts but the cortical hormone liberated by
ACTII and the thjToid proiluct by the thjToid

stimulating hormone must also pla> their part as

described elsewhere Growth hormone stimubtes

growth m joung dogs and docs not produce dia>

l«tea until tlie animals Ime matured (Aoung) U
a part of the rats pancreas is removed, but not

enough to cause diabetes, this condition may be

pitxluced by Large do«es of growth hormone

thjroxin or cortisone (Houssay) The rat is very

resi-^tant to tlieijc diabetogenic influences perhaps

m part becauv of its ability to make more in«ulm

wbeix oeedi.d lo. tba mJa/it taf. biawever ocl a
liigh carbohjdratt diet, growth hormone and

ACTII (givin together) regularly produce Iiypcr

gljcemia and glucosuria (Engel)

The omcoTToric on anti insulin action of

ANTLBton LODF rxinACTs It was first demon
strated by Iloussaj and Potick and adcquatelj

eonfirmed bj raan> later uiv estigators that treat-

ment with anterior lobe extract can imiucc in

either normal or hv popbyvictomizeil animals an

ins.nsitivity to the action of in«ulin

Itennett ol7=erv ed hypcrglvcemiaand increased

hv er gl> cogen v alucs upon prolonged administro-

tion of the admnotropic hormone Jcn<en and

Grattan and Ingle liavc «hown that the adreno-

tropic substance as w ell as extracts of the adrenal

cortex and crj'-tallme corticosterone pnxlucc a

definite gl) cotropic effect Tlic adrenocortico-

tropic factor failed to produce this anti insul n cf

feet or to promote deposition of bv er glj cogen m
adrcnalectomizcd mict These findings, therefore,

strong!) suggest tliat the glj cotropic effect of an
terior pituitary extracts is due to the adrenocor-

ticotropic factor A part of the anti insulin action

maj be ilue to the storage of largo amounts of

gl>cogen m the liver This glj cogen is presumably

avaibble to counteract the hj-poglj cemit effect of

insulin

It IS well estabhshed that hjpophjscctomizcd

ammab are unable to preserve their glj cogen

stores as normal animals do during fasting It has

been found b) Russell and Bennett that this func-

tion can be restored, under certain conditions, by

anterior pituitarj extracts In subsequent experi

ments it has been shown that this action is not

through the adrenal smee muscle gl) cogen can be

maintained at a normal level m the absence of

both adrenal gbnds in the fasting animal In fed

animals, however, adrenalcortical activitj is re

quired to maintain muscle glycogen It has rc

centl) been shown by Russell and ilhelmi (l&oO)

that purified growth hormone is able to prevent

loss of gl) cogen from skeletal muscle and from

diaphragm and to restore heart gl) cogen to the

normal fasting level m hypophysectomizod rats

It IS unnccessar) tberefoie to postulate a sepa

rate gl)cogcn-sparmg factor

The FANCREcmiopic action of anterior

PITUITARY EXTRACTS In 1933 AnscImiDo Herold

and Hoffmann reported that frequent injections of

anterior lobe extracts m rats produce in a few

da)8 an increase in the size and number of the

Islets of Langerhans Richardson and 'ioung were

not able to confinn the findings under the comb
tjAoa, ilfifiufl?! bx UDft Tbnx,

were, however, able to show that the daily treat

ment of rats witli crude anterior pituitary lobe

extract for a period of two weeks doubled the

amount of islet tissue m the pancreas More re

cently Marks and 1 oung showed that the insulin

content of rat pancreas was greatly mcreased un

der these conditions (See Insulin Content of

Pancreas

)

It wall thus be apparent tliat the anterior pitui

tarj gland affects metabolic processes by a v arictv

ot tncchani«nis Tlie permanent diabetes prwluceil

by growth hormone is due to destruction of the

J?-ctlls of the pancreas but growth hormone in

bibits the peripheral utilization of carbohydrate

It raises the blooil sugar and intensifies the dia

betes of completely depancreatized animals It

inhibita tlie ‘ biodmg of insulin by muscle and
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other tissues ACTH, b) liberating adrenal cor-

tical steroids grcatlj increases gluconcogencsia

and probablj al-o inhibits peripheral utilization of

glucose Cortisone under certain conditions also

stimulates the islets anti thus ina\ modifj the

diabetic state Tlie action of growth hormone or

cortisone in tlecroasing ixriphcral utilization of

sugar raises the blood «ugar and this is undoubt-

cdlj part of the tnccluanism bj which the p cells

arc stimulated and destroaod

The anterior pituitary gland aUo affects carbo-

h>clntc metabolism through the thiTotropic and

probably alxi the gonadotropic hormones Rc-

moiml of the adrenil cortet, thaTOid or gonads

produces hatological changes in the antenor pitu

itarj mdicatn e of o\ eractu itj, i c , of attempts to

stimulate the missing target organs

Inhibition of the anterior pituitary effect on

carbohj dratc metaboh-m bj the use of X-raj*s or

bj injection of estrogenic substances can be dem-

onstrated in animals and in man, but little of prac-

tical chmeal \aluc can be expected from these

procedures

The TmmoiD avd CAnuonTonATF Metabousm

The aggravation of diabetes m man bj hjper-

thjToidism and its amelioration bj rcmo\ al of the

thjTOid establishes a link between this gland and

carbohj dratc metabolism It is surprising that

\crj little influence on the diabetes of depan-

creatized animals can bo demonstrated by thj-

roidectomj This may be due m part to incom-

plete removal of thjToid tissue Wlien very

extensive atrophy of the thjioid is produced by

hv'pophj'«ectomy m dogs, the blood sugar and a

normal lev el of urinary nitrogen can be main

tamed for long periods during fastmg if thyroxin

IS supplied Without it hj-poglj cemia maj soon

terminate the experiment Thus it appears that

the thjroid maj plaj a role m the effect of the

antenor pituitary on carbohydrate metabolism

The slight effect of thyroxin adnunistration on

the intensity of pancreatic diabetes in some ani-

mals still requires explanation but Houssaj,

Foglia and their colleagues have shown that in

thyroidectomized rats 95 per cent of the pancreas

can be removed without causmg glucosuria The

administration of thjToid preparations to such

animals may result m the development of per-

manent diabetes (metathyroid diabetes) In some

partially dcpancreatized dogs permanent diabetes

could also be induced by large doses of thjTOid

material

The administration of thyroid substance or of

thyroxin to normal animals has no immediate

effect on blood sugar but a loss of liv cr glj cogen

may be demonstrated within six hours There is

also apparently a rise m the protem content of

liver due pcrliaps to mobilization from peripheral

tissues Increared gluconeogcnesis from protem

can be rcadilj demonstrated when thjToid •mb'

stance is fed An incrcare in the d-araino-acid

oxidase activ itj of liv cr lias been reported

In clmical hj’perthvTOidism a mild hj'porglj-

ccmia and glucosuria maj be present \ compar-

able condition maj be produced m animals by
administratioQ of thjTOid material At this stage

liver gljcogcn is ea^ilj mobilizable (the actual

amount jirerent maj be than normal) and

adrenahne elicits more hviwglj cemia and insulin

less hjTwglj cemn than normallj

I\hen fhjroid feeding is continued there is a

profound decrease in liv cr, muscle and heart glj

cogen In this second stage the animals arc resist-

ant to ailrcnalme and extremelj susceptible to

in«ubn Tliej maj cxlubit spontaneoua hjqxv-

gtjccmia or develop it as a sccondarj result of a

small injection of dextrose This latter effect maj
be due to the liberation of msulin the action of

which IS not buffered bj liver glycogen

Tlius the effect of the thyroid on carbohydrate

metabolism is the resultant of <>cv eral actions (1)

mcrcared oxidation of carbohydrate m tissues

gcncTallv, (2) the increased rate of hepatic glu

eoncogencsis, and (3) destruction of islet tissue in

partially dcpancreatizod animals

Glucvoon

Kimball and Murlin were the first to suggest

that the initial transient rise in blood sugar in

normal animals which received the solution of

crude insulm intnv cnously was due to a separate

substance They introduced the name glucagon”

which was adopted by Burger (1929) who, with

his colleagues, has been responsible for most of tlie

early studies of the properties of tlus material

Burger demonstrated that glucagon could be

sepaiuted from insulm and that the hyperglj

cemia was accomparued by a fall m liver glyco-

gen Adrenalectomy did not ebminate this effect

Shipley and Humel (1945) showed that crude m-
sulin preparations accelerated glycogen break-

down m liver slices Sutherland and Con (1918)

obtained evidence that this gljcogenoljsis was

due to glucagon and that this substance activated

tte phosphorylase system Staub, Smn and

Behrens (1953) have now obtained glucagon, m
crystalline form as a polypeptide rhffenne sigmfi-
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canlly from insulm m ammo acid content Bto-

raer, Smn, Staub and Behrens have shoTra that

glucagon 13 a single poljTWptide chain containing

29 amino acid residues Tliere are man> converg

mg paths of evidence which suggest that this

substance is made m the a-cclls of the pancreas

and perhaps also in similar cells of the fundic

mucosa of the stomach Sutherland and de Duve
obtamed glucagon acti\ ity from these tw o sources

only Makman, Makman and Sutherland have

now reported the presence of a glucagoolike

material m the blood of man and dog

It has been found more recentlj that glucagon

m addition to stimulating hepatic glycogenob'sis

produces manj other metabolic changes in am
mala and human subjects Ilgreatlj increases the

catabolism of amino acids as indicated bj the faU

in their concentration in blood and the rise in

urea production The deaminatcd residues of the

ammo acids are presumably synthesized into glu

co«e Thus the hepatic glycogenolysis and gluco*

neogcnesis may both contribute to the hyper*

glj cemic action of glucagon The overproduction

of glucose under experimental conditions can be of

sufTicient magnitude to produce a diabcticbke

state in many animal species including man The
characteristic hyperglycemia glucosuria, and ex*

ce^fiive nitrogen excretion persists only as long as

the glucagon u administered A permanent dia*

betes has not yet been produced The signtAcanee

of glucagon, if any, in the pathogenesis of human
diabetes remains obscure (Izzo, 1057, Elrick,

1958) In man glucagon stimulates ketone body

production and reduces creatinuna (Ezcin Salter

and Best, 1958)

The metabolic rate of rata treated with glu-

cagon may show a 50 per cent rise within an hour

Glucagon also affects certain aspccta of gastroin-

testinal function It has been reported to decrea«c

gastric motility and acidity and the flow of pan

creatic juice (Stunkard et al 1955 Robm«oii ct

nl 1957, Nechcles el a! 1957)

All of the effects of glucagon noted aboic have

Ix'cn observcil only under conditions of expen-

mental or chemical im estigition The doses u'ed

may be far in excess of what may prove to be

physiological amounts

The Nervous Regulation of Cabboutorate
Metabou->ii

As 13 the case with many other aspects of car-

bohydrate metabolisra, Claude Bernard pived

the way for the investigation of the influence of

the nervous system Bernard (1855) punctured

the floor of tlie fourth ventricle in unanesthetiied

animals and observed that the piqflre produced a
prolonged glucosuria (The blood sugar of a rab-

bit may use to 0 40 per cent within an hour and
the effect may pcrsi't for ecv eral day s or longer

)

It has been appreciated for some time that

lesions in the hyTmthalamic region may cau«e

glucosuria and the relation of these lesions to

pituitary secretion has been m doubt lITiile le-

EiOQS m ibis region might interfere with the ab-

sorption of tlie pituitary hormones or more likely,

stimulate or destroy the nerv e fibers going to the

gland, it has been established that stimulation of

the thoracic autonomic center in the hypothala-

mus may produce hyqiergly cemia This gave rise

to the idea that lesions lower in the brain stem

might act by irritating the fiber tracts from the

thoracic autonomic center but the situation is

apparently not so simple Donhoffer and Mac-
leod attribute special significance to the pons and

there may be various centers, the impulses from

which affect the level of blood sugar by more or

less indirect patlis

In a paper, with an excellent review of previous

work, Anderson, Rioth and Haymaker (1952)

showed that in dogs and rats a prolonged (20

to 30 day?) decrease in gluco<c tolerance was

produced by tranecction of the brain whether at

tlie pontioc, midbrain or hypothalamic level In

antinaLs in w hich decortication w as performed and

m tho«c in which the brain stem was henvisccted

there was no change in glucose tolerance The«e

finduigs provide evidence for a homeostatic con-

trol of blood sugar level by centers m the btam
stem

It will be appreciated that lesions of the brain

involving (1) the pathways which carry glyco-

genolytic tmpubes to the hver or (2) the tracts

which supply the adrenals, pancreas or pituitary,

may cause serious dLsturbances of carbohydrate

metabolism by interfering with these normal

meclianbrns The work of Anderson and associ-

ates does not suggest that failure of glycogen

formation or that increased secretion of adrenal

rorticoids provides an important part of the

answer to this problem It is apparent that the

field demands much further exploration with the

light of modem endocrinology and neurophysi-

ology focussed on it

Glucosf Tolerance Curves

IMicn gluco'ie is adetunetered by mouth to a

normal animal the blood sugar begins to rise

within two or three minutes This indieites that
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the sugar solution pa«scs rapidly through the

stomach to the duodenum If large amounts of

sugar arc provided there maj be considerable lo<«

in the urme, i e ,
alimentary hyperglycemia and

glvcosuna After the ii<!ual meal, honoer, the

hjpergliccmia is not sufficient to produce gluco-

<un3 MTien moderate amounts of sugar are gi\ cn

the ri-'e in bloofl sugar is transient and the return

to the normal level rapid This phenomenon is

cxtcnsivclj used to test earbohidntc tolcrincc

The factors which determine the shape of the

curve when from 50 to 100 grams of sugar are

given bj mouth arc (1) The rapidit> of ab^rp-

tion, (2) theextentof the storage and utiiiaationof

glucose the tissues, and (3) tlie rate of dis-

charge of sugar from the liver Tlie first factor

maj, of course, bo eliminated by mjecting the

sugar intravenously’ The reaction of the tissues

and of the liver to injected sugar maj be direct

or indirect Mlien more sugar is presented to the

tL«suoa more is utilucd even though the insulin

av ailable remains constant IMien the blood sugar

rises the hver may discliargc less sugar

AUweiss and Cohn) Tlie hj perglj cerrua may af-

fect the liver and other tissues indirectly by in-

creasing the insuUn output and perhaps bv other

endocrine adjustments The insulin liberated in-

creases storage of glucose and fat and may de-

crease gluconeogenesis An abnormal curve may

indicate inability of the liver or pancreas or of

both to perform their normal functions It might

be due in part or completely to defective oxida-

tion and storage in the muscles It must be cm-

phasued that an abnormal glucose tolerance

curv e does not necessanly indicate a deficiency of

available insulm

UNDESVIITmTIOV AND CaRBOHTDHATB
Metabolism

In 1873 Lehmann and in 1877 Claude Bernard

noted a glucosuria m fasting animals after the

administration of earbohy drate, and in 1890, Hof-

meister, who made the first quantitative studies,

named the condition ‘ hunger diabetes ” Utiliza-

tion of earbohy dratea is at a maxiraiun in animals

which have been fed on diets rich in these sub-

stances After periods of fasting or of fat feeding,

there is a definite impairment of glucose utiliza-

tion which may ea«ily be detected by the results

’ ?»omal dogs may be given 0 85 gram of glu

cose per kg per hour for long periods (tt oodyatt)

without producing glucosuna This vs approsa

mately the same value as the maximum rate at

which glucose is absorbed from the intestinal

tract

of a glucose tolerance test The feeding of an ex-

clusively fat diet produces cfTects on gluco'Hj

utibzntion mdistingui'^hable from those of com-

plete starvation Proteins exert an effect inter-

mediate between that of sugar and fat, i o

,

some
impairment of glucose utilization ts produced by
an exclusively protein diet Diets adequate in

other respects but providing a Ion eilorie intake

cau«c little disturbance in carbohydrate utiliza-

tion Tlie administration to animals or human
suhjccta cxliibiting hunger diabetes of a diet con-

taining glucose cau«c3 a prompt improvement in

carbohydrate tolerance

Tlic mecham-sms of production and alleviation

of the defect in carbohydrate utilization produced

by fasting arc not as yet completely elucidated

It would appear from the recent findings of Cham-
bers, Con and others that oxidation of gluco-se in

the tissues is interfered with to a much greater

extent than is glycogen formation It has been

established (liat the administration of insuhn ef-

fects a partial restoration of earbohy drate utiliza

tion (Con and Con Dann and Cliambers) This

finding suggests that insulm liberation may be

depressed m Jiungcr diabetes Ilimsworth feels

tliat a change m scrfitiv ity to insulin is lov oK cd

rather than a diminution of pancreatic output

Oo the other hand, the observation by Hnist,

Ridout and Best «how s that the insulin content of

the pancreas of rats may be reduced to nearly half

the normal value by starvation or by fat feeding

This finding ui conjunction with others supports

the view that msulm liberation may be decreased

Tlic evidence which has been well reviewed by
Chambers, does not indicate that the complete

explanation of hunger diabetes w ill be foundm the

abnormal response ofany one organ or tissue Tins

conception is supported by Ingle s report that in-

Eubn alone does not rapidly restore the carbohy-

drate tolerance of fasted animals to normal and by
the finding that at least one important enzyme
system (phosphory hse) is uicreased m activity

during starvation (Lundbaek and Goranson) The
bpogenic ability of the liver is reduced to the di-

abetic level by fasting

Gltcogen disease a clinical condition cbarac

tenzed by the enlargement of one or more organa

resulting from the accumulation of glycogen has

attracted the attention of research workers The
disease usually bears the name of von Gierke who
published an autopsy report on a case in 1029

Van Creveld in the previous year, had concluded

that the hepatomegaly which he observed in a

young boy was probably due to excessive glyco-

gen deposition The glycogen deposits may
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the liver, kidney, heart or in other tissues The
disease is characterized by hypoglj cemia and ke

tosis in the fasting condition, by an abnormal ef

feet of adrenaliae which causes only a slight nse

m blood sugar and lactic acid but a large increase

m ketosis and by an increased sensitivity to in

Bulin The glucose tolerance teat gives a prolonged

hyperglycemia without glucosuna The glycogen

content of the blood is increased and van Crevcld

noted a resistance of this material to glycogenol

ysis The glycogen in liver and kidney does not

disappear at a normal rate after removal from

the body and an interference with the gtycogeno

lytic process la therefore indicated

It would appear probable, as van Creveld has

suggested, that glycogen disease is a continuation

in childhood of a fetal condition in so far as certain

aspects of carbohydrate metabolism are concerned

There are large deposits of liver gl> cogen in the

fetus and this material is resistant to the action

of adrenaline It is well established that in some
species the fetal pancreas, at or near term, con

taina very high concentrations of insulin Kyper
insulimsm may produce excessive deposits of

glycogen m acU fed animals and ketosis under

fasting condition It has been suggested that the

secretion of the anterior pituitary gland makes
liver glycogen more resistant to breakdown But
all these observations must be considered in the

light of the findings by Con and associates that

the structure of glycogen from the liver of these

cases IB sometimes definitely abnormal and that

the abnormalities m response to enzymes differ

from case to case There may, therefore be many
different types of glycogen disease

Alloxan diabetes This type of experimental

diabetes was first produced by Dunn, Sheehan

and McLctchie (I(M3) who shoned that alloxan

has a selective necrosing action on the Islets of

Langerhans In 1937 Jacobs had noted the effect

of alloxan in rabbits—an initial hyperglycemia

and a 8ub»equeivt hypoglycemia No histological

studies were made and Jacobs postulated an in

sulinlike action of alloxan It has now been shown

that the hypoglycemia is due to liver damage or

liberation of excess maulm from damaged islets or

to both The diabetic state is caused by a failure

of islet cells to produce insulin The diabetic ac

tion of alloxan has been demonstrated m the rab

bit, rat cat, monkey and dog An unsucccssfnl

attempt has ^en made to destroy the abnormally

active islet cells in advanced cases of hypennsn

IiDism in man by the administration of alloxan

Lesions in the liver and kidney
,
less marked than

those produced in the islets, are seen m some spe

cies after the itijectioQ of this chemical

There is, as yet, no evidence that alloxan has

any physiological significance A substance re

It was reported, many years ago, in the

unne and intestinal mucus in certain pathological

conditions in man
Gnfliths has produced hyperglycemia and gly

eosuna but not permanent diabetes with unc acid

which is chemically related to alloxan To secure

this efleet the glutathione level of blood was de

plctedby a diet deficient in cy stme and methionine

and feeding large amounts of ascorbic acid Laza
row in was the first to show that glutathione

injected just before the diabetogenic do'e of a!

loxan protected the rats While many other sub

stances such as dchydroascorbic acid exert this

effect glutathione as a normal constitutent of

cells IS of particular physiological interest Gluta

thione reacts with alloxan to reduce it to dialuric

acid which is not diabetogenic Leech and Bailey

found an extensive fait in blood glutathione after

alloxan, and previous investigators had shown
similar changes in other tissues The injection of

various pituitary preparations has been found to

lower the glutathione content of tissues Cohn
found in his studies of transient diabetes m man
produced by injecting ACTH that there is a direct

correlation between the blood glutathione level

and the diabetogenic effect i e
,
the higher the

blood glutathione the less the effect In animals

injected glutathione consistently potentiates stor

Old diabetes by some unknown mechanism The
protective effect against diabetes may be attrib

uted to the removal of diabetogenic compounds
from the blood or cells It has been suggested

(n^don Lazarow) that factors which increase in

sulin production may exhaust the supply of sulf

hydryl groups by appropriating the cysteine for

the insulin molecule and thus decrease the avail

able glutathione and in this way make the p cells

particularly susceptible to alloxan or naturally

occurring damaging factors

T^e oiul nrpooLYCEMic aoents In 191S,

Watanabe noted that guanidin poisoning was ac-

corapatited by hypoglycemia In 1926, Frank,

Nothman and Wagner found a derivative of

guanidm which produced a lowering of blood

sugar, and which they felt was not as toxic as

guanidin This material was synthalm, a deca-

methykne guanidm Very soon, however, clmi-

Clans noted disturbmg side reactions primarily

m the gastromtestmal tract, and m 1929 ICarr

reported fatty degeneration and necrosis of the

livers of patients receiviBg this material The use

of synthalm was followed by tliat of a great va

nety of oral preparations Glukhorment, Antieo

man, etc These were various mixtures of guanidm

denvativcs Eventually they all proved to be

dangerously toxic for human use In 1942, Jan-

bon and co-workers accidentally observed that a

new sulfonamide, para-ammobenzene sulfamido-
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i«opropjl-thio(iiarol, a drug that was originallj

FjTithesizcd bj ^on Kcmmel and Kunmig, pro-

duced sc^erc h>'pogli ccmia m patients who had

been treated for tjT>hoid fe\cr Loubatifrres m-
%catigated the mode of action of this drug in

animal experiments and suggested tliat it stimu-

lated the islands of Langerhans Chmeal applica-

tion of tins substance mis not made, howexcr,

until Dtccmber 1D55, and m the meantime a
group of German workers carried out experi-

mental and clinical 'tudies w ith another Fulfona-

mide, Xr'Ulfaniljl Xr^'-butil-carbamidc (BZ-

55) This drug soon became mdelj u<!cd for oral

treatment of obc'C elderlj diabetics Prolonged

c\perimonts m animals, howc^cr, rc\ealcd dis-

ivrlv.'tg /SsKci ft si
, JJ^7>

as well as hepatic damage (Scliamb}^!, 1957) A
few accidents m human patients were alao re-

ported and the drug was withdrawn from the

market in Xorth America Almost at tfie same
time another suUonjlurea dcruatiio was made
axailable, the K-(4-rocthjl-bcnzcne-«uUon}l)-X-

butil-uroa (DSOO or tolbutamide) Tlus sub-

stance has now been wndelj used m the obc«c

clderh t>TX5 of diabetics, and the incidence of

(LUurbing side effects ui man has remained neg

ligible lavcr damage is produced in dogs by doses

of the drug which arc well tolerated bj man
In addition to thc«e derivatives of sulfonyl-

urcas, wlucli do not act in the ab«encc of the pan-

creas or m cases of juvenile diabetes, derivatives

of guanide hav e al^o been tried Pheny Idiguanide

(DBI) has been reported to be effective in cer-

tains C3<es of juvenile diabetes But (he mci-

dcncc of side effects is high although liver and

kidney function tests have not as yet revealed

any damage

Various new sulfonylurea derivatives are now
in the stage of experimental or clmical trial
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FAT METABOLISM

Oassincatinn of llic Fats and Fotty

Substances Occurring in the Boct>

Wicn « tLssue Is thoroughli cxtnctod «ith a

mixture of ether and alcohol almost all of the

fattj substances are rcmoi ed

The amount of fatt^ acids combined in the

ccrebrosicJes and phospJiolipuls may be deter-

mined hj taking a(h antage of the in^olubililj of

the«e matenali in acetone to which some mag-

ncamm chloride has been added The fattj acids

maj then be liberated and estimated bj one of n

\arietj of procedures An estimate of the amount
of the phosphorus-containing substances can be

obtained bj determining the phosphorus content

of the extract, and similarlj w itli those contain-

ing carbohjdrote bj estimating the sugar The
free cholesterol is removed bj precipitation with

digitonin and estimated graMmetncallj or bj

colorimetric means In another sample of the

extract the bound cholo«terol is Lbcnited bj

saponification as with sodium ethjlatc and tbe

total cholesterol determined The difference be-

tween the free and the total is the amount of

cholesterol combined with fattj acid and this can

be calculated from the known combining weiglit

of fattj acids with cholesterol The result is an

estimate of the amount of cholesterol ester The
difference between the total fatty acid content

and the sum of the amounts corobmed with car-

bohydrate, phosphoric acid and cholesterol, gives

us an estimate of the amount combined with

glj cerol The fattj matenals or lipids maj there-

fore be classified as follows

(1) Fafs Esters of fatty acids and glj cerol

(2) Lipoids^

(a) Phospholipids (phosphatides) Fatty

substances containing fattj acids, phos-

phonc acid and some of tbe following

constituents, glycerol, inositol, choline, eUv-

‘The phospholipids, cerebrosides and waxes
which resemble fats maj be termed lipoida or fat
like substances Tbe sterols and b> droearbons
while associated with fats are chemically qiute
distinct

anolamine, «crme and sphingosmc Ex-

amples are—Iccithm, ceplialin and sphin-

gomjehn

0)) Cerclirosulc* (glj colipids) Combina-

tions of fattj acid sugar and splungosine

(phrenosin, kcrasm, etc

)

(c) irojcs Esters of fattj acids and cer-

tain alcohols (but not glj cerol) (cholesterol

cHfers, beeswax, etc

)

(3)

Slerols Iljdrogcnated phenanthrcnc dcn\-

atiics (free cholesterol crgostcrol, etc

)

(•4) Hydrocarbons (squalenc, carotene, etc

)

Tub TmoLTCBWDEs

Chemical snujcroRE In tbe members of tbe

first group, the fats one molecule of glj cerol is

combined with three of fatty acid oleic acid

CitHwO}, Etoanc acid CuHuOt, and palmitic

acid CuHtiOt. arc the three which account for

the bulk of the fattj acids of the neutral fat frac-

tion of bodj tissues The latter two are saturated,

while ofeic acid has a double bond m the middle

of Its fatty acid chain Tins renders it Jess stable

and more casilj oxidized Oleic acid is liquid st

low temperatures while stearic and palmitic are

solid er en at bodj temperature It is now thought

that the glj cendes are usually mixed, i e
,
they

contain two or more different fatty acids m their

molecule Fattj acids more un<?aturated than

oleic (hnolcic and arachidonic) are also found m
the tnglj cendes The naturallj occurrmg fatty

QCids m tissues usually ha\e 12 to 20 carbon

atoms and one terminal carboxjl group

Tbe neutral fats obtained from animal tissues

contain fattj acids which have an even number of

carbon atoms The characteristic fattj acids m
the depot fat -vary with different animals Hd-
ditch and Loiern ha\e shown that certain fattj

acid mixtures are characteristic of manno ani-

mals, others of fresh water fish and others of land

aounals The fat of the fish, for example, contaiiiH

large quantities of h^her unsaturated fatty acids

Csiand Ctt

,

but in the depots of ox and pig tliesc

are almost absent

839
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TABLE 49 1

Dtslrtbulton of tissue lipids

Column (1) (aiVer Campbell and Lucas) gives

the distribution of the total lipids of the mouse in

the vanous tissues

Column (2] shons the distribution of adipose

ti'isue in the rat (after Mendel) as per cent of total

adipose tissue

W m

Carcass 34 Subcutaneous 50

Adipose tissues 32 Genital 20

Skin 18 Perirenal 12

Liver S Mesenteric 10

Intestine and spleen
;

3
1

Inter muscular 5

Genital organs 3 Omental 3

Kidneys and adre

nala 2 I

Brain 2
'

Lungs and thymus 1

DisTRiBtrrioN It is evident from gross inspcc

tion of tissues that resene fat is laid down m
large quantities subcutaneously in the omentum
the mp«onterj retroperitoncally and at other

«itf8 Rpi^ene fit is also contained m the inter-

stitial twsuei of moat other organs Exceptions

include the brain and the cornea (<oo table 49 I)

The ilistnbution of fat is brgelj independent of

the type of diet but the amount and kind of fat

deposited arc influenced by the food intake and

the typo of diet

Physiology The mam function of the glycer

ides 13 undoubtedly to provide n source of energy

Fat not only furnishes more energy per gram (9 3

Calories) tluin carbohydrate and protein but it is

the only food material stored m the dry stale

Tlie total fat content of a well nourished animal

may bo between 10 and 12 per cent and under

unusual conditions much higher A\erj large pnv
portion of the total eneigy store of the body is in

the form of fat

\\hili. animab grow normally when diets con

taming onl\ %cry small amounts of fit arc pro

\ided Ftieral investigators Ime reported that

growth w seriously retarded on a diet free of fat

(McAmis Anderson and Mendel) Palmitic,

stearic and olcic ac ids are not es«cntia! but Burr

and Burr have providwl evidence that certain

of the unsaturated fatty acids are necessary

Growth IS favorably affected by hnolcic Iinolemc

and araihidonic aci<ls and the development of

skin lis-ioas («imilar to acrcslynis) is prevented

Tlic«s, acids should be considered separately m

dietary studies smee there are definite differences

m the magnitude of thoir effects on growth and
on the eUn lesions There is an interesting inter-

relationship of the actions of the unsaturated

fatty acids and those of pyTidoxme pantothenic

acid and other accessory food factors (see ato

p 945)

In some species of cour‘=e, the layers of fat in

the subcutaneous spaces serve as an insulating

mechanism against extreme cold Thus m cold

climates the fat deposited just under the skm
contains a relatively large amount of oleic acid

It IS therefore more liquid than the material which

13 found in the less superficial subcutaneous re-

6cc\ cs Henriques and Hanson ha\ e pointed out

that since the temperature of the outermost sul>-

cutancous fat is appreciably lower than that of

the deeper parts the body requites a less con

gealable type of fat at this place In a somewhat

similar mvestigation of fat in different parts of

the Ixxly Anderson and Mendel could find no

difference in saturation of the fat from the super

ficial subcutaneous region niid that of deeper and

warmer parts of the body These latter workers

u-scd animals which are not normally subjected

to extremely low temperatures

Recovery from the depot tat of a particular

dietary fatty acid has bc*n repeatedly demon
strated Tins deposition is however limited to

the higher fatty acids (above Cw) Interconv er-

sion of the fatty acids within the body is well es-

tablished Schoenheimer and Rittenberg have

shown that the length of the carbon chain of

fatty acids can bo mcreaecd or decreased by two

carbon atoms at a time and further that do'iatura

tion or hydrogenation of unsaturated acids can

take place m the bodv Mhilo one double bond

can be formed the body appears unsbie to intro

ducc more than one Thus the highly unsatursteil

fatty acuLs such as hnoteic and Iinolcnic are not

found m fat which lias been synthesized m the

boily They must be providcil in the food

Conversum of Corto/iyifrote And FroUnn to Fat

The formation of body fat from carbohy drate

of the diet was esLablishcd by the classical work

of Liebig (1852) and Ijiwes and Gilbert (1853)

The rate at which the fatty acids arc formed has

now been studied by the u'* of isotopes These

studies liave shown that conversion of carbohy

diatc to fat proceeds continuously and docs not

occur only (as was formerly believ cd) when there

13 excessive intake of carbohydrate

Tlie formation of carbohydrate from protein is
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well established It lias been assumed that this

nei\I} fonned carbohjdrate ls available for fat

santhesis and gootl eaidcncc for thw assumption

lias been eccureti bj Longoncckcr and b> Hoag-

land and '^nidcr On an almost ctclosu el\ protein

diet the fat formed was «imilar in composition to

that sjTithojzed from <lictan carboh)tlrafe

Manj of the«c recent additions to our knowl

edge catablisli the fact that tlic fat depots arc

not e«enti3ll} inert «torchoU'ea of cnergj as was

previoush thought, but are center^ of continuous

metabolic actniti GI\cogDn and fat formation

take place m adjpo«c ti«sue and there is a bnsk

uptake of dedro^e the rate of which is controlled,

m part, bj the pre«cncc of insulin

The PuosrnoLiriDS

CnEsuc\i. sTuucTtmt Tlie pho«pholipuls proti*

abh occur mainlv m combination mth tissue

proteins Tliej are divideil into the monoamino-

phocpholipida m which the ratio of nitrogen to

pho phorub lb I I and the diaminopho«pho!ip-

idb in which the ntio of nitrogen to pho«p!ioru8

is 2 I The identified inoDoaimcopho«pholipids

are lecithin (pho«pbatid\ I choline), pho«pha-

tjd}lethanolamine and phosphatidjlscrioc Tiie«e

tw 0 latter compounds with some ino«itol contain-

ing pub-tancca and uncliaractcrucd basic tnaten

als ha^e been referred to os the “cephaUn” com
plex

Lecithin and the members of the cephalin com-

plex arc compo«cd of gb cerol and fatt> acids as

are the trigbcendca, but one fattj acid maj be

considered to be repbeed b> the pho«phonc acid

nitrogenous ba^ complex There ma% be one satu-

rated and one unsaturated fattj acid but in some
cases two saturated or two unsaturated faltj

acids occur Oleic and either palmitic or steanc

aads are commonlj found but more highlj un
saturated fattj acitL «uch as Iinoleic and liaofenic

haxe been identified In recent j'ears pure sju-

thetic lecithins identical m eierj respect with

the natural sul^tancre haxe been made bj Baer

and his associates Their work indicates that the

naturall3 -occurring lecithins are of the alpha

tj-pe Sphmgomjelm is a diaminophospbobpid

and contains two ba^e^ choline and 'pbingosinc,

and one fattv acid radical but no glj cerol Differ-

ent «phingom3ehns containing respectireJ3

,

steanc, hgnoeenc and nen omc acids hare been

found

DiSTRinunoN The phospholipids are wideh

distributed in the bod3 and it is thought that all

cells contain one or more of these compound^

O
i!

ii,c—o—c—n,

0
(f

«C—O—C—R,

on
1

II,C—0—P=0
i

Choline

O—CH,—CH,—Ns(CH,),
1

Lecithin OH

O
[1

H,c—o—c—n,

0
11

HC—O—C—R,

i

OH
I I

H,C—O—P=0
1

Ftbanolanuoe

O—CH —CIL—NH,
(or *enne)

rhc'«phati<]3 1 ethanolamine

cn,
1

(CH,)„

\

CH
((

CH
I

H—C—OH* O
( [l

H—C—NTI—C—

R

—R CH,

/
O—CH CH,N—CH,

CH,

HO OH
SphingoiD} elm

• Ma3 be estenfied with fatt\ acid

/ l\’\ OH

SphuigoQi3elui IS pre«ent in much larger amounts

m the brain and ner\ e tL«sues tlian elsewhere and

IS usaaU3 assooated with the cerebro'ides

The ‘ cephalin” content of the brain is con-

siderabb higher than the lecithin concentration

In the brer and spleen the3 occur m almost equal
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TABLE 49 2

The Ue\lhtn, cepAaltn, and ipkxngomytlin. etmtent

of normal human organa*

OrtiD
1

1

Lccitlunt

1

Cepbalint
Spblofo*

Brain} 4 81
,

20 42 5 66

Lung 3 85 2 00 1 45

Spleen 3 51 4 16 0 86

Kidney 5 10 3 26 0 72

Liver 4 81 4 62 0 33

Heart 4 47 2 06 0 3t

* From Thannhauser et al (J BjoJ Chem , 129,

717, 1039)

t The values representing mg per 100 mg of

dried organ

t Including both white and grey matter

amounts while in the kidney, heart and lung,

lecithm predominates m a proportion of about

two to one "Cephalin” and lecithin have been

isolated from the gastric mucosa of pigs butspbm*

gomj'cliD could not be demonstrated

The evidence of the French workers Mayer and

Schaeffer, and Terroino shotted that the amount

of phospholipid m a particular organ m a given

species remains relatively constant under a vari«

cty of conditions ucluding extreme starvation

As a result, they have called this fraction the

“61fiment constant” This evidence strongly sug-

gests that the lipids are structural components of

the cell Their rapid rate of turnover like that of

many other structural elements has been estab-

lished In tabic 49 2 the phospholipid content of

various human ti&sues is given

Phtsioloqy The exact role of the phospho-

lipids IS not jet understood but their metabolic

importance is widely accepted As noted above

the phosphohpid content of the various tissues is

much more constant than that of neutral fat Sig-

nificant X'ariations m phosphohpids may, how-

ever, be induced bj changing the nature of the

diet or by alterations in the hormonal balance

Insulin decreases the plasma phospholipid Re
peated injections of thyroid substance increase

tha amount in hver while removal of the thyroid

ca^ises a decrease Wth the onset of pregnancy in

the human subject the plasma phosphohpids

show a rise which contmues to term (the other

lipiils also incrc'ise) The work of Aten and

Hcicsj indicates that miJk phospholipids are

synthesized in the mammary gland

Bloor has suggested that the phospholipid con-

tent of a tissue maj be considered an index of Ibe

extent and x ariety of its physiological functions

Thus, tl» phospholipid content is mcrea«ed w ith

physiological activity and decreased when the

cells become less activ e A secreting salivary gland

of the dog (Caminade, Mayer and Vallfo) has a

higher phosphohpid content than the resting one

on the other side Tlie development of the corpus

luteum IS accompanied by a very sigmficant m-
crease in its phosphohpid content (Bloor, Okey
and Corner) MTien the body temperature of rab-

bits and dogs was greatly reduced by immersion

in very cold water, Mayer and Schaeffer found a

decrease in the phosphohpid content of the In er

and a compensatory rise when the animal had re-

covered from the experience The phospholipid

content of rapidly growing malignant tumor cells

13 higher than in normal tissue or m benign tu-

mors of the same tissue

The mclabohe function of the phospholipids is

most readily studied experimentally The mjec-

tion or feeding of synthetic compounds contain

mg labelled atoms such as deuterium or radio-

active tritium in place of hydrogen, heavy carbon

C“, radiCMictive carbon C’‘, heavy nitrogen N**,

and radioactive phosphorus P” has made it pos-

sible to study the synthesis of the phospholipids

Schoenheimer, Bloch, Riltenberg, Hevesy, Ar

tom, Chaikoff, Stetten end many others have

used these teclmiques to increase our knowledge

of phosphohpid metabolism Sinclair used elaidic

acid, the unnatural trans-isomer of oleic acid, as

a labelled compound m similar studies The

assumption that the body is unable to distinguish

between the cis and trans isomer may not be

justified Indeed recent reports of studies with

compounds doubly or trebly bbelled have shown

that sometimes the different tracers have given

different answers Caution is necessary in the in-

terpretation of data obtained with laotopes

These methods have shown that the turnover

of phospholipids IS mo'it rapid in the muco«a of

the small intestine during fat absorption, some-

what slower in the liver and much slower in the

muscles and kidneys In the brain the incorpora-

tion mto pliospholipids of P” (given as moigamc

phosphate) is a “low proctss The correspondingly

slow lo«3 of P” from the brain confirms the slug-

gish turnover of phospholipids m nervous tissue

The limited data on the turnov er rates of sphingo-

myelins m liver and muscle indicate that they

are of about the same order of magnitude as tliat

of lecithin although the latter always has the

fastest regeneration rate

A close relationship between liver and plasma
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m regard to phospholipids has been eetablished

Chaikoff and hts associates ha%c ‘'hem'n that mt-
tiiall\ all t!ie plasma phoephohpida arc demed
from the Iner Tins was demonstrated by ad-

ministenng phosphate labelled with P** and

palmitic ocid labelled mth C‘* to normal and
hepatcclomized dogs Onh trace«of isotope «cre

re«)\cred from the plasma of hepatectomizcd

dogs although other tL«sues (kidne\, mtestme,

etc ) were able to «\’nlhesire phospholipids at the

«ame rate as in the control dogs The lucr ap*

pears aho to be the tissue pnncipalh concerned

m the utilization of plasma phospholipids since

their concentration change^ but «lowI> in the

absence of the hier The incorporation of ad-

minL-tered P** into plioepholipids of the cor-

puscles IS a much Mower process tlian mlo tho'c

of the plasma

The CEREBROSintS {GLICOUPIOa)

In ccrebro'idcs the lja«c splungo^inc is com-

bme<l with a «uear (gaLactOK' or gluco^) and a
fattj acid Thus the cerebro«ide« differ from one

another in the nature of their fattj acids or carbo-

h\ (Irate The) can be diMingmahod from the

pho-phohpida the absence of phosphorus

The onl) uidiMdual cercbro«idos that ha%e been

isolated tn a pure condition contain e3bcto«e,

the) (fiffer in their fatt) acid component kerasm

contams a characteristic saturated acid (IiguO'

cenc, ChHiiOj), phrcno-in (also called ecrebroo)

contams the corre«pondmg a h)dro\) acid (cero-

bromc, CitEUiO*) nervone contains the cone-

spondmg Ah unsatuiated acid (nenomc, Cn
A) coe cffistsias t&c osnwpwrf-

mg un^aturated a h)drot> acid (h) dro^-ner-

\omc, C«H4*Oj) The) are found particubtl) in

ner\ous tissue, onI\ minute amounts occur else-

where m the normal bod)

CsOLCSTEPOh

Oiemttal nature CboleMerol is found associated

with the fats but chemically it is not related to

them Cholesterol, a white wam sohd, is the prin-

cipal «ten>l found in animal organism-. TbeMcrols

are crj’stallme saturated or unsaturated com-

plex alcohols den\ ed from cj clopcntanoperh) drt>-

phenantbrene They occur both free and com-
bined as esters or glj co'ides Very mmor changes

m their structure sometimes produce extraordi-

nary differences in physiological actiyity The
term steroid is apphed to a group of closely

related coropoimds containmg the same com-

plex nucleus The«e substances include the sex

bormonc«, bile acid®, cardiac glvco«ides, toad

poisons and Mtamin D Cholesterol has been

Imown «incc the eighteenth century as the chief

component of human gall «ton(?« It is an unsatu-

rated secondary alcohol Mo«t of the ehole«tcrol

occurs in the body as tbe sxralled free form (the

une«terrfied alcohol) which is precipitable by digi-

tonin A much *mallcr portion is present a» the

e«tcr of long chain fatty acids (the «o-called bound

cholesterol) Recent studies indicate tliat both

forms of chole-terol are present m rome looee

combmation with protein The-e complex mate-

mU of \erv high molecular weight, referred to

as lipoprotein-, have been Mudicd by Chargaff

Gofmxn and other*

DisTniBCTioN CliolcMerol is found in all celL>

and fluids of the body Tlie free and bound forms

arc not equally distributed Tbe free cholesterol

content of any particular tussuc is characteristic

and normally remains rebtiich eoa^tant, the

c«tcre, on the contrary, yary con'iderablv m
amount with changes m dietary

,
hormonal and

otherfaetors The brain and suprarenabhaye the

nchoxt «upply of cholesterol In tbe former it b
found mamh in the free form and m the latter

about 00 per cent as e«ter In bde it oecura only

in the free state In the corpu«ele^ of human blood

cholesterol exists chiefly in the free *tate while in

the plasma more tlian half is prc«cnt as the e«tcr

In mo«t other tissues the ester makes up a small

fraction of the total Table 49.3 ehows the ay erage

total cholesterol content of normal tissues of rab-

bit and man
AbcOBPTION, TR.O.SPOBT AXD EXCRETIOX OF

CHWcsrrnvJi. OryTtslkae chcisstccxTl acicnaie?^

tered orally is absorbed in only small amount's

unless some fatty material is aLo pre-ent m the

mte^tme Bile and pancreatic jmee are said to

aid ID its ab=iorptJOn Colloidal or amorphous

cholesterol may be absorbed m tbe absence of

dietary fat Combination with the bile acich m
creases the solubihty of choleMerol m inteMinal

fluids Tbe e,xpeMments of Mueller m 1915 on the

ab-orption of cholesterol haye been confirmed

and extended by the tracer studies of Chaikoff

and his associates usmg choI(*sterol lalielled with

C‘* at carbon atom 4 ttTien free cholesterol is fed

a portion is e«terified and about half appeara in

the chyle m the bound form, on the other hand

when choJe«teryI esters are fed «ome hydrolysis

occurs and agam about half appears in the lymph

m the free form Thus, the proce«ses of esterifica-

tion or of hydrolysis (either before, during or

after absorption) lead to essentially the same pro-
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TABLE 49 3

Total cholesterol content of normal huues
(per cent of fresh tissue)

1
R»bblf Mut

Adrenals 7 3 4 74

Brain ' 1 8 I 93

Skin 0 93

Kidney 0 44 0 33

Spleen
1

0 3S i 036
Lung 0 3S

j

Liver 0 29 ' 032
Adipose ti«sue (subcut

)

0 21

llxir 0 17

Blood (whole) 0 OS 0 17

Plasma 0 06 0 23

Corpuscles 0 12 0 12

Heart 0 14

Muscle 0 06 0 07

Tlie tiaaufs of a man weighing 70 kg may be

calculated to contain alightly over 100 grains of

total cliolesterol about 30 grams m adipose tissue

25 grams m brain 20 grams m muscle slightly over

S grams m ahole blood 5 grams in liver, because

of their small sue adrenals account for only about

0 S gram
* After Chamberlain

t After Cook

portions o! free to bound cholesterol in the lymph

The exact site of this esterification a hether m the

lumen or intestinal in all is at present undecided

The increased cholesterol of the blood duiiog fat

nl«orplion is probably due in large part to ab-

sorption of cholesterol contained m the pnncrcatic

and intestinal juices and the bile The incrcnse

in cholesterol ester has been taken to indicate

that the sterol may play’ a part in the transport

of fatty acids It is ^ery interesting that closely

tclatcil sterols (phyto^lerol, coprostcrol) arc ab-

sorbed only m ^ ery small amounts (Schocnhcimer

and Sperry) Thcblooil contains an enzyme ahich

will spilt the c«ters and presumably, under other

conditions, will cause synthesis (Sliope, Sperry

and Fchocnhcimcr) Part of the ab«‘otbed free

cholesterol, but not the ester, is excreted in the

bile and part is cbangetl to roproslerol by by

drogi nation and eliminated in the feces Some
uncliinged cholesterol is also excreted The cho-

lesterol plus coprosterol in the fews is usually

greafir linn the cholesterol content of the diet

borne of the bduiry cholesterol is reabsorbeil in

the smill mfistine Gardner and Gainsborough

slate that cholesterol can l>e found innormal urine

anil that the amount w increased by cbokslcrol

feeding and m certain diseases Under these cir-

cumstances cholesterol deposits may be found

m the kidney tubules

Tub PHYSiOLoay of cnotESTEROL Synthesis

and dcgiadaiion of choleslciol go on Bmiultane-

ousiy m the animal body Herbivorous ammals

do not get any cholesterol in their food yet their

tissues eontam essentially the same levels of cho-

lesterol as do those of omnivores and carnivores

Synthesis of cholesterol has been shown to occur

in many tissues (adrenal, kidney, testis, ovary,

small intestme, skin, etc) but the liver is the

most important site Plasma cholesterol comes

chiefly from the liver The ‘ two-carbon frag-

ment”, now identified as acttyl cocozyme A, has

been recognized for some years as a metabolic m
termcdiate m the synthesis of cholesterol in the

body Attempts liav e been made to measure the

rate of ay nthesis of cholesterol by feeding acetate

labelled with deuterium or C*' The time required

to synthesize an amount of cholesterol equ-il to

the amount present m the body is called the re-

generation time Schoenheimcr and Rittonberg

suggested the term "regeneration” to denote re-

placement by sjnihesued molecules, since ‘ turn-

over' unphes only rcpLacement without regard

to source Turnover could for example, be ap-

plied to the replacement of tissue cholesterol by
labelled dietary cholesterol The regeneration

time can be shown mathematically to be 1 44 X
the "half life regeneration time” as determined

by standard techniques

Rittenberg and Schoenheimer found the regen-

eration time for total body cholesterol in the

mouse to be about 25 to 30 days The regen-

eration time of cholesterol in the liver has been

estimated to be about 4 to 5 days m the rabbit

(Popjak) and m the rat about 9 days (Bloch)

Regeneration m the evreass w very much slower,

about 48 days being required in the rat Tlie re-

generation time for plasma cholesterol lias been

found to be about 12 days in both man and dog

Tlic rate of sy nthc«is of p]a«ma cholesterol in nor-

mal man appears to be about 500 to 600 mg per

day (Rittenberg) The nature and caloric value of

the diet affect the rate of synthesis of clioleslerol

during fasting the process is much retariied The

amount ejnithesizod per day in man is probably

about ten times the av erigc <laily intake An m
crca«c in the dietary intake decrea'ss the amount

formed m the body

Hormonal factors aho affect the metabolL«m of

cimksterol A single injection of an anterior pitui

taiy extract containmg the adrcnocorticotrophio
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hormone (ACTII) c^u«cs n definite fall in ndrcnal

cholesterol inthtn n fen hours (Sa^trs, Lon;0

W1)cn the thjToid is overaitivc, the concentrniion

of cholesterol m the, blcxxl is decreased, drugs

such as thiouracil, which depress the actuitj of

the thjTQid, increase the lc\ cl of btoo<l cholesterol

In human subjects estrogens depress fcrum cho-

lesterol Cjchc aariations of «erum cholesterol

ha%e been described m women during both the

menses and pregnancj On tlic other hand, (here

IS no eonunemg evidence for a primary effect of

androgens or progesterone upon cholesterol me-

bbolism

Bloch has demon'lmted witli the aid of dcu*

tenum the com crsion of cholesterol to pregnane-

diol It appears that cholesterol ma^ also act as a

precursor of other steroid hormone**

Ever since Overton’s work in 1800, the hpoid

nature of the cell membrane lias aroused interest

Tlio h^drophihc nature of the Icathms, the h>-

drophobic nature of cholesterol and the peculiar

inlormeduatc properties of the cholcstcrjl esters

have been invoked to explain tlie phcaomcoa at

membranes 'Wliilc there are manj examples of

the phvsieochemical antagonism of cholesterol

and lecithin, little exact information 15 available

as to the phy«iologicnl role of the cholesterol

moictj of the hpoprolcins in cell membranes

The Absorption of Fat

(Sec aL«o p 676)

Smee the fats and their hjdroljtic products,

the fattj acids, are verj spanngl} soluble in

water, the explanation of their absorption pre-

sents special difEculties The exact mechanism is

still unsolved There are two mam school of

thought cODCenung the processes mvolved One
group champions Pfluger’s hpoljdic theorj, the

other Frazer’s partition hj'pothesis Nearij 200

3eare ago Hewson (1774) observed that the

milky fluid seen in the lacteals following a meal

leaves a grease spot when dried on paper Under

the microscope the milky fluid was seen to con-

tain numerous tiny particles for which Gage m
1920 propo'sed the name chylomicron In 1856

Claude Bernard liad demonstrated that a fine

emulsification of fat occurs m the intestine and

showed that this depends upon the pre«vnee of

bile and pancreatic hpa'=e Bernard al*o noted

that hpcmia was present m the «ystemic circula-

tion foUowmg ingestion of a fat-nch meal Fur-

ther study of phenomenon was made by

S4i

Munk and Bo'cnstem in 18D1, utilizing a patient

with a lymphatic fi'-tuK of the leg

Tlic mode of trin«fer of the neutral fat from

the epithelial cells to the central lacteals remains

a matter for conjecture Tlie leukocydcs have
been credited with this function but mo-'t of the

evidence is against their playing such a role

During fit absorption the central lacteals show

rhythmical contractions which evidently serve

to pump the chyle contained within them into

tlic lymphatics tributary to the thoracic duct

Tims the absorbed fat is conslanth propelled

along tlie lymiihatic cliannoLv of the mc«ent{ rv

According to the classical lipolytic tiicory fat

13 emulsified and split complcteJv to fattv auiK

and glycerol before ob!-orptiDn Tlic fattv 'itiih

rendered water-soluble by complex fomition

with bifc salts, are behoved to enter the cpitiulial

ceJb of the intc'tinaJ vilJi where thev ore com-

bined with gly ccrophosphoric acid or pliospha

tidic acid to form pbo'phohpids and fin lUy re

appear ns neutral fat This is carried largelv m
the lymph, by way of the hcfcals, to the thoracic

duct where it enters the 8y'«temic circulation

The partition theory suggc'ts that it is not

necessary for all the fxts to be completely hvdro-

lyred Frazer believes that free f-itty ockIs are

absorbed by the blood and pass to the liver by

way of the portal vein, while glyccndes (tn
,
di

or moncK), with particle size below 0 5 p are ab-

sorbed through the intestinal mucosa directly

mto the lymph Thus absorption of fat is parti-

tioned between portal blood and lyunph accord-

ing to the degree of hydrolysis

Recently studies have been made with free

fatty acids and tnglycendcs labelled with C*’

StTien these compounds were given by stomach

tube to rats, over 90 per cent of the absorbed

fatty acids were recov ered from the thoracic duct

lyxnph m both cases Such findings are not con

sistent with the onginal partition theory The
msin tenet of this theory

,
1 e ,

that complete hy -

drolysis of glycerides is not necessary, is however

now well estabhshed By feeding synthetic gly cer

ides labelled with C“ in the glycerol part of the

molecule, it has been conclusnclv sliown that

hydrolysis of long chain glyceridesm the intestme

13 neither rapid nor complete Other studies mdi-

cate that in some cases a large proportion of die-

tary fat 13 absorbedm the form of glyceride Small

amounts of monoglycende, formed in the in

testinal lumen by the hydrolytic action of lipases,

can exert a powerful emulsifying effect, thus en-

abling the bulk of the dietary glycerides to be
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cli-pcrsf^ to particles of cxlmnelj fine gi2C These

p.irticles, as noted abo%e, can be directlj ab-

gorbe<l

Fat 13 not onlj transported as chjlomicrons

whieh arc lai^lj tngljcendes but ns phospho-

lipids and cholesterol esters, and in lipoproteins

TTie relative importance of these \ chicles and of

the noneslerificd fatt> acids in plasma is a sub-

ject for further rc«eareh

The Elimination of Fat from the Body

Then, ts no fit or phospholipid in the urine

under normal conditions but the latter may ap-

pear in disease There arc only traces of fat in the

secretion of the «km

The fat content of the feces is normally be-

tween 6 and 12 per cent of the fat which is ab-

sorbed but as Sjicrry has pointed out this bears

TABLE 49 4

Lipid componenla o/ plasma in {h« fasting state

(mean raluea in mj per 100 ml ) After Boyd

Mta
1

Riv Rabble
Cocb
ettl

Total lipid 530 230 243 520

Total fatty acid 31fi 152
' 160 361

Neutral fat 142 85 105
i

225

Phospholipid
1

165 83 78 155

Total cholesterol 1 152 62 1 45 1 100

Tree cholesterol 40 21 22 34

Cholcstery testers* ITS
, 52 30

;

111

• Bound cholesterol X I 6S

'CHYlO'tlCFOMS-'

fio 491 Shows chylomicrons (After Gage)

no Tclation to the food fat In dogs, e\cn after

fi\c necks or more on a fat free diet, there are

considerable amounts of fat in the feces Some

eo per cent of this is neutral fat and 40 per cent

fatty acids A large part of this lipid cvcretion is

derived from bacteria and cellular debris

Wlien the bile duct is ligated, large, Lght

colored stools are usually obsened as this pro-

cedure interferes greatly with fat absorption Di-

gestion 13 nearly complete, however, as is shown

by the fact that the fat is excreted chiefly as fatty

acids Fatty stools are found al«o when the pan-

creatic ducts arc tied although the absorption of

fat 13 by no means completely prevented IITien

pancreatic lipase is excluded in this way the ex

creted fat contains more glyceride and less fatty

acid

Blood Fat

Blood transports not only the fatty materials

absorbed from the mtestmes but also Upuls result-

iDg from intermediary metabobsm The amount
of lipid material found m the pla<ma of animals

ID the postab^rptive state (i e , at least 12 hours

after the bst meal) does not vary grcitly under

normal conditions Table 49 4 giv es typical v alues

for the hpid components in the plasma of several

species If however a sample of blood is with

drawn 3 to C hours after the inge«tion of a large

amount of fat, such os ohv e oil or thick cream, a

distinct milkmess of the pla«ma will usually be

observed The milkmcsa is due to the presence of

the liny microscopic fat particles called chylo-

microns (fig 49 1) Tlus is a phy'siological occur

reiicc which is often associated with the post

prandial hyperlipemia following a fattv meal The
extent to which the amount of fat in the blood has

increased is sometimes studied by counting thc^e

particles under a dark field microscope Erroneous

impressions may be obtained by this method
however, since an increased amount of hepirm in

the blood, and jw^sibly other factors can mini

mi2c or prevent the appearance of this milkmc«s

m plasma which by chemical methods, can be

demonstrated to contain abnormally large

amounts of fatty material Thus great variations

m the degree of milkinc«s nnv be observed in a

single individual under apparently identical cx-

penmental conditions Part of the discrepancy

can be explained in other way «, since the amount
of fat present in the blood at any given instant

depends on the balance between the rate of al>-

sorptioD and the rate at which it ts being utilized

ordepo«itedm adipose tissue It is obvious, there-
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fore, th.it the degree of ahmentar^ Iipcmts is not

a consistcntlj reliable incle\ of the nto at which

fat Ls being absorbed The postprandial increase

in blood lipids H due cluefl} to neutral fat
,
smaller

increases m cholosterjl enters and phospholipid

are often ol)ser\ ed Besides the transient alimen-

tary hjpcrlipcmia there are the eo-called reten-

tion and transportation hjT>erlipomias As stated

above, the cholesterol and phospholipids found

m pbsma originate chaflj m the liver The
pK«ma phospholipids consist chicflv of the cho-

Ime-contaimng tjpea Gecithm and sphingomje*

hn) The hi^cr proportion of the lipid compon-

ents of the plasma appear to be in combination

with proteins

The mcclianism of production of the inlercst-

mg lipemia which follows hemorrhage m certain

species requires further studj

Fat Transport

The long held belief that phospholipids are

particularlj active m fat metabolism and trans-

port, seems now to be disprov cd Pihl and Bloch,

for example, using acetate labelled mth C”, liave

shown that the rate of regeneration of neutral

fat is faster than that of phospholipid, from which

the> coneluded that phospholipids arc rot obliga-

torj mtcrmediates in the sj nthesis of neutral fat

Their data on plasma lipids suggest that it is

uchicl} that phospholipids arc a major vehicle

for fat transport Indeed, the data suggest that

neutral fat ma> represent the most important

means of Iipid transport in the plasma

It was thought, until recently, that all the

fatty acids of the blood and tissues were present

ra bound forma, as esters It is now known that

small amounts of non-esterified fatty acids occur

m plasma, loosely bound to protem, particularly

albumin This unestcrified or non^teriged frac-

tion of the plasma lipids (UFA or NEFA) con-

sists chiefly of oleic, Imoleic, palmitic and steanc

acids As Gordon and Dole and their colleagues

have shown, NEFA arise from the fat of adipo'^

and other tissues, includmg plasma bpoprotems

An enzyme "hpoprotem lipase,^’ isolated by Kom
from heart and adipose tissue, catalyzes the re-

lease of fatty acids from hpoprotem m the pres

ence of albumm or other acceptor protem for

the fatty acids Hepann is part of this enzyme

complex, which has the same properties as the

‘clearing factor” of plasma

Labeled NEFA are very rapidly removed from

the blood by the liver, muscle and other organs,

and are either mcorporated into the lipids of the

tKSues or oxidized to carbon dioxide Little up-

take bj adipo«c cells occurs The half life of

NEFA in the blood is very brief (a matter of

minutes), indicating that they hav c great meta-

bohe activity Calculations indicate that they

account for most of the lipid utilized

In the fasting condition the NEFA arc some

wliat elevated anil are diminished by the inges-

tion of glucose Thus their release from the de-

pots appears to be influenced by demands for

cncigj and the availability of other nutrients In

normal individuals given insulin the changes in

NFFA parallel those of the blood glucose In

diabetic acidosis the NEFA lev els are v ery high,

but may be rapidly lowered by the administra-

tion of insuhn and glucose Tlius msulin appears

to regulate, m part, the rc!ea«e of NEFA from

the lipid depots Durmg lipid mobilization pro-

duced by growth hormone in fastmg animals, on

the other hand, the NEFA rise, indicating in

creased production

A relatively unexplored possibility is that the

calorie-nch lipids in blood may be used to supply

energy to areas of higher metabohe activity To
cxplam the large amounts of bpids found in

plasma w as not easy m view of the well known in-

folubibty of neutral fats and free cholesterol m
water It was first suggested that ucorporation

ot fatty acids into phospholipids and cbolestery 1

eaters would account for the findings The more

recent discovery that these latter substances

and neutral fats occur m the plasma largely in

combination with protein, may provide a hypoth-

esis to account for the transport of energy rich

compounds m the form of lipids It is conceivable

that the lipoproteins may transport water-soluble

lipids in the plasma by some mechanism similar

to that m which hemoglobin transports oxygen

(Turner)

Lirm Mobiuzatiov

Mobilization of bpid at elevated rates from the

body depots occurs durmg fasting, after the ad

mmatration of certam anterior pituitary gland

extracts or hormones to fasting animals, when

there is deficiency of msulm A characteristic pat-

tern of changes can be recognized durmg bpid

mobiiization, although there are considerable dif

ferenccs m degree from species to species Durmg
the first phase of fastmg the carbohydrate re-

serves are rapidly depleted In the second phase

fat accounts for about four-fifths of the total en-

ergy utihzed m man, and protem the remainder

Large amounts of bpid accumulate m the bver of
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the mouse, guinea pig and rabbit, but not in that

of tlic rat, while the hpid of the rescnea a being

depleted In primates, including man, kctonacmia

and ketonuria occur and the non-esterified fatty

acids (NEFA) of the seruni increase Incubation

of h^er tissue from fasting animals tntnfro reveals

that the production of acetoacetate is increased

and the synthesis of fattj acids is decreased, while

the production of NEFA bj incubated adipose

tissue IS increased

Certain fractions of the anterior pituitarj gland

intensify the mobilization of Lpid in fasting am*
mala (Best and Campbell) This activitj is pos-

sessed bj the gronth, adrenocorticotrophic and
thjToid-stimuIatmg hormones, and the possibility

of a more specific factor is not jet excluded

Treatment uith these factors causes (a) over all

increased utilization of fat m the body with de-

pletion of fat reserves, (b) rapid and massiv e dep-

osition of fat m the liver and, to a lesser extent,

in the knlncy, (c) increased retention of nitrogen

and glycogen m the liver, (d) ketonaemia and
kctoDuria, (c) increase m NEFA of the serum

The protein and glycogcn-eparing effects on the

liver may bo due to the mereased utilization of

lipid A fat-mobilizing fraction, termed ‘adipo-

kinin by \\ eil and Stetten, occurs in the utme of

fabtmg animals and has been obtained also m the

urine of fasting man This material is possibly of

pituitary origin The liver tissue of the pituitary-

treated rats produces acetoacetate and utilizes

ovygen, in ntro, at greatly increased rates These

effects are due, apparently, to increased concen

tration of substrate (hpid) and to the stimulation

of ovidative activity m tlie liver tissue

Eipid mobilization by anlenor pituitary ad-

ministration is inhibited by adrenalectomy How-

ever, the adrenocorticotroplnc hormone can in-

duce mobilization in the absence of the adrenals

(Pngel) The adrenal cortical hormones do not in-

duce mobilization, but scn«itize the tissues to the

adipokinetie factors Scifter finds that the ad-

mini«tration of cortwnc to normal (but not to

hypophyscctomized) animals causes the appear-

ance m the serum of a dialy sable substance that

elicits fat mobilization when injected into test

animals Tlus factor appears to come from the

postenor pituitary gland TlijToidectomj causes

inhibition and loss of response to adipokmctic

factors, and thjToid treatment restores tlw re

sponse (Best and Campbell)

Deficiency of m«ulin, as in depancreatized dogs,

rapidly mduces (a) wastage of body tissues, with

depletion of carbohydrate, fat and protein re-

serve, (b) rapid and massive accumulation of fat

in theLver, with increase ui the size and friability

of the organ (hpid accumulates also, but to a

lesser extent, m the kidney and heart), (c) keto-

aentia and kctonuria, (d) increare m the NEFA
of the blood scrum, and (e) mhibition of synthesis

of fat The conclusion is inescapable that thc*^

changes are associated with mcrea«ed utihzation

of lipid and mobilization of hpid, with deposition

of hpid from the depots in hver and kidney The
odnunistration of insulm prev ents or rev erses all

these alterations It is well known that all the«e

effects of insulin deficiency and of msuhn treat-

ment can be recognized m diabetes melhtus In

sulin added to the medium batbmg adipose tissue

tn vtiro increases the uptake of labelled gluco«e,

the production of carbon dioxide and the synthe-

sw of fatty acids (Renold) and al«o decreases the

output of NEFA (Gordon and Cherkes)

The pituitary gland may be mvohcd in pro-

ducing these effects of insulin deficiency The ke-

tosis and the accumulation of fat m the liver of

the depancreatized dog are diminLshed or abol

vsbed by hypophy«ectomy Dinbetes induced in

dogs by the administration of growth hormone for

four or five day s » accompanied by massn e ac-

cumulation of fat in the bver, with enlargement

and increased friability Lipid aho accumulates in

the kidney and the heart, while m the blood

the lipids the NEFA and the ketone bodies, rise

The Liver and Fat Metabolism

Tlccenl tracer studies hav e confirmed the im-

portance of the liver m the metabolism of fat As
mentioned earlier, the liver is the main site of

formation of plasma phospholipids and of plasma

cholesterol The liver is the major organ for the

i^thesva oS lirtty ai.id:> in/m cmboVijdrate (al

though this process has been shown to occur m
other tiasura, e g ,

adipose tissue, kidney
,
muscle,

gastrointcstmal mueo'^a and lung) and it is the

principal site for the oxidation of the higher fatty

acids Some of the earlier ob-crvations which

linked the hver with fat metabolism are as fol-

lows (1) The fatty acids combmed as In er phos-

pholipids and glycerides are more unsaturated

than the fatty acids found in other tissues (2) The

rate of phospholipid turnov er in the In er is more

rapid than m any other tissue, with the possible

exception of the intestinal mucosa during fat ab-

sorption (3) The Incr is the principal ®itc of

formation of the ketone bodies which are well-

known metabobe intermediates in the metabolism

ofiat

1
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(1) The fact that the fattj acids m the b\cr

arc more unsatiimtcd than those m other tissues

\ias interpreted hj Loathes and Mcjcr-McdcUna

evidence for dc'sstuntion of fattj acids (forma

tion ofdouble bonds) m tlie bv er
,
Raper sug}?>sted

that ttic h\ or cells may sclcctn clj retain the more

unsatiintrd fatty acids Using fatty acids labelled

with deuterium Schoenhoimer and Rittenbcrg

were able to supply direct e\ idcncc for thedesatu

ration of stearic acid to oleic acid, they ato
showed that degradation of stearic ncid to pal-

mitic acid (with two \o3 carbon atoms) occurs in

the body The lipid-? of the hotly were showrn to

be constantly undergoing synthesis, mtcrconvcr-

sion and degradation and the rate at which these

processes occur w as found to be much greater in

the liv er tluan in other organs "More recent studies

using fatty acids anti glyccniles labelled with C“
hav e emphasized the important role of the In erm
the utilization of fat E-Tpcrimcnts on hcpatecto-

mized and e\ iscerated ammaU hat c revealed the

possible importance of lipids as sources of energy

m oxtrahepatn. tissue

(2) The rate of phospholipid turnover m the

liver has been studied by giving radioactive in

organic phosphate (P”), fatty acids bbcllcd with

C“ and choline labelled w ith hcav y mtrogen (N‘‘)

All these CTpcnmcnts have shown tliat the liver

phospliolipids are regenerated rapidly More re-

cent studies indicate that the sev eral parts of the

molecule (chohne, P and fatty acids) arc turning

over at about the same rate

(3) It has been vrcll cstabhalicd tliat the liver

13 by far the most important «ito for the produc

tion of ketone bodies («cc below)

Tiet’nrt'nanrririVy

total hpids t ariations within the range from 5 to

7 per cent arc considered normal about 50 per

cent of tills lipid material coDs^ts of pbospho-

bpids, about 3 per cent of free cholesterol, about 1

per cent of cholestery 1 esters and the remainder

(45 to 55 per cent) consists principally of glyc-

erides

The amount of fat w hich is present in the hi er

at any time depends on the following factors

1 The rate at which fat is brought to the h\ er

by the blood

2 liie rate at which the liv er is able to take up

fat from tlie blood

2 Tlie rate at which the liver can deal with fat,

(a) by direct oxidation in the hver cells

(b) by passmg it on m the same or in a

slightly changedform to other partsof

the body

4 Tlie rate of sy nthesLS of fat in the hv er from
other materials

There 13 an increase in the fat of the liv er withm
ft few hours after the ingestion of a meal contain-

ing largo amounts of fat Under these conditions

the ingested fatty acids appear in the h\ er hpids

thus altering their composition Under certain

conditions the liver may become intensely fatty

when no fat is fed, here the fatty acids are derived

from the depot fat or from ingested carbohydrate

or protein Mlion car marked fats are deposited

iQ the tissues and then some poi«on such as phos-

phorus or chloroform is administered, the excess of

liver fat contains the fatty acids which were pres-

ent in the depot fat

Faitt LivEns Under a v aricty of conditions

ncutrul fat or cholcstcryl esters may accumulate

in the hv er to a \ ery much greater extent than in

other tissues In experimental animals fatty hv ers

liave been produced containing over 50 per cent

of total hpids but this is an extreme situation and

values between 20 and 40 per cent are more fre-

quently encountered These fatty livers are much
larger and paler than nonoa) bvers tbe greater

part of the increase m w eight of the hv er is due to

accumulation of glycerides and water rho^pho-

bpids and free cholesterol remain remarkably

constant cholestcry 1 esters ucreasc significantly

irhencver glycerides inerease

Some conditions winch result in an excessive

deposition of fat in the hv er arc as follow s

1 Starvation—the fatty hv er of «tarv ation is

clearly seen in some species of animals It disap-

pears when the fat reserves are exhausted

2 Injection m fa«ting ammals of a fraction ob-

ianwefAum the anftrmrrinfarfetfy giheaf—peenfiwi

growth hormone ACi'H and TSH are actix e and

the possibility remams that a more specific un-

identified factor is operating

3 Insufficiency of insuhn

4 Dietary deficiency—diets deficient in chohne

or its precursors diets rich in fat or containing ex-

cessive amounts of cholesterol, diets deficient in

protein

5 Environmental changes—reduced atmos-

pheric pressure (e g , at high altitudes or elevated

temperatures

G Poisons—phosphorus, chloroform and other

chlorinated compounds, benzol ketene phlorid

zm, or bacterial toxins

7 CbmcaJ conditions m which one or more of

the above situations are present, e g ,kwa«luorkor

(world wide malignant undernutntion), diabetes
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mellitus, pernicious anemia, j*elIow fever, preg-

nancy .

The lipotropic factors. Choline and its diet-

ary precursors, betaine and methionine, are in

the rations of animals so as to prevent the ac

cumulation of e.\cessive amounts of fat m the liver

(fig 49.2) Choline, a quaternaryammomum base

(CH,),\—Cn, CHiOH,

I

OH

occurs widely distnbuled in nature although it is

rarely found m the free condition m more than

traces It was first isolated (from bile) bj Strccker

in 1S49 and has long been known as a constituent

of lecithin and ephmgomyelin Lean meats (mus-

cle) contain about lOO mg choline per 100 grams

of fresh meat Kidnej contains 200 to 300 mg ,

bram 350 to 450 mg
,
bver from 450 to 600 mg

,

fish mu'clc 50 to SO mg , whole eggs 350 to 700

uig
, egg yolk about 1400 to 1700 mg, whole

wheat 50 to 100 mg ,
wheat germ 350 to 400 mg,

oats, barley, rj-e, corn and rice contam about 60

to 100 mg, jeast (brewer’s dned) 240 to 360

mg per 100 g Vegetables as a group are low m
choline and fruits arc very low Edible fats as

obtamed commercially ere almost free from

choline

The other naturally occurring substances which

possess lipotropic activity are betame (the mter-

neutralized acid formed by ondizing the

pnmaiy alcoholgroup of choline), methionine and

l3-propiothetm They have been shown to possess

labile meth>l groups and it is believed that they

possess lipotropic activity by acting as precursora

of chohne Vitamm Buand folic acid, which are

important in hematopoiesis, are also able under

some conditions to produce a lipotropic effect

The relations between these two substances in

lipotropic phenomena are not jet clearly under-

stood but vntamm Bu appears to be concerned in

the bi08ynthe«i3 of labile methjl groups and folic

acid in traDsmcthylation reactions or m the syn-

thesis of some other part of the choLne molecule

Ino'itol CTcrts a limited hpotropic effect in fat-

frcc diets but this effect is mmimued when any

fat IS m the food The crude pancreatic extract

which has been referred to as “lipocaic” was at

one tune thought to possess some unique lipo-

tropic mfluence smee it was believed to be free

from chohne "While it may contain only traces of

free cholmc its content of bound chohne some-

times makes it one of the nehest known sources

of this base Methionine and vitamin Bn are also

present m this extract and if proteoljdic enzymes

are prreent thej may make methionine available

from the dietary protein

In 1924 Allan, Bowue, Macleod and Eobmeoa
in Toronto, and Fisher m Chicago, noted that

laige fatty livers developed m depancreatized

dogs maintained for a long time with insulin

Inclusion of raw beef pancreas m the diet pre-

vented this fattj change Hershey and Soskm
noted a sunilar protective effect with crude egg

lecithin In 1932 Best, Hershey and Huntsman
found that they could produce fatty livers m rats

bj dietaiy means m about three weeks as con-

trasted with a period of more than six months

required m the depancreatized dog With this

more rapid method of investigation they quickly

identified choline as the active constituent in the

lecithin molecule Betaine was found to exert a

similar effect It was soon discovered that casein

and certain other proteins possess lipotropic

activity This actmtj of protein was largely

accounted for m 1937 when Tucker and Eckstein

discovered the hpotropic property of methionine

It exerts a lipotropic effect by transferring its

methj I group to ethanolamme, thus effecting the

biosynthesis of choline (du Vtgnesud) When cho-

hne, betaine or methionine labelledm the melhjl

group with deuterium were fed singlj to rats, the

chohne of tissue pbcxpholipids, tho methionme of

tissue proteins and urinary creatinine were all

found to contain labelled mcthjl groups The
enzymatic process involved is known as trans-

methjlation and the particular groups concerned

arc said to be labile methyl groups Not all

metbjl groups are labile, a distinction must be

made between the processes of cfcmethylation and
transmethylation since dcmethylation docs not

necessarilj give rise to a labile methjl group (eg ,

aarcosme)

The original view that the animal body u un-

able to sj'nthesizc methj I groups had to be modi-

fied when it was found that rats could survnve and

grow slowlj under certain dietary conditions on

rations devoid of anj preformed methjl groups

(Bennett, Medes and Toenmes) Later, the im

portance of vitamm Bti and of folic acid in the

biosjuthcsis of methjl groups and in the metab-

olism of the “one carbon fragment’’ became ap-

parent

A labile methyl group is not necessarj for Lpo-

tropie action Tracer studies h.ave indicated that

the methyl groups of chohne are not labile and

only become so after ondotion to betaine It had

been rccogmzcd previously that nrscnochohne



tkapler FAT METABOLISM 851

Fio 49 2 Section from li%er of depancrcatized dot; fed a diet Ion sn cliolme Ether soluble material
over 60 per cent of wet nei^bt X200 (From Best, lluntsman and Young

) _

(\Nclch), tnethjlcholine (Channon, McArthur),

and «uIfocliolinc (du Vigncaud) nhich conLnm

no /ofrifc methyl groups exert a lipotropic effect

\Mien fed, they are incorporated into liver phos-

pholipids as the mtact molecule Tlie«o ob«ena-
tions suggest that the lipotropic action of choline

IS exerted by the mtact molecule and not by
virtue of its methjl groups Dietary components
with labile methyl groups exert their lipotropic

effect bj favormg biosynthesis of choline

The phj-ciological trat for a labile methyl group

IS to feed the compound contammg the methyl
group to a rat being fed a synthetic diet complete

in every sense except that methionme is replaced

by homocystme If growth occurs, which can only
happen when methionine is formed, transfer (or

•'ynthesis) of methyl groups must have taken

place

ItTien the lipotropic factors* are not available

* The term lipotropic was originally used to de
scribe the action of choline which prevented the
deposition of or accelerated the rate of removal of
fat from the liver It now has a somewhat broader
meaning and is used to describe the action of cbo
line and its precursors methionine and betaine on
fat deposition m liver and kidney Only those ef
fects of methionine and betaine which are exerted
through formation of choline are included m the

m the diet large amounts of fat accumulate m the

liver In young animals hemorrhagic lesions are

seen in the kidneys and other tissues (Griffith md
Wade), and then? may produce death The anti-

Iipotropic factor cholesterol aggravates the hver

and kidney changes while choline, betame and

mcthionmc prevent their development When
young rats nre ‘nibjectcd for only five days to a

diet deficient m cholme and its precursors and are

then returned to a full normal diet a malignant

hypertension of renal origin develops four or five

months later, m a considerable proportion of the

animals (Hartroft and Best)

In the depancreatized dog, cholme has been

shown to be one of the active components of beef

pancreas which as previously stated prev ents the

development of fatty bvers The protein of pan-

creas through its methionme content will pre-

term lipotropic ” Substances such as cholesterol
which cause a deposition of liver fat are referred to
as antilipotropic and hypothetical diets free of

lipotropic factors may he described as alipotropic
Cystine under certain dietary conditions in

creases the deposition of liver fat and the incidence
ofhemorrhagic kidneys Thisisapparently related

to 8Q improvement in the diet, the resulting in

creased food intake stimulates growth and ere
ates an additional need for the lipotropic factors
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sumably also exert a lipotropic effect Further-

more, the pancreatic enzymes mil help to liberate

choline and methiomne from the phospholipids

and protein of the diet There are thus three

pathwaj's by which the minced pancreas, the

studj of which imtiated these investigations, may-

have contributed the hpotropic agents

The mechanism bj which choline exerts its

lipotropic action is unknown There is a httlc

e\ idence suggesting that complex esters of chohne

may act as coenzymes m the metabolism of the

lipids

CinnHOsis Prolonged exposure to certain

toxic chemical or mfectious agents or dietary

deficiencies which cause fatty bvers can lead

evcntuallj to an excessive production of fibrous

connective tissue The shrunken, distorted liver

which results is usually of n peculiar orange to

brownish color It is this aspect which Laennec

featured m the name cirrhosis Kirashiorkor is a
pandemic form of cirrhosis found among severely

undernourished infants and children in many
parts of the w orld It appears to bo related to diets

in which the protein is both low in quantity and

poor m quahty No significant role of the lipo-

tropic factors has, as jet, been detected Some
forms of experimental curhosis arc attributable to

deficicnej of the lipotropos The first lesions of

this type, preventable b} odministration of the

lipotropic agents, were noted bj Maclean and

Best m 1934 In dcpancrvatized and later m
normal dogs Chnikoff produced cirrhosis by pro-

longed feeding of diets which permitted fat to

accumulate in the liver Later the lesion was

studied in rats by Gjorgy and Goldblatt Blum-

Ix-rg and McCollum, bj Daft, Sebrcll and Ldlic,

liy Hartroft and by others Experimental dielarif

cirrho'is begins by condensation of fibrous stroma

supporting ccntrolobular cells which have been

distended bj excessive fat to their bursting points

The ruptured ctUs atrophj and disappear leaving

a scar formed bj tlieir stromal remnants Bj

repetition and extension of the process these

scars evcntuallj sptead through the rest of the

liver includmg some areas around la^e portal

veins It can be prevented or, in its carlj stages,

cured m animals b> the addition of chohne or its

precurors to the diet

AfcoAo/ic cirrhosis is probably often of dietary

rather than of toxic ongm The excessive «m-
sumption of alcohol Fupplu?s sufficient caloncs so

that the patient feels no need for other foods

which would provide the necessary proteins,

V itamins and minerals The toxic effect of alcohol

in very large doses, on various tissues cannot be

doubted

The acute effects of chloroform poisoning on

the liver m protein-depleted dogs are dimimshed

or prev ented bj the admmistration of methionine

O^BlIer and ^^'hIpplc)

Methionme, cj’stmc or a tocopherol protect

rats against a massive necrosis of the liver which

appears when these substances are in large part

removed from the diet These protective effects

of methionine are not exerted through its lipo-

tropic action Schwarz has recently established

the importance of selenium as a protective agent

against necrosis of dietarj origin

Fat and oltcooen in liver WTiile it is true

that very small amounts of glj cogen are present

m very fatty livers and that the fat content is low

when large amounts of glycogen are found, it can

also be shown that moderate amounts of gly cogen

can accumulate m moderately fatty livers

Intermediary ^Ictabolism of Fat

During the oxidation of fat to carbon dioxide

and water a number of intermediary substances

arc formed It has been known for a long time

that throe substances are produced during the

oxidation of fatty acids, namely, acetoncetic acid,

hjdroxybutyric acid and acetone These are

collectively known as the ketone bodies The dis-

covery of coenzyme A by Lipmann m 1945 and
the identification of ‘active acetate’ as acetyl

coenzyme A by Lymcn and his colleagues (IDol)

are achievements of histone importance e shall

attempt to correlate these recent studies w ith the

previously known facts

Under ordinary conditions the ketone bodies

are present m the blood m very small amounts

(about 1 to 3 mg of total ketones per 100 ml
blood) and only about 0 3 gram are excreted

daily Ketosis (increased amounts of ketones in

blood and urine) may occur when increased

amounts of fat are metabolized, for example when
tlic diet 13 nth in fat, or during fitting when the

fat reserves of the body arc being rapidly utilized

Certain clinical conditions in which ketosis

occurs are diabetes mellitui fevers, the postoper-

ative state, toxemias of pregnancy
,
hyperthjTOid-

ism, glycogen disease Ketosis is seen experimen-

tally in pancreatic or phlorhizm diabetes after

administration of certain hormones (growth hor-

mone, adrcnocorticotrophic, adrenocortical and,

in fasting animals, insulin) The ammo acids

leuciDC, isoleucine, phenylalanine, tjTosinc and

hjdroxyproline, produce an increased excretion
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of ketone bo(lies m dubctic nmmnk Other ammo
acids miy gi\ e rise to glucose m tlie bodj U has

been estimated that protein predominantly forms

glucose rather than ketones Ketones may be

produced through the oxuhtion of pjru\ate by
Iner slices in tilro but in the intact animal the

ofTect of pyruvate appears to be antiketogenic

In general, it may be taken that the precursors

of the ketone bodies are the fatty acids

IVTEnCOW ERSION ANT) ExCRETIOS OF TnE
ICetove Bodies

Acetoacctic acid ls the ketone body that is pro-

ducer! first by the tissue cells Acetone ari'os by

dccarlxiTylation of this acid—a spontaneous reac-

tion that does not necessarily require the enzy-

matic activ ity of the tissue colls The acetoacctic

acid may be reduced by the tissues to ^ hydroxy-

butyTic acid The reaction is rev ersiblc In ketosis

the greater part of the total ketones occurs as the

hydroxy acid Since ^ hydroxy butyric acid is

vseakor than acetoacctic acid this conversion

tends to reduce the unfav orable cflccls of accumu-
lation of fixed acid

All three ketone bodies are excreted in the

urine Acetone may also be excreted in the expired

air, giving a characteristic odor to the breath of

the mdividual with ketosis In the days before

in«ulm the diabetic ward could be thus detected

at a distance

Sites of Origin of the Ketone Bodies

It is generally accepted that the bver is by far

the most important site of protftrefron of ketone

bodies The perfu’sed Uver produces abundant

quantities of ketones w hile little comes from other

organs such as kidneys, lung and skeletal muscle

(Embden Snapper, Grunbaum and Neuberg)

Himwich and his associates found that bver con

sistently added ketones wlule striated muscle,

heart and the organs drained by the portal vein

only occasionally added small amounts of ketones.

and Himotimes remov cd them from the blood It

has been ob^erv cd repeatedly that bver slices may
add ketones to the medium and produce rcfativ ely

largo amounts from added fatty acidi iiJule other

tissues arc very much less active The rate of

utilization of acctoacctate by bv er tissue is prac-

tically nif, 1 c
,
acctoacctate appears to be an end

product of fatty acid oxidation by the Iner In

contrast, acctoacctate and^ livdroxybutyTate are

readily utilized by muscle and other extmhepatic

tissues

The Mode of Forjivtion of Ketones

Tlie liigbcr fatty acids that occur m the body

contain an even number of carbon atoms m a

straight-cliam arrangement This is not the place

to describe the contributions of Knoop Raper,

Schocnhcimer and Uittcnbcrg and many others

all of which pointed to a fundamental two-carbon

unit concerned in the metabolism of fatty acids

Two of thc^ units were assumed by MacKay and

associates to conden«e to form acetoacctic ncid

Support for this assumption was provided by

Wcmhousc Modes and Floyd by labelling octa

note acid with isotopic carbon m the carboxyl

group The acetoacetato formed when this was

incubated with liver sbecs was found to contain

the isotope distributed almost equally between

the carbony I and the carboxyl carbon atoms This

could ooly have resulted from the condensation

of pairs of molecules, each containmg two carbon

atoms (acetyl groups) arising by ^-oxidation of

the fatty acid These experiments establish the

prmciple of bcta-oxidation and of condensation

of ‘acetate” molecules m the formation of aceto-

acetolc Subsequent studies have shown that

when carboxyl labelled fatty acids arc utilized to

form acctoacctate the ratio of the label m the

carbonyl label in the carboxyl carbon vanes m a

regular manner with chain length, ri'ing from

about 0 3 for butyrate to 0 8 for octanoate and to

1 0 for higher fatty acids The reasons for this

Fatty acids
Liver

CHtCOCHi + CO* Expired air

acetone 1

1 i

Enzymes
Active acetate”—» CH,COCH*COOH—»Unne

acetoacetic acid

y i /
CHiCHOHCHjCOOH

Oxidation m extrahepatic tissues to*— 0 hydroxybutyric acid

CO, + H,0

Scheme showing the metabolism and routes of excretion of the ketone bodies
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mcqu-ilitj have been explained by LjTien and by

Mahler

The Role of tub CoFhzTitE of Acetyutio’?

(CoA) IV Fatty Acid Metabolism

^\'hile studjing “actue acetate”, Ltpmann in-

•vestigated the acetjhtion of aromatic amines

such as sulfanilamide bj tissues and tissue cn-

zjmes and discovered that a heat-stable co-fac-

tor, the cocnzjme of acet>lation (CoA) is re-

quired

CoenzjTne A has been isolated from liver, which

IS a nch source, and also from jeast and other

microorganisms It is a dinucleotide consisting of

2-thiol-cthjlaminc (I) and pantothenic acid (II)

linhed by a pj ropho«phate bridge (III) to adeno-

sine (IV) which has a pho«phor}l radical at posi-

tion 3 of its nbosc rooietj

Obseixations m 6e\cra\ Uboratones sug^lcd
that "actue acetate” might be an 8cet3 lated de-

rnatue of this cocnzjme (Lipmann, Stadtman,

Ochoa) The btilhant studies of Ljuen and his

colleagues led to the isolation from jeast of a
substance able to acetjiate without the inter-

vention of ATP This substance prosed to be

identical with “active acetate” Chemical inves-

tigations showed it to be acctjl-cocnzjmc A, m
which the labile acctjl group (le ,

the “active

two-carbos unit") is linked to the sulfur atom

To ompliasizc the presence and importance of

sulfur in this high-encrgj bond the abbrevuted

formula is often WTitten Ac-SCoA instead of

Ac-CoA
The substrates involved in the enzjmic degra-

dation or sjTithesis of the fats are not the free

fatty acids but the activated conjugates with

CoA Coenzj me A acts as an acceptor of the two-

carbon units (acetyl groups) formed m the 0-oxi-

dation of the fatty acids The coenzjme combines

also with manj other organic acids, fattj and

otherwise, eg, propionic, butyric, ^bjdioxy
butyric, acetoacetic, crotonic, succinic, etc Thus

iit may be described as an acjl^R
—

y

ac-

ceptor The sulfur hnkage whereby the acyl

groups are united to coenzyme A is a new tjTW of

high-encrgy bond AcetjI-SCoA may be regarded

as analogous in some respects to a mixed acid

anhydride and in others to an ester In «ipiU! of

the high energy of the thiol-ester bond, the^e

compound^ are relatively stable m neutral aque-

ous solutions at room temperature, a property

which fits them for utilization in cellular metab-

olism The bond is split and the energy is released

ui tissues by the activity of specific enzymes

In tissues (eg
,
liver, heart, yeast) these fatty

acid oxidizing enzymes are bound to the mito-

chondria of the cells Rays have been devised to

prepare them in soluble form and to separate

those involved at each step The tn vttro studios

were thus made possible

)-0-

III

Coenzy me A
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Fio 40 3 ndicaUcheiae to represent the oxidative dcgratlalion and Bjuthcsjs of fattj acids (Bruno
Bosenfeld and C C Lucas Wtb acknowledgement of L>nen's suepesfjon )

Each complete cjcle invoUcs four reactions In oxidaftie dtoradatton these are (1) dehydroeenstion,
(2) hydration, (3) a second dehydrogenation, end (4) thiolytic degradation, i e . elimination 012 carbon
atoms as acetyl coensymo A following addition of cocnztme A The eynthehe reoetums occur m the re
verse order and in the opposite direction (1) addition oi an active 2 carbon unit (acetyl coenxyme A),
(2) hydrogenation, (3) dehydration, and (4) a second hydrogenation Before the oxidation or synthesis
can take place, the fatty acid must be activated (Reaction A) by condensation nth coen2y*me A These
steps are explained more fully on follocing pages

OxiDATiTE Decraoatiov (after Mahler)
Eeaefion A Aeftrofion ileacfton

e g

Fatty acid + coeozyme A ATP^
"Activalcd fatty acid”

CH,CH,CH,CH,CH,CH,CHiC + HBCoA-» CiHuC

Reaction 1 Dehydrogenation
EnzjTnatic removal of two hy drogen atoms gives unsaturated “activated fatty acid '

O O

CiHiiC'^ CH,CII,CHiCHjCHtCH=CHC^
{tAUj

SCoA y P a SCoA

fleacfuMi i Hydration
Addition of water at the double bond gives fi hydroxy “activated fatty acid ’

CH,CH»CH,CHjCHiCn=CHC > CHiCHiCH:CHjCH,CHOHCH,0
(bydrase)

y Pa SCoA

FAD represents an enzyme derived from flavu adenine dinucleotide

T P
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Peaetion S Second Dehydrogenation
Removal of two hjclrogen atoms from the carbon atom gives the^ keto activated fatty acid ’

-2II

(DPx\)t
CHiCHsCH CH,CH,C

y

lieaciion 4 Thiolytie Degradation
CoeDzjTne A adds on at the ff keto position from this unstable compound an active two carbon frag

menl (acetyl coenzy-me A) is eliminated from the activated end of the fatty acid to give a new
activated fattj acid with 2 less carbon atoms The molecule of acetjl SCoA thus formed is available

to add on at Reaction 4 in tbe next cycle of the degradation process t

CH,CH,cir,CH,cn,c

CoAS

CH.C
T \

»C,H,C + CH,C
\ \
SCoA SCoA

o + < V
IN„.

then rearrangement occurs with splitting as shown

SrsniE IS

Reaction A {elnalion Reaction

ATP
Fatty acid + coenzytnc A i—» Activated fatly acid

e g

0 O

ClhC'^ + HSeVyA + CU.C^ + HtO

^OH %CoA

Step 1 {Reierse of Reaction 4 ) Thio condensation
The activate 1 fattj acid condenses with an active two carbon fragment (»• active acetate *»

acetyl coenzvme A) to pve the activated p keto acid with 2 more carbon atoms one molecule of coen
zyme A is released to effect this condensation

C1I,C
\

O

SCo\
\
SCoA

O

CII,C o

\coA

+ HSCoA

Step S (Reverse of Reaction S) Hydrogenation
Addition of 2 hydrogen atoms to the 0 keto activated acid gives the 0 hydroxy activated acid

ClliCil CH»C"

t DPN represents diphosi hopyrid nc dinucleotide

J The coenzyme A does not add on as shown in the e mplified scheme above Most likely it first adds
>n to tl e carliony 1 group
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Step 5 {ftcieree oj Reaction 2) Dehytlrnhon
Ilcmoval of w atcr gv^ cs the ap unsnturated activated acid

jo'i,! 0 0

CH.c'^oiil.'-c'^
~°*°> cn.cH^cnc*^

\coA T e -

Step 4 (ffcrersc o/ Reaction 1) Second Hydrogenation
Addition of 2 hjdrogen atoms to the unsatnrated acid fina11> gives an activated (saturated) fattj

acid with 2 more carbon atoms than the acid which entered thcc>c)c

O

- cn,cn,cn,c"^
\
SCoV

Energj IS rcquiml for the first step in the me-
tabolism of the fattj aciiLs, i c , for the formation

of the “actuated fattj acid” (CoA Thiol-estcr,

Reaction A) Tlus cnergj is prosided bj a con-

comitant oxidation of a member of tlic citric acid

c\cle Tins IS the scnralled “sparking reaction”

that initiates the ovuhtion of the fattj ncid Once

the dcgndation lias been “primed" it proceeds

without further addition of cnergj, two carbon

atoms bciog spit off (os acctjl-SCoA) until the

acid has been entirclj broken down to 2-carbon

units The “active acetate” so formed cither

enters the citric acid cj do, to be burned to COt
and water, or is used in bio«j*nUietic processes

Fattj acid catabohsm produces cnergj, their

anabohstn requires enc^j In both ca«os the free

energy is provided bj "active acetate”, or more
specificallj bj the bond energj m the acetjl-

SCoA linkage

From a comparison of the turnover number of

Ahr iiwixiubif.’ oizyiinflr, jVf ibcr Awit cumabxiW
that the ^ ketoacjl derivatives, e g , acctoacetjl-

S-CoA, may be expected to occur at a much
higher steadj state concentration than anj other

intermediate ui the whole enzjinatic •sequence

Liver, m contrast to kidnej and heart, contains

a xerj active deacyla«e enzjnne catalj’smg the

reaction ’

acetoacetyl-S-CoA acetoacetate + HS-CoA

and a verj weak transfer enzyme cataljzing the

* An alternative mode of formation of aceto
acetate by the liver has been shown by Lynen and
hi^ colleagues Condensation of acetjl SCoA with
acetoacetjl SCoA yields CoASH and bjdroxy
^ methjlglutarjl SCoA Cleavage of this com
pound jields acetyl SCOA and free acetoacetate
The 0 hydroxj p methj Iglutaryl SCoA is also
utilized in the formation of cholesterol It is in

teresting that acetoacetate and cholesterol which
are both produced in increased amounts by the
liver of the diabetic organism, should have this

common precursor

reaction

Acetoacetate + succmjl-S-CoA

acetoacctjl-vS-CoA + succinate

Thus we are nUe to cxplam whj liver ti^'nie giv cs

ri'C to the formation of acetoacetate as distinct

from kidnej
, heart and muscle tissue (relativ elj

good sources of the transfer cnzj*me) bj which

fatly aads ere conducted to the catabolic cjcle

and thus via oxahcctatc and citrate to CO* and

HX)
If processes similar to these cnzvmatic reactions

occur in the living organism, activ e acetate would

become available (o the cells of the liver and

other tissues bj oxidations of fatty acids, ammo
acids and carbohydrates Pbe active acetate

would be utilized bj several alternative routes

(fig 49 4) The relative rates of utilization

through the«c various pathways must be de

terramed bj the inherent characteristics of the

celts, and by chemical, hormonal and nenoas

influences

Ketosis

As mentioned above certam experimental and

clinical conditions are characterized by the accu

mubtion ofketone bodies in the blood Ketosis, in

experimental animals, can be attributed largely to

increased rate of production rather than dimin-

ished utilization of ketones The ketosis is appar-

ently due to the merca^ed proportion of fatty

acids bemg used by the organi-m These are

presented to the liver m excessive amounts, caus-

an accumulation of fat In both experimental

and clmical experience it has been found that

nfaea ketosis occurs there is a relative lack of

carbohydrate available for use by the liver cells

The administration of carbohydrate produces an
antiketogenic effect as do the intermediates of
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-Liver cell boundary-

Fatty Ammo Carbohydrate
acids acids

-Acetoacetyl CoA

Acetylations

COa H2O Energy

Fio 404 Outline of the routes of formation and of utilization of active acetate (acetyl cocnzyme
A) by liver cells

carbohydrate oxidation tn vitro Lerunger has

shown that addition of oxaUcetate or suecioato

to the medium m which Lvcr slices were oxidizing

fatty acids decreased the rate of production of

aeetoacetatc and increased that of citrate and
other components of the Krebs’ cycle Acetoace-

tate 18 an altematue but not an obligatory prod*

uct of the oxidation of fatty acids by the liter

There are indications that kidney and other

organs may produce acetoaectate, but only m
small amounts (Modes, Floyd, and \^eiahousc)

The enzymatic constitution of kidney and heart

provides an explanation for the dilTeiencc between

the kctogcoic activity of thc«c tissues and that of

liter The ketone bodies are rapidly utJizcd by
cxtrahepatic tissues The rate of utilization is not

influenced by tbe amount of carbohydrate or of

insuLn present

Drury and IMck (1953) asmg C" glucose, hate

studied the rclatite rates of oxidation of glucose

and ^hydroxybutyTate and of glucose and ace-

tate Insulm increases the oxidation of glucose but

not that of the other compounds in etiscerated

rabbits MTien in«ulm activity is maximal the

administration of hydroxybutyTate or acetate

causes a ebarp decline in glucose oxidation but

has no effect on the rate of its disappearance from

the blood These findings indicate that the cells

bum acetate preferentially under these conditiona

and glucose is displaced from the oxidative sites

Effects of Ketosis

Ketone bodies m small or moderate amounts

prov idc a source of energy for tissues when the

supply of carbohy dratc is restricted or ita utiliza-

tion la impaired Acetoacetic and by droxybuty-

nc acids formed m liver cells are nonvolatile and

moderately strong acids which must be neutra

hzed by base as soon as they enter the blood

stream In severe ketosis, 1 e ,
when the rate of

formation greatly exceeds that of utihzation,

there may be a dangerous disturbance m acid-

base cquibbnum Those acids are excreted by tbe

kidney and tend to carry ba<e out of the body
with them The kidney attempts to minimize this

loss of base by holding it back and thus produces

a highly acid urine A further process to conserve

fixed base (K, Na etc ) a by increasing the for

mation of ammonia m the kidney The urme
volume 13 usually high m ketosis The excretion

of these organic acids represents a losg of po-

tential energy Thus k.eto«i3 results m a loss ol

ba«c, water, nitrogen and energy and leads to

acidosis and dehydration

Tile hletabolism of Adipose Tissue

Metabolic changes in the adipose tissue itself

liad, until recently , only infrequently been stud

red Wertheimer and hm colleagues have re-

ported that the adipose tissues of well fed or

fasted rats contain httlc or no glycogen If, how-

ever, after fasting the animaLs are fed a diet rich

in sugars glycogen appears ui the adipose tissue

It 13 not yet established that the glycogen ls a
step on the road to fat symthcsis The so-called

"brown fat” present m the rat and some other

mammals is said to be more active m glycogen

^thesis than white adipo=e tissue Mir^ky found

that adipose tissue brci contains enzymes which

can both synthesize glycogen from glucose-1-
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pho«pIiatc and promote the re\ cr^ reaction The
enzj-me am\Li®o is nly) pre«cnt in atltpo=c tissue

In adipose ti5=ue in mo, in^ilm promotes the for-

mation of gUcoRcn (\\crthcimcr and Shapiro,

194S), of fat (Chcmick, and Chaikoff, 1051, WicL,

Drurj ct al , 1951) and the uptake and oxidation

of de\tro=e (Vt incgrad and Rcnold, 195S)

Alinormalitios of Fat Alctaliolism

The problems of Etar\alion and obesitj (ch

50), abnormalities of fat mctaboli'm associated

with endocrine disturbances (p 865), and the

conditions m vhich there is an cxccssnc deposi-

tion of fat m the hrer are divciisscd cLscwhcro

A profound disturbance of phospholipid me
tabohsm occurs in Sicminn Pick’s (lisca<o, a

conchtion which i& seen m mfancy and in early

childhood and 13 imariabb fatal Tlie spleen and

liver arc enormoudj enbrged and contain very

large amounts of phospholipids The cholesterol

content of the«c tissues ls also increased but not to

nearlj the same degree The blood phospholipid is

aUo dcfimtelj rai'^cd Ilistologicall} tliero is a
great bj-pcrtropli5 of the reticuloendothelial sys-

tem ^'erj little is known about tbs disease but it

has been «uggested that there is some interference

mth the activity of the cnzjTncs which are re-

sponsible for various stages of fat metabolism m
the tissues

In the rare clmical condition mv oh mg a dis-

order of bpid metabolism, Ta^ Sachs disease,

there is an abnormallj bgh proportion of cerebro-

sidcs m the bram Liv cr, normal!}
,
contains little

or no cerebrosides but m Gaucher’s vbseasc the

cerebroside content of both liver and spleen is

fiigfi The pfij-siofogicaf signi^cance of tfic ce-

rebro«idei, is not known
Retention kyperhpemia appears to be caused bj

the sluggish removal of fat from the blood stream

The mechanism underlying the disorder 15 not

clear Its clinical designation is "idiopathic hj-per-

bpemia ” The neutral fat maj be mcreased from

20 to 100 times the normal concentration, and
total cholesterol may be about double the normal
value It sometimes occurs as an inherited dis-

order This retention tj’pe of bj’perhpemia does

not respond to msiitm but does to a diet low in

fat The diabetic (transportation) tj-pe of hpemia

does respond to insulin The effect of insuhn on
the experimental hpemia following hemorrhage

or that produced by protamine and decreased by
heparin has not been adequatelj studied

la 1893 Hand described a condition in children

which was characterized at autopsy by ycUow

Sd9

nodules in the crania] bones and in othcrsit nations

Since It will become increasing!} diflicult to add
more names when further cases are described it

ma} be expedient to call the syndrome Hand 3

disease (Hand Schuller Christian, etc ) llTiile

these nodules show a predilection for the tissues

of the head, 1 e , crania! bones, orbit, tuber cm
ereum, Ihcj have been noted in most portions of

the skeleton (Chester and Kuge!) The sigas and
8}'mptom5 depend on the areas affected Diabetes

insipidus and exophthalmos are common disturb

anccs, 1 c , due to lesions near the pUuitarj gland

and m the orbit Rowland believes that the condi

tion is due to an o«*cous form of xanthomatosis

These xanthomatous nodules contain large

amounts of cholesterol and cholesterol esten,

which together ma} account for a large proportion

of thcir total fat There is no alteration in the fat

content of the unaffected parts of the bod} The
ctiotog} of the diceaee is unknown The general

ized xanthomatosis which is sometimes seen m
diabetes mellitus, raa> disappear when the blood

fats arc reduced to normal values b} appropnate

treatment of the diabetic condition

A great deal of attention is being paid at the

present time to the metabolism of fat in tumor tu

sue but DO review ml] be attempted here The im-

portant part played by cholesterol 10 the forma

tion of gall stones has been dealt with (p C51)

Familial hypercholealerolemta is an inherited

condition in w Inch there is an abnormall) high to

tal serum cholestero] with s norma) proportion of

free and bound cboloterol There is frequentlj an
increase in pla«ma phospholipids The di«ea«e u
lobcntcd as an incomplete dominant The increase

ID blood cholesterol is not due to dietar} intake

but to mercaoed production or diminished utihza

tion within the bod} There are many reports

which indicate that the condition is characterized

by a raised incidence of vascular disease

Athebo'sclerosis

There is now considerable statistical ei idence

that prolonged li}'percholesterolenua and athero-

sclerosis are associated in some way The clurac-

terislic, but b} no moans the earhe«t, lesion of

an atherosclerotic artery is the cholesterol rich

plaque (containing up to 70 per rent of choles-

terol) It 13 probable that this cholesterol comes

from the blood, but this is not proven The cho-

lesterol in the blood is not present in simple

solution, but IS earned as lipoprotein complexes,

the so-called "giant molecules” (Sf 10-20) of

Gofntan WTule the total serum cholesterol values,

or the concentration of the ‘'giant” hpoprotem

molecules afford a significant differentiation be-

tween ffroups of men who are clinicall} healthy
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and groups of men who have (or may develop)

coronarj' heart disease, the forecasting efSciency

of the > alues for individual diagnosis or prognosis

IS very lov, Ancel Kejs and others have shown

conMncingly that the serum cholesterol level is

not readilj altered e^en by large changes in the

cholesterol content of the diet There is, however,

a relationship between total semm cholesterol

and the total fat content of the diet Excessive

intahe of fat or of calories m any form rather

tlian of cholesterol or that indefinite process

called “ageing per se” may be concerned m the

causation of degenerate e vascular disease

Scrum cholesterol levels can be reduced, in

man, through control of the diet in three waj's

(a) by reducing excess calorie mtake, (b) by
reducing the intake of animal fats (Keys), and

(c) by increasing the intake of vegetable oils

(Kinscll, Smclair, and others) These oils are rich

in un«aturatcd fatty acids Be\eridge and others

haie shown that certain steroid fractions from

tliesc oils, containing for e^tnple siatosterol, also

reduce cholesterol lei els in man The relative

efficacies of the unsaturated fatty acids, the

mechanism of action of which is unknown, and
of tlie steroids, which decrease the absorption of

cholesleiol and may ha\ e other cSects, i» atiH

unsettlwl

Fat metabolism ii undoubtedly concerned in

the production of atheroscleroois but m the search

for the initial causatiie factor protein which is

associated with all fat fractions m blood be

equall) important Abnormalities m the metab*

olism of the cells of the lessel wall or ui their

pcrmeabiLty are also obvious possibilities All of

the«e factors and their integration are bemg ac-

tiiel) mvesligaled

Diets rich in fat giien to dogs in which kidney

damage liad been produced maj result m cardio*

la'^cular lesions (AIcCormick and Holman, 1W9)

In rats aortic sclerosis may be produced by diets

nch m fat when kidiie>'8 have been injured by
drugs (Lehr and Churg, 1952) Rations extremely

low in choline and its precursors may produce

severe kidney and cardiovascular lesions in young

rats fed diets nch m certain synthetic or natural

fats (Stctlen, ilgram and Hartioft) There » a

possibility tliat deficiency of Vitamin E may be

important in the production of some of these ex-

perimental le«ion3 Tlie bearing of these experi-

mental findings on human atherosclerosis remains

unsettled The argumenta imphcating dietary

cholesterol as a causative factor in human ath-

erosclerosis have been well presented by Katz,

Btamler and Pick (1958) and discussed by Keys

(1956)
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50
THE METABOLISM IN STARVATION, SEMISTARVATION

AND OBESITY

Starvation

An animal depnv td of food deri\ es energy first

from tlw combustion of its own carbohjdiUe
stores (glj cogen) ^e^t the fat rcscncs mainli

are drawn upon anil finallj after these Iia\c been

exliaiistod ti«sue protein ls broken down, the

fatty acid part of the molecule is burned while

the nitrogen is excreted in the urine mainly as

urea The metabolism of seieral professional

fosters has been investigated Among the most
famous of the«e an. Succi whose mctaboli«m

nesstudicdby Luciam and others, Cette invexti

gated b> Munk and 7unt7 Lcvanzin bj Bene-

dict and Beauts bj Cathcart One of the longest

of such fasts upon record is that of Morlatte of

Pans which lasted for 50 daj-a A dog lias been

starved for 117 daj’s B> the end of this lime it

had lo«t C3 per cent of its weight but was fairly

•ictiie Succi on the -lOth day of his fast liail lost

about 25 per cent of his weight The length of

time a man could survive would depend largely

upon hi3 physical condition (fat stores etc ) at

the commencement of the fast but it would prob-

ably not exceed 9 or lO weeks in any event

Terence MacSwiney, Mayor of Cork after his

nrnst during the Irish troubles in 1920 went upon

a hunger strike w luch lasted 74 days, it was tcrmi

natcil by his death m coma
During «tan ation the 10*58 of w eight is not dis-

tributed i V only throughout the body, some organs

md ti sues losing a much greater proportion of

their weight than others (fig 501) During the

fir«t ftw lUjs the subcutaneous tissues and other

fat lirpots bonr the brunt of the effect of llie

fast Large quantities of extmiillubr water arc

al-fl lort at this lime Later, dissolution of rauscu

hr iKue occurs as indicated by the N b ratio

of the urint (alMiiit 14 1) The water lost daring

this penal IS derived mainly from intracellular

sources I>alcr dissolution of protoplasmic struc-

ture occurs The central nervous system, even ui

prolonged starvation, loses only about 5 per cent

of its weight (as estimated from normal stand-

ards) whereas the muscles lose about 35 per cent

or more The weight losses of muscular tissue

liver, gaslromtestinal tract and spleen run ap-

proYimatcly parallel with that of the body as a

whole The muscle fibers are reduced m size and

many arc destroyed Contrary to general belief,

the percentile weight Iwa of the heart is only a

little less than that of the skeletal muscles The

kidney lo«cs only 20 per cent or lc«s of its weight,

and the gonads adrenals and thyTOid only from

2 to 8 per cent Some of the small weight losses

reported eg of the central nervous system may
be due to the replacement of sobd substance by

fluid (see fig 50 1)

'

NiTROcts E'YcnETioN The total output of nUro^

gen m the urine falb for the first day or two of the

fast when the body is subsisting chiefly upon

its carbohydrate supplies The length of this

period varies of course with the sizeofthecarbo

hydrate stores at the commencement of the fa«t

A steady n«e in nitrogen excretion follows and

usually reaches a maxiinum about the third or

fourth day but from then on it shows a progres

sue decline and may reach a value of leas than 6

grains per day The nitrogen excreted during the

earlier part of the fast is apparently derived

largely from the mobilization of re‘5en e protein

(p 779) The urea nitrogen excretion at first rise«

then falls its percentage of the total nitrogen

excretion aUo dimiru'hcs The ativtBonia excretion

rises Thecrcfltininc output show s a steady decline

but this IS btgclv compensated for by t!ie ap-

pearance of creatine (p 781) fo that the creatinine

•y- creatine excretion remains fairly constant

As n result of some expcrimcnta of Voit many

years ago it is very often stated that a pro-

• There docs not appear to be any definite level

of emaciation that is of weight loss of tlie body
as 8 wt ole as a percentage of the normal body
weight at which death is inevitable Uecovenes
with judicious feciiing and transfusions of plasma

have been recorded after losses of botij weight up
to 50 or even 60 per cent of the normal w eight
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nounced rise in nitrogen excretion occurs shortly

before death from staixation, which 13 attributed

to an acccloratod breakdo’a'n of tissue protein

But this 60-caUed pTemortal nsc in nitrogen excre^

tion IS a \ erj inconstant phenomenon, and of \ery

doubtful significance, for death xerj often occurs

jn “tarved ammals in its absence Tlie total quan-»

tity of body protein catabohzed maj be detcT'

mined bj calcubtion from the total nitrogen

excretion on the a'^sumption tliat tissue protein

contams 16 per cent of nitrogen and that pra<s

ticallj all the nitrogen derixed from the break-

down of bodj protein appears in the urine That

IS, each gram of urinary nitrogen represents the

deammation of 625 grains of protem, so the

<if prtrAnrr ftrmLcir dbfrrr er caAruihAsf Ay
multipljnng the figure for the nitrogen excretion

bj 655 On this basis the axcrage dailj loss of

body protem of an ax erage sized man during star-

xation 13 about 50 grams or about 0 4 per cent of

the total amount in his bod^ For a foxx daj's fol-

lowing the termination of a prolonged fast the

mtrogen excretion shows a pronounced fall-

nitrogen IS retained for the rccon«truction of tis-

sue protein *

MufEiLXL arETADOUSit Tlic urinary excretion

of phosphmis and sulfur shoxxs an initial rise,

and then a gradual decline, thus showing a curve

which roughly parallels that of the total nitrogen

excretion Toward the latter part of the fast the

N P and N S ratios arc around 5 3 1 and 14 1

respectixely The excretion of P m relation to N
a greater than one xxould expect xxcrc it all de

nved from the soft tissues, the same is true for Ca,

which indicates that the skeleton contributes to

the quantities of thc«e minerals in the unne The
calcium excretion aboxe that which the soft tis-

sues can account for is much greater (10 times)

than that of phosphorus, from which it is deduced

that calcium carbonate rather than calcium phos-

phate IS bberated from the bones The ratio of N
to S IS a httle higher than that of the bulk of the

soft tissues, which su^ests that the sulfur-con

* The loss of protem vanes x^^dely among differ

ent organs and tissues Addis and his colleagues
found that in rats fasted for 7 days the several tis

sues contributed to the total protein loss in the fol

lowing proportions muscles and skin 65 per cent,
liver 16 per cent alimentary tract spleen and pan
creas 14 per cent, blood 6 per cent, kidneys 1 per
cent heart 0 5 per cent and the remaining o^ana
0 5 per cent Or put in percentages of the protein
contents of individual normal organs, the brain
Joses about 4 per cent 0/ its protein, the muscles
skin and bones about 8 per cent the heart IS pee
cent, the kidneys 20 per cent, the gastrointestinal

tract 2Sper cent^ ana the liver 40per cent

Flo 60 1 The weights of the major compart
ments of the body of >oung mea m normal nutn
lion on left after 24 weeks of senu starvation oa
nght, A active tissue (total body weight less the
other indicated compartments) B bone mineral
E erythrocytes, I interstitial duid (tluooyanste
space less plasma volume), from Keys and osso

ciates the Biology of nuinan Starvation Uzuver
sity of Minnesota Pre«9 redrawn and modified

taming amino-acids arc conserved or excreted in

only mmimal amounts

TTic urinary excretion of cWonrfe, sorfiwm, potas

stum and tnopnestum is reduced from the begin-

nmg of the fast This is to be expected since the

intake of minerals is restricted to that provided

by the water which is drunk The concentrations

of these minerals m the blood shows little change,

but the sodium bicarbonate is reduced when

ketosis Bupcrx enes

Ketosis The increase in urinary ammonia (p

563) IS a result of the production of excessive

amounts of acid metabohtes, especially hy-

droiQbuty nc and acetoacetic acids The latter are

formed as a result of the carbohydrate deprixa

tion and the consequent excess combustion of

fat Succi toward the end of his fast excreted,

dally , from 7 to 13 grams of acetone bodies In a

fastmg female subject reported by Fohn and

Denis the acidosis was extreme, some 18 grams

of hydroxy butync acid being excreted upon the

fourth day of the fast Fasting ketosis is much

more pronounced m women than m men This

sex difference 13 not related to the usually greater

adipose tissue of females, for a xery lean woman
excretes larger amounts of ketone bodies than
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TABLE 50

1

Sohject L Height, 1707 tm Only dultUed valer teas taken during tht$ fast

(Abridged after Benedict)

Day of Fasting

1st mb 2l!t list

Body weight kg 50 60 53 SS 50 19 47 39

Rectal temperature at 7 a m 36 51 36 04 35 96

Pul«e rate, morning, awake
Urine

74 61 59 60

Total solids, grams 43 51 42 05
1

31 88 27 07

Total N 7 10 10 25 1 7 93 6 94

Urea N 5 68 7 66 6 51 4 84

Ammonia N 0 41 1 58 1 57 1 21

Uric acid N 0 112 0 116 1 0 112 0 122

Creatinine + Creatine N 0 48 0 49 0 38 0 32

Chlorine 3 77 1 0 36 0 18 0 13

PiO, 1 66 1 95 1 60
1

1 32

N PjOi ratio 4 28 5 26 4 96 5 26

S 0 46 1 0 62 0 51
,

0 49

N S ratio 15 4 16 5 15 5 14 2

e oxy butyric acid
1

* ^
1

5 0 4 5
Ca 0 217 1 P 220

! 0 237 0 13S

Mg 0 016 0 072 ' 0 053 0 052

K 1 630
1

1 000
1

0 644 0 606

Na 2 070
1

0 100 0 oco 0 053
Loss of flesh calculated from N loss 213 308 238 208

U Q ,
night 0 78

1

0 72
1

0 73
1

0 72
Calories, indirect, 21 hours' complete rest

Calories per square meter (DuBois), 24
I

1441 ' 1193 ' 1032 ' 1072*

hours
1

S13
1

732 653 70lt

• Previous day - 1025

t Previous daj 661

docs a man of o%Trweight Nor, generally speak

mg, is ketosis O’ 8^5) during fasting gnatcr m
an oicnveiglit person tlian in one of normal

nciglit

Ca.edohydiutl siftabolissi Even m the later

stages of the fast glj cogen is found in the Incr,

and the blood sugar is little depressed Sugar is

apparently synthesized from protein In the ear-

liir stages there may be a temporary hypogly-

cemia

The basal nictohofic rate, the 6ody kmpwature,

pulse rate and the blood pressure all sliow a pro-

gre=«ive fall throughout the fasting period See

table 50

1

Senuslarsatioii, Undeniiitrition*

If a ditt posyrvsing a caloric mlue tonsulerably

Wow the energy requirements of the indnulual is

• Comprehensive reports of studies on undemu
trition have been published witbin recent years.

persisted in, as during famine, war blockade, ex-

treme poverty, disca«e (eg, stricture of the

esophagus or pylorus) or improper feeding of in-

fants, serious nutritional effects result It must
also be remembered that just as an intake of

calories over the output will cause obe«ity so an

energy expenditure m excess of the caloric intake

will result in a loss of weight Con®equenth a

man who performs heavy work upon a diet which

13 adequate only for a sedentary worker will suffer

from undcniutntion The economic or other con-

ditions which lead to extreme reductions in the

total caloric value of the diet obv iou«l> mu^t also

cause, as a rule
,
a reduction in the intake of % itw-

mios, essential minerals and first class proteins

As a consequence, the incidence of specific de-

eg, Malnulrtlion an I Slartalion in the Western
Aetkerlands, Netherlands Government 19H-1&I5,
and the two volume monoernph by Anccl Keys
and lus associates. The Biologg of Human Slarva

lion, Umv of Minnesota Press, 1950
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ficjencj (li5ordcTs, e g ,
stuntjug, xerophthalmia,

rickct«, o'tcomaUcixi, Ecur\j, cte
,

b> also lugh

Rltcn the caloric \alue of the diet K markedly

lowered The«c special aspects of undcmutntion

are dealt w lUi in other cliaptcrs

Tlie mo«t pronounced instances of undornutn-

tion and emaciation are met \\ ith most commonly

m anorexia nenosa, pituitxrj cachcxLi, the later

stages of malignant disease, and in prolonged and

«ei ere inficlions

The folloiMiig la a summary of the mam cffecta

of sei'erc undernutrition

(1) Reduction jnbod^ weight—emaciation The
bod> attempts to make up the ealonc de6ciene>

b\ burninj; its own tissues The loss of weytht is

due chtcflj to loss of fat but also in sexere tn

stances to a loss of protein The nitrogen balance

13 negative In children growth is retarded The
positive nitrogen balance is smaller linn normal,

it maj exen be negatixe In the less severe grades

of uodcrnutntion in children the growth impube
continues to cau«c an increase in height of the

skeleton but the muscles and the breadth of the

body arc poorlj dex eloped

(2) Reduction in basal metabolic rate The total

ba«al metabolism i e , the heat production os rc

lated to surface area, is as one would expect owing

to the reduction in the mass of active tissue,

diminished in semistarvation, but the metabolism
per unit (kilogram) of body weight is reduced as

well The total metabolism IS diminished b} nearly

40 per cent, and the beat production per unit of

body weight by nearly 20 per cent The eau«e of

the reduction pet kilogram has not been fully ex
plained, but it can be accounted for in part by the

decline in cardiac work (by about 50 per cent) the

lowered tone of the skeletal muscles and the sub
normal body temperature, which would tend to

slow the rate of all chemical reactions in the tis

sues The subject is abnormally sensitive to cold,

due to the fact that the skin vessels are conslncted

in an attempt to reduce the dissipation of beat

through radiation and convection (ch 52) Tlie

skin temperature upon which our thermal sensa

tions depend is therefore lowered The specific

dynamic response to food may be increased

(S) The subject 18 readily fatigued nndsbowaa
lack of a zest for phy sical exertion Work is per

formed with the same expenditure of ene^y as

normally
,
so though energy is economized m the

carrymg on of the vital processes as shown by the

reduced BAI R and cold skin, no economy is ef

fected in the execution of muscular work

(4) The loss of internal fat which normally

serves to support the organs—stomach, kidneys,

uterus etc—against the effect of gravity, results

in their diiplaceiaent (visceroptosis) The lost

6o(^ fat is partia^^ repi'aceif dy watef

(5) Sosecplibility to infections “Fever and
plague dog the footsteps of famine ’’ Tlus is an
old adage, but with the exception of tuberculosis

(m which resistance is definitely lowered) and cer

tain specific effects of vitamin deficiences there is

really little evidence that undernutrition increases

the susceptibility to infection

It IS natural to suppose that the production of

•y globulin which is so closely associated with im
mune bodies would be depressed by undernutn

tion, especially if mvohing severe protein defi

ciency The investigations of Cannon and his

colleagues ba\e gone far to show that this, indeed,

docs occur In the Minnesota experiment the con

centration of y globulin in the plasma of the

subjects was moderately reduced but this was not

sccampsfii^ A*/ soj tsppireni iscress&ia *-us<^p

tibility to infections, the semistarved subjects of

the experiment had slightly fewer colds oxer a
comparable period than the controls On the other

hand, there is a considerable body of evidence to

support the conception that undernutrition ac

cualiy reduces the susceptibility to certain mfec
tions It has been reported for example, by McCay
that underfed rats were surprisingly free from the

usual laboratory infections, others hax e concluded

from their experiments and observations of natur

ally occurring di<ca«e that well nounsbed animals

are more susceptible to infection than are under

nounsbed ones RTien a severe infection is estab

iished, however, the undernourished animal is at

A disadvantage and is more likely to succumb
It IS recognized (bat some noniofectious condi

tions such as hypertension, neoplastic diseases,

and diabetes are benefited by undemutntton In

animals, very severe undernutntion definitely m
hibits tumor growth, but whether le«s severe

ealonc deficiency has such an effect in man is un

certain The evidence for the incidence of hyper

tenoion being reduced is mainly statistical

(6) Edema not uncommonly ('ce ch 4)

(7) Psychological changes Mental apathy,

moral detenoration depression, tendency toward

introversion and other changes in personality
,
and

lowered intellectual capacity are common effects

‘ The brain is in some sort of custody of the stom

achand relief of malnutntion gives relief ofmental

dullnesa” (Roger Bacon) An unresponsive, com
plaining and uncooperative attitude in semi

starved persons of Western Europe receiving relief

after World War II was x ery frequently observ ed

Drummond remarked upon this and stated that

it disappeared completely when the food intake

was raised above 1500 to 1800 Calories per day

Obesity

Some forms of obesity are quite definitely due

to a hypothalamic lesion or to a disorder of an

emdKzme ergarr, gctaeiscy (ch <xir~
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tcx (ch 6S), thjroid or gonads, thej will not

concern us here Such origins of obesity are rare

and associated i\ith other marafestations ol

pothabmic or endocrine dj-sfunction Ordinary

obesitj—the so-called oiesi/./—is \eiy

common and afflicts persons showing no other

abnormaht}

In roanj cases of simple obesity there appears

to be a genetic element, a conclusion borne out by
statistical studies Insun.cj'sof a large number of

obese persons, one or both parents were obere,

whereas the mcidence of obe^itj in persons both of

whose parents are of normal weight is only about

10 per cent Tlie hereditary obesitj of a strain of

jellow mice is well known A Mendelian domt~

nant gene carries the characters for yellowness

and obesity, nonyellow mice of the same litter

arc not obese The basal metabolic rate of the

obe®e animals is said to be reduced and the body

temperature subnormal, an hereditary hypo-

thatamic origin of the obesity has been suggested

Another form of obesity in mice which is accom-
panied by hyperglycemia has been described The
food conmmpticn o! these animals is much
greater than nooobese controls An inherent tend

ency to fatness seems to be illustrated by the

common observation that of two persons who
appear to eat about the same amount of food,

and exercise to the same extent, one may remam
thm or of normal weight while the other grows

fat Furthermore, the “spare" pcr«on maj hare

a large appetite and remam underweight while

the obese may diet himself and still be fat In

order to explain such ca«es it lias been euggested

that they are due to an inherited endocrine

characteristic Yet if this were so, some evidence

of it should be forthcoming from metabolic

I'tcrfrns ^mVneir/iAnrrv.t’iieVi'sa’iTirt'uAnJftC'rUle

per unit of body surface of the subject of the

common or simple typo of obesity is wiflun nor-

mal hmits—that is, his energy expenditure at rest

13 not less than the normal Nor is work per-

formed more economically than usual by the

obe«e , the re\ erse is probably true on account of

the greater amount of inert adipose tissue * llis

greater storage of energy cannot therefore be ex-

plained upon this basis It has been claimed that

the specific dymamic action of food (p 787) is

reduced m cases of simple obesity, and it has

‘ Newburgh states that obese persons as com

E
ared with the normal produce more beat tn the
asal state and expend more energy for the per

formance of a given amount of work Their total

metabolism measured over 24 hour periods is also
considerably greater than the normal

been suggested that such a reduction, by conserv-

ing energy
,
may play a causatn e role The smaller

specific dymaimc action which has been observed

could, however, account for no more than a 3 per

cent reduction in the total daily metabolism, and

13 quite madequate as an explanation An almost

inappreciable increase m the caloric intake or a
slightly reduced bodily activity would produce a

much greater effect upon the energy exchange

For example, 10 grams of extra fat daily m the

diet (eg, a tcospoonlul of butter) yieldmg 90

Calories, or 23 grams of sugar (about 2 teaspoons-

ful) would increase the caloric intake of a person

of ordinary actii ity by 3 per cent or so, while a

slow walk ofa mile w ould mcrease the metabolism

to a corresponding extent

Other possibilities have been explored, namely,

that the obese person may absorb his food more

efficiently
,
that there exists an inborn peculiarity

of the tissue cells, whereby they accumulate fat in

excess, or that they release the fat less freely into

the circulation for use as fuel None of these fac-

tors has been found to play a significant part

It w probable that a hereditary or constitu-

tional factor, in the great majority of instances of

ordinary obesity
,
is more apparent than real, and

that a careful ini estigation of these cases with

respect to food intake and muscular activity

would reveal a positive energy balance It is ther^

fore likely that when obesity shows a familial

tendency, the inclination of members of the same
family to follow similar habits mth respect to

diet and exercise, rather than that some inherited

endocrine peculiarity, is responsible Or again,

traits which lead to obesity—oienndulgence of

the appetite, or a distaste for muscular exertion

may be inherited Also, the obese person often,

vnic^rges xr, rrun-

ccntraled food

The possibility of a hyqxithalamic or an endo-

crine element m the development of obesity is

very difficult to prove or disprove From what is

known of the role played by the hyTxilhahmus

and the cndocrines in the control of food intake

and ui fat metabolism, it is tempting to look m
this direction for an explanation of obe«ity

Obesity might conceivably be due to some hyyxi-

thalenue or endocrine idiosyncrasy There is ex-

penmental evidence that the hypothalamus exerts

an influence ujwa the hunger sensation (ch 43),

but endoerme effects are more often exerted upon

the </i«fri6idMm of fat rather than upon the total

body weight There is no suhslanlial endenee that

o6enfy u due to any other cauee than menndulgenee
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w/ood tn relaixon to tiie body's energy rcqtnremerUa

It must be remembered that the la^ of the

conser\ ation of cnergj liolds for the animal bodj

(ch 44) Energj taken m tlie food is either ex-

pended or stored as fat and carbohj drain, and to

some extent as protein Mhatexer the primary

cause maj be, whetlier lij-poUnlamic or endo

crine disease, or whether it is due simpl} to oxer-

eating, obesity is t)ie result of an energy intake in

excess of the energy output Theoreticallj
,
an

energj balance could be struck bj increasing the

exercise of an obc«c subject But increasing the

cnergj output bj exercise is much less cffcctixc

than dietarj restriction, phj'sical exertion in-

creases the appetite and the subject finds it diffi-

cult to resist satisfjnng it

The basic problem in obesity is the cause of the

increased appetite Many psychological aspects of

this question are obi lous but they will not be

discussed here Endocrine factors haie been con-

sidered elsewhere May er and hia colleagues ha\ c

suggested a general distinctioa between “regula-

tory” obesities where the primary impairment w
one of the central mechanisms regulating food

intake (psy chological disturbances, hypothalamic

injury and “metabobc” obc«itie3 where the pri-

mary lesion leading to ox creating is m tissues other

than the regulating centers, i c
,
pancreatic or

sex gland disturbances) The prolonged effects of

one type of lesion may induce the other

The "cost" of obesitt (See table 502) (1)

Owing to the increased weight, muscular exertion

places a greater load upon the heart and circula-

tory system The mcidence of arterial hyperten-

sion IS relstnely high xn persons who are oxer-

weight (2) Dissipation of heat by conduction and
radiation (ch 52) is reduced through the heat-

insulatmg effect of the mantle of subcutaneous

fat Sw eating is m consequence more profu'e (3)

Diabetes is more common in the obese than m
persona of norma! w eight Josim refers to diabetes

as “the fat man’s folly,” and to obesity as “the

open door to diabetes ” Reducing the weight of

an obe‘!e diabetic has been found to dimmish the

sugar excretion by as much as 75 per cent (4)

Persons who are grossly obese are said to be less

resistant to infections and poorer surgical risks

than those of normal weight (5) The mcidence

of gallstones is relatively high m the obese accord

mg to Baumann, 8S per cent of persons with

gallstones are overweight (6) L\/e expectancy

Insurance statistics show that overweight after

the age of 35 years is associated with a death rate

much higher than that of lean persons or of those

TABLE 50 2*

Influence of oierKcight on mortality tn persons aged

45 to 60 years

r«uflds Overweight

1

loeieate ii^Drath Rite

s
1

20 18

30 2S

40 ! 45

60 50

GO C7

70 81

00 116

• After Newburgh

Fio 50 2 Showing the delay in the loss of

weight on a reducing diet owing to the retention

of the water (After Newburgh modified ) This

subject lost as much weight in 6 dax a as it was pre
dieted would be lost m about three weeks aa a re

suit of the destruction of bodj tissue and without
water retention

of normal weight, a fact which has been pithily

expressed m the phrase, ‘ the longer the belt the

shorter the life
”

GeNEHAI/ PHINCrpLES IN THE TBEAXUENT OP

OBESITY The basis of treatment should be as al

ready indicated, (a) reduction in the caloric in



8G8 NUTRITION AND METABOLISM Section VI

take and (l>) increase in the energj expendituie

through moderate e’«erci>-e T!ie dietary reatnc

tions should not l>e eMrcme and should be made
graduallj The extent to which the caloric intake

should be reduced will depend upon the degree of

obeaitj and the amount ot exercise prescribed, but

it should never be pushed to the point where the

protein of the subject’s tissues is drawn upon for

energ> purposes, nitrogen equilibrium should be

mamtamed Above all things a propcrlj balanced

diet sliould be devised and an adequate supply of

vitamins and minerals provided When the obesity

13 pronounced (body weight 25 per cent or more
above normal), weight reduction is brought about

by placing the subject upon a diet possessing a
caloric value 40 or even CO per cent below his en

ergy requirement, he is thus forced to consume his

ow n fat The caloric value of human adipose tissue

is about 3500 Calories per pound * The total re-

quirement of the average obese subject is around

2500 Calories per daj A reduction m the energy

intake by 40 per cent of the requirement, that is,

to 1500 Calories, w ill therefore entail a w eight loss

of neatly a third of a pound per day The eubjeet

H kept upon the restricted diet until the desired

weight has been reached, his calonc intake is then

adjusted to his requirement (see ch 55)

The failure of an overweight person to lose

woight after haxing been placed upon a “rediic

mg” diet has been a roy'stifying observation which

appeared to refute the conclusion that obesity is

due simply to a balance of energy intake over en

ergy output But the original weight is maintained

for only two or three weeks, and is due to the re

tention of water which replaces the tissue broken

down for energy purposes At the end of this

period water excretion increases above the nor

mal and the weight falls rapidly (Fig 50 2)

In plannmgaweight reducing diet, it is toward

the restriction of the more concentrated forms of

food that attention is particularly directed It will

be recalled that thecaloric value of fat is more than

Vmtf'ibatolvinWnyfrnAe MsoiiAlyfoyte.iffiict

they contain little or no water, are more concen

trated than starchy materials Lard, dripping, olive

oil, etc , are 100 per cent fat, whereas the protein

and carbohydrate of white bread amount together

to only about 60 per cent of its fresh weight Or
dmary fata and oils should therefore be restncled

I mpha«is should again be placed on the provision

of essential food factors commonly contained in

foods which are denied to the obe>>e subject Sugar

in the form ot aweetcning for beverages, in yams,

honey or chocolates is a highly concentrated food

By curtailing its consumption a large reiiiiction in

* Pure human fat has a caloric value of approxi
matelyOSCai per gram 3500 Cal per pound here
given H the value after allowance has been made
for connective tissue and water content

the calonc value of the diet can be effected w ithout

the disadvantages attending the reduction of some
of the other foods Bulky foods, e g ,

green vege-

tables and salads of low caloric value but satisfy

mg to the appetite may be substituted Undue re

stnctuin of the w ater intake is sometimes practiced

but this measure appears to be of no beneSt and

may he a detriment to health Alcohol has a high

caloric value and is therefore, except m minimal

amounts, excluded from the diet Thyrotd extract

is sometimes employed to raise the metabolic rate

and 80 reduce the obesity The hormone is clearly

indicated as a means of raising a low metabolic

rate to normal, otherwise its is not to be ad-

vocated except m exceptional coses and only when
the subject’s basal metabolic rate can be followed

by frequent determinations Dtntlrophenol is an
other agent which raises the metabolic rate and
has been employed in the treatment of obesity It

IS a dangerous drug unless given under the strict

est supervision Cataract has been reported follow

ing Its use, liver injury may also result

White the above well established facts should

continue to be tho basis of the treatment of obe
oily some new ones are struggling for acceptance

The work of Kekwiek and his colleagues indicates

that some aspects of metabolism m the obese differ

from that of those who are not overweight Alter

ation in the composition as distinct from the total

calonc value of a diet may induce changes in the

energy output of the obese individual In some
obese cases the rate of weight loss was greatest

when fat provided 00 per cent and least when ear

bohydrate supplied 00 per cent of the calorie value

A sinking resistance to ketosis was found in the

obese The treatment of obesity is in a ' dynamic
stale "
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METABOLISM IN MUSCULAR ACTIVITY

The Struelure of Sketelal Mueele

A typical skeletal muscle such as the gastroc

nemius or biceps is composed of large numbers of

elongated cells, usually referred to as muscle fi

bers The fibers arc bound together into bundles

or fasciculi of different sizes «hich are grouped

again into larger masoca to form the whole muscle

A connective tissue sheath of reticulated fibers,

called the perimj/sium, encloses each fasciculus

and separates it from its neighbors The connec

tive U«sue sheath enveloping the whole muscle is

called the epimyaium The muscle fibers of differ

ent muscles range in length from 1 mm , m a mt
nuto muscle such as the stapedius, to about 4 cm
m a long muscle such as the sartorius The cells

traverse the entire length of the shorter fasciculi

but in the longer muscles they are joined together

by tapenng cads the tips of which are applied aide

to Bide, to form elongated chains This is the com
moncstarrangement,but in somemusclcsdcsigned
for maximum contractife force with a minimum of

shortening the fibers are disposed in parallel in

stead of in senes or the) may run diagonally to a

central tendon The muscle fibers also vary widely

in diameter, which measures about 10 microns in

the smaff musefes to fOOmicrons s"n the farger

The body of the cell contains a limited and van
able amount of material which corresponds to the

cytoplasm of other cells, and is called the sorco

plasm The latter surrounds large numbers of fine

threads packed closely together and running from
end to end of the cell These are the myofibnls,

they have a diameter of from 1 to 2 p Under the

high power of the microscope they appear as a
faint pattern of parallel lines At the iiiseriion of

the muscle they become continuous ivith the fibrils

m the tendon This longitudinal stnation is also

seen lo smooth muscle But the most striking and
characteriatic microscopical appearance of skele

tal muscle fibers is their cross stnation or slnpes

These are alternating light and dark bands which
run across the width of the fiber When the myo
fibrils arc separated by microdissection, the cross

Btriations are seen to be a feature of the fibnia

themselves the cross stripes of the whole fiber are

the result of the accurate alignment of the dark

and light bands from fibnl to fibnl acrcss the

breadth of the cell The dark and light sections

of the fibers are know n as the A (or Q) and I (or J)

bands, respectively The A band in the relaxed

fibers IS from 3 to 6 p long, and is a little broader

than the I band It stains deeply with the usual

slams while the I band remains pale, but even m
unstained sections of muscle the A band is dark

compared with the adjacent I band When the

fresh muscle fiber is viewed by polarized light the

A band appears bright and the I band dark This

IS due to the former being doubly refractive (DR)
The I band has a single refractive index On ac

count of Its bircfnngcnt property the A band w
also known as (he antsoiropie band or disc, while

the 1 band is termed ssotropie Both the A and the

I bands are bisected by narrow cro<s lines The line

m the A band is bright and known as the H line

(or Henson’s line)
,
that m the I band is called the

Z line, Dobie’s line or Krause a membrane The Z
line IS not confined to the myofibrils but in teased

specimens can be seen to pass through the sarco

plasm between them, and appears to be of a mem
branous nature It extends to the earcolemma to

which It becomes attached The Z line is probably

of importance in the linkage between the changes

in electncal potential across the sarcolemma which

arrmojnaoy e.TrjJjtirwj And tie rxintroriaon of the

myofibrils Local depolarizations which cause no

effect elsewhere may bring about a local contrac

tion of a single sarcomere if they occur opposite a

Z line

Each muscle cell contains several hundred nu
clei which in vertebrate skeletal muscle are situ

ated, for the most part, superficially just beneath

the earcolemma The latter is a delicate, trans

parent, but tough membrane which envelops the

entire cell It is composed of interlacing collage

Doua fibrils embedded in a clear matrix of colloidal

material The fibrils arc continuous with those in

the endomysium Lying in intimate association

with the myofibrils are the sarcosomes or muscle

mtockimdna These particles contain the very ac

tive repiratory enzymes of the cell and are the

principal sites of synthesis of the phosphate an

hydrides which are belieied to prov2de the im
mediate source of energy for contraction

When as a result of growth or athletic traimng

the muscles enlarge and become more powerful,

they do so not by increasing the number of Ibeir

SCO
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Fia 51 1 Schematic representation of the ul

trastructure of muscle as revealed by the electron

microscope The dimensions shown are those which
remain constant when a fiber is stretched while
the width of the H zone and the distance between
adjacent Z lines are both incieaaed (After U C
Huxley and A F ilurley

)

constituent fibers but by an increase m size of the

individual fibers The fibers are also larger in per

sons who are well nounahed as compared wrth

those in states of malnutrition The difference id

size of the fibers in the two instances is due to the

amounts of sarcoplasm which they contain

Tho foregoing is a description of the muscle fi

bets as seen under as high a magnification as ta

possible with the ordinary microscope But, when
observed with the eleetronmieroscope, it is found

that the myofibrils are themselves made up of etil)

finer longitudinal filaments These filaments,

which are the ultimate contractile structures, arc

composed of two proteins (sec below) and have a

diameter ranging from 50 to 100 Angstrom units

(1 A - 10-* cm >

Recent electronmicroscopic studies by H C
Huxley have shown that two tjpes of filament

exist in the myofibril The thicker ones Lave a di

smeter of about 100 A and are found in the A band
extending (tom one end to the other of this region

On the other hand, the thinner filaments are seen

not only m the I bands, where they occur alone,

but also m the A bands where they interdigitate

with the thicker filaments in an orderlj fashion,

each thick filament being surrounded by an array

of SIX thin filaments It has been shown by differ

ential extraction and subsciiuent examination in

the eleetronmieroscope that the thick filaments

are composed of mjo^in, and similar evidence

suggests that the other important structural pro

tein, nctin, must be localized in the thin fila

ments
This new picture of muscle ultrastructure w

complemented by recent observations of A F
,
Huxley using the interference microscope With

insttumcnt it w as possible to show, in contra

distinction to older views, that when an isolated

muscle fiber is stimulated to contract, the length

of the A bands remains constant (1 5 #<) This di

mension is also unchanged on stretching, when it

is observed that the Z lines separate while the H
band increases in width These observations

strongly suggest that the interdigitating filaments

seen in the eleetronmieroscope are able to slide

past each other, and that muscular contraction is

brought about by just such a sliding motion

The Ckemical Constitution of Muscle

Muscle IS composed mainly of protein (18 to 20

per cent) The remainder of its substance is made
up of various minerals and a large number of or

game compounds some of which are found exclu

eively in muscular tissue The chief electrolyte is

potassium which is present in a concentration of

about 400 mg per 100 grams Magnesium, caletum

and sodium are found in much smaller amounts
Muscle contains a great variety of substances gen

erally grouped under the heading of nitrogenous

extractives such as crsafins, phosphoeTeahne, olo

nylkttltdine, adenoeiMtnphosphate, creatinine, fu
fine bases, earnosine, anserine (bird and fish mus
cle)

Muscle contains between 05 and 1 5 per cent

of glycogen, from 0 02 to 0 01 pet cent of glucose

and about 0 01 per cent of lactic acid Pho«pho
lipids (1 0 per cent), cholesterol (0 07 to 0 18 per

cent), MtamiDS, enzymes and a host of other or

game materials are present, many of which will

be mentioned later

Reference has already been made to the chief

proteiDsof the myofibrils myosmand actin Myo
Bin has a molecular weight of about 500 000 w^le
that of actin is about 80 000 Under certain con

ditions actin and myosin may be extracted from
(he muscle fiber as a complex which is known os

actomyosin, containing three parts of myosin to

one of actin A third protein of the myofibril, Iro

pomyosin, is present only to the extent of about 5
per cent, but this is probably the best character

ized of the fibrillar proteins, its molecular weight

being between 52 000 and 55 000 The oxygen hold

ing pigment myoglobin (cb 6) in red muscle is

about 1 per cent and is free in the cytoplasm of the

myofibril The sarcoplasm also contains the solu

ble enzymes of the glycolytic sequence wlnle

tbe “insoluble” enzymes of the respiratory sc

quence (cytochromes, flavoproteins) are present

in the earcosomes

Tlie Cliemical Physiology of Muscular
Contraction

Tbe mechanical response of an isolatoil muscle

to stimulation is not accompanied by an increased

consumption of oxygen, extra oxygen is not con-
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sumed until after contraction and relaxation are

oxer So, there are two phases m the contrac-

tion cjcle, an anaerobte (anondalive) phate and

an ccTi^ (oxidaiivc) or rccotcry phase, during

which the muscle is restored to its prenous state

If the muscle be stiroubtcd repeated^ Jn an at

mosphcrc of nitrogen it contracts forcihlj at first,

but soon becomes fatigued, since it cannot obtain

the OX} gen necessar} /or its recuperation between

the indmdual contractions Lactic acid accumu

lates and the muscle enters into ngor If, at the

onset of fatigue, oxjgen is readmitted, the lactic

acid disappears, and the muscle rccoxcrs its ongi

nal poncr to contract The lactic acid concentn

tion at which complete fatigue of skeletal muscle

ensues (lactic acid maxunuro) is from 0 3 to 0 C
per cent The lactic acid is denx cd from the break

down of gljcogon (ch 48) As the lactic acid

concentration rises the carbohjdrate stores di

mimsh Yet, the onset of fatigue is not due to the

exhaustion of the gljcogcn stores, for the muscle

fails to contract before the latter haie disap-

peared It maj be that the high aciditj inhibits

the enzymes through whose action gljcogon

breakdown is brought about Inorganic pliospbatc

also accumulates in a muscle contracting in the

absence of oxygen The phosphate production

nses rapidlj during the earlier contractions, soon

reaches a maximum and then ceases

That a muscle can contract aaserobtcall} has

been known for many j cars It bos also long been

known that lactic acid and CO* are produced by
a muscle contracting in nitrogen Spallanzani over

150 years ago observed that snails placed lo nitro

gen evolved COj In spite of these earlier obser

vationa it was thought, nevertheless, that a muscle
derived its energy from oxidative processes—for

how otherwise was the CO* produced? In order lo

explain the phenomenon it was supposed (Ber

mann.Pfluger) that an oxygen store was contained

in some giant molecule (termed * inogen" by Her
mann) within the muscle substance itself So ' in

tramolecular” oxygen was spoken of as the hidden

oxygen reserve from which the muscle drew for its

anaerobic contraction Lactic acid also, it was
thought, was derived from the breakdown of this

hypothetical molecule This theory was disproved

by the classical expenmenta of Fletcher and Hop
kins in 1907 These observers showed that the CO*
which appeared dunng the anaerobic contraction

was not the result of oxidation but was preextating

COi—i e ,
simply CO* which had been liberated

by the action of lactic acid upon sodium biearbo

nate in the muscle fluids They showed that the

oxidative processes occurred after the contraction

was over, that lactic acid then disappeared and

COi was formed It was erroneously supposed at

this time, that the lactic acid which disappeared

had been eomplelely oxidized to CO* and water

That glycogen was the lactic acid precursor was
indicated by the fact that the appearance of lactic

acid in muscle fatigued in nitrogen was proper

tionaf to the gly cogen loss Also, anHQ of around
unity , found later by Meyerhof, for the recovery

phase of isolated muscle, indicated that its fuel

was carbohy drate

Meyerhof also showed that when oxygen was
admitted to a fatigued frog’s muscle, the amount
of gas consumed was only one fifth of that ex

pccted if the disappearance of the lactic acid were
due to its oxidation to CO* and water The heat

produced dunng the oxidative phase was also

much lc<s than it should be, were all the lactic acid

burned It «as found, further, that glycogen in

creased in the fatigued muscle recovenng in oxy

gen

Embden had previou«]y shown the importance

of phosphate m the activity of muscle Increased

excretion of phosphate in the urine occurs as a
result of muscular exercise, and Embden found

that when muscle juice was incubated with a solu

two of bicarbonate, lactic acid and free phosphoric

acid appeared m nearly equimolecular amounts

He suggested that the immediate precursor of lae

tic acid was a hexose phosphate This he termed
lactoetdogtn A hexose phosphate had been shown
by Harden and I ouog to be formed as an inter

mediary id the fermentation of sugar by yeast

Wlien Embden added this ester to muscle juice an
increased formation of lactic and phospbonc acids

occurred He also claimed to have demonstrated

an increased production of phosphoric acid in a

muscle during its contraction The phosphoric

acid B3 *veH ns the lactic acid nos believed to be
derived from the breakdown of laclactdogen (i e

hexose phosphate)

Tlie Cbeniical Changes Occurring in Muscle
Contracting m the Absence of Oxygen;
Phosphorylation, Clvcogenolysis and

Glycoly 813

(See also chapters 32 and 48)

Muscle does not depend upon immediate oxi

datne processes to liberate the energy necessary

for Its contraction It will continue to contract for

some tunc ui the complete absence of oxygen The
energy stored m glycogen is thus hberated ana

erobically But for the recover} of the mu«cle,

that is, for the reaccumulation of its energy stores,

oxygen is required The chemical changes in

volved ID the entire contractile process are thus

divided into two phases, the anaerobu: or eonirac

tion phase and the aerobic, oxtdatiie or recovery
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•phase The muscle is comparable to a machine,

such as a submarme engine which runs when sub-

merged upon stored energy supplied m electctc

battenes The battenca are recharged when the

submarine comes to the surface Expressed m
another way, the muscle when it contracts runs

up an on gen debt (p 879) which it pays when
the contraction is mer

Evidence for tlie anaerobic chemical changes

about to be outlined has been obtained very

largely from studies of the ensyme systems in

aqueous extracts of muscle and inyeast juiccdur

mg alcohobc fermentation

One of the first stops in the bbcralion of energy

for contraction is the breakdown of glycogen

stored iQ the muscle fiber Tlic glycogen reacts

with inorganic phospliate and splits off glucose 1

phospliate (Con eater) moleculesm stepwise fash

ion This reaction Ls catalyzed by pbosphorybse

It w known that phosphorylaac of muscle can

exist m an actixe (a) and an inactive form (b),

although the actuation process is quite different

from that of liver phosphor) lase (sec p 81 1) It

is po*«ible that there is a production of phospho

rylosc 0 from phosphor) lase 6 during muscular

nctivuty thus making the glycogen stores of mus
cle available for metabolic process^ Muscle

phosphor) lasc contains pyndoxal phosphate as a
lightly b^nd cofactor (see table 51 1) The clcav

age of the glycogen molecule occurs successively

at the I 4 —C linkages between the glu

cosc units In the separation of the latter, an H
atom of the phosphate group becomes attached

to the 4 carbon atom, while the I carbon atom

of the adjacent glucose unit holds the —0

—

I’OjUj group The uptake of phosphate and its

cleavage into glucose phosphate units baa been

aptly called phosphorolysts by Pamas, since, ob-

viously, it IS analogous to hydrolysis in which

waUr (11 Oil) instead of phosphate is taken up,

the H atom and Oil atoms becoming attaclicil,

rrspvctncly, to the adjacent groups of the larger

molecule (protein diaaccliandcs, poly sacchandcs,

etc ) wlicn they separate (sec tabic 51 1)

Tlic glucose 1 phospliate formed in llie phos

pliorylytic reaction undergoes an intramolecular

transference of its phosphate group to the 6 car

bon atom, biing thus converted to glucose-U phos

phale (Robison ester) Tins reaction is catalyzed

by the enzyme phosphoghicomulase The glucose-

G-phosphate, tlirough the action of phesphohexose

isonierase, gives nsc to fructo«e 6-phosphate

(Neuljcrg ester), which then receives a phosphate

group from adeno«me triphosphate (\TI^, to

form fnicto«c l-G-diphosphatc and adenosine di

phosphate (ADP)
The fructose I 6-diphosphatc is acted upon by

alMase and split into the tnosepbosphates, di

hydroxyaeetone phosphate and S phosphoqhjcer

aldehyde (Fischer Baer ester) The 3 phospho-

glyccraldchyde reacts with inorganic phosphorus,

and in the presence of Inosephosphale dehydrogen

asc and DPN (diphosphopyTidine nucleotide or

Coenzyme 1) is converted to/,S dtphosphogUjcenc

aetd DPX accepts Hj and is reduced to DP\II»
As rapidly as dihydroxyacetone phospliate is pro-

duced it IS transformed to 3 gly ceraldehy de phos

phate (called the “reactive form" of the sugar)

which in the presence of tnosepliosphate dcliy

drogena'se is rapidly removed The reaction js

thus ‘ drawn to the nght ’

The I 3 diphosphogly ceric acid undergoes dc

phosphorylation to form S phosphoglyeenc acid,

the released phosphate group converting ADP to

ATP By intramolecular transfer of the phosphate

group 3 phosphoglyeenc acid is converted to S
phosphoglyeerw and, the reaction being catalyzed

by phospkoglyeeru mulase 2-PbosphogIycenc acid

IS converted by dehydration to phospho enolpy

nvK and through the action of enolaae

The phosplio-enolpy mi ic acid reacts w ith ADP
to form pyrvfie and and ATP This reaction is

catalyzed by a tro'nsphosphorylaae m the presence

of magnesium and potassium ions

Pymvtc ftcid in the absence of oxygen vs re

duced to laciie acid by the reduced coenzyme
(DPNHi) in the presence of lactic dehydrogenase,

the coenzyme being restored to the oxidized form

(DPN)
Under aerobic conditions the reduced coen

zyroe k not oxidized by pyruvic acid as gbowm
IQ the last reaction but by molecular oxygen

through the combined action of a epccific flavo

protem and tht. cytochrome system (ch 32) The
asuU H tliat with an adequate supply of oxygen

no lactic acid is formed ami of that produced

anaerobically one fifth is oxidized through pvm
VIC to carbon dioxide and water, and the remain

dcr resynthesized to glycogen In the mtact am
mal synthesis occurs in the liver ‘ Tlie oxidation

of lactic acid to pyruvic acid is brought about

through the action of lactic dehydrogenase in the

presence of DPN In the jirescnce of oxygen tJic

pjnivnc acid is oxidized in a senes of steps called

the lnear{»oxyIic and ajcle Although then is not

•According to Meyerhof resjnthcus of g!\co
gen from Jaclic and occurs in the isolated frog
muscle but this probably does not occur in intact
manunalian muscle
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unflQumty as to tbe details of ttie chemical

changes m^ohed in the dissimilation of pyruvic

acid, the researches of a number of workers, «-

pecially Szent Gjorgyi, Krebs, Merkman and

Yt ood and Evans and Slolm, permit the scheme

to be drawn ns m table 51 2, p 875 Thus oxalo-

acetic acid and acetjlcoeniyme A undergo con

dcDsation to form citric acid The citric acid loses

a molecule of water and is converted to etsacomUc

acid, this then regains a molecule of water to

produce wocitnc acid which is oxidized to oxalo-

succimc acid The latter la decarboxjlated to

jxeld a kctoglutaric acid which is oxidued to sue

cmic acid, carbon dioxide and water The succinic

acid IS oxidized through fumaric and malic acids

to oxaloacetic acid Itith the regeneration of ox

aloacetic acid the cycle repeats At each turn of

the cjcle an acetyl group derned from pjTu\ate

13 oxidized, each molecule of pjiuvic acid, there

fore, jields tw o molecules of w ater and three mol

eculcs of carbon dioxide, while a molecule of

oxaloacetic is reformed A smgle molecule of

oxaloacetic acid can be used m this way repeat

edly m the oxidation of acet>l groups to carbon

dioxide and water, it, therefore, acts in the man
ner of a catalyst

The energy which the anaerobic production of

lactic acid from glj cogen yields for the perform

ance of w ork is only a small fraction of that which

results from the oxidation of lactic acid For each

gram molecule of lactic acid produced the free

energy amounts to about 23 000 calorics, whereas

some 325,000 calories are liberated by the oxida

tion of a corresponding amount of lactic acid to

carbon dioxide and water

The Role Pwted by Phosphate AvnYimiPEs

(Creative Phospiute ajtd the

Adevtuc Acid System)

In 1927 Eggleton and Egglcton obtained a

creatme phosphoras compound from muscle

which they named phospha^en About the same

time Pisk and Subbarow isolated the earoe sub

stance and called it p?iasphocr€aiine, it is also

known as creatine phosphate, or bnefly CP It has

the following formub

MI~PO(OH),

Nil—

\(CH,) ClTt COOH

Pkosphoarirtmne is the corresponding phos

pliagen m mxertebrate muscle In the muscles of

some species both compounds ore present

CoMKACnOV WITHOUT L.4CTIC AciD PbODUCTIOV

An experiment of Lund®gaard (1929) revealed

the essential importance of phosphocrcatine m
the contractile process He found that after the

injection of sodium lodoacetate into the dorsal

lymph sac of a frog, violent contractions of the

muscles occurred followed by rigor IVhen a mus
ck of the poisoned animal w as isolated and stimu

lated electrically m mtrogen, it responded, but

no laette aeid rcas produced After about 100 con

tractions. It became fatigued This is much sooner

than the onset of fatigue in normal muscle, and,

unlike the latter, the poisoned muscle became

shghtly alkaline m reaction About 0 5 mg of

bciie acid per grain of ti«sue is foimcd in a nor-

mal muscle after a similar number of contractions

Upon analysis the poisoned muscle shows a loss

of glycogen and of phosphocrcatine, and an in

creased content of bexose phosphate The lactic

acid and phosphocreatine phosphorus values of

normal and poisoned muscles after 150 contrae

tioos each are shown m the following table (after

Lundagaard)

Fboipht
tsctic g«B poo»-

tcid iBz phent at
ptr teat pw cist

/Resting 23 61

I'lorking 15 0

It was concluded that the disappearance of CP
was not due to its being used up more rapidly

,
but

to ite failure to be resymtheaued The energy for

resynthesia was prenimably derived from gly

cogen—lactic acid breakdown (glycolysis) lodo-

acetate reacts with sulphydryl groups of tnose

phosphate dehydrogenase which are essential to

Its action This inhibition arrests glj colysis at the

stage where S-phosphoglycenc aldehyde is con

verted to 1 3 pho«phogIycenc acid Thus, lodo-

acetatc inactivates the glycolytic system which

IS essential for the rcsymthesis of pho«pbocreatine

Such observations led to the concept that the

energy for contraction is derived from the break

down of phosphocreatine, the role of carbohy drate

dissimilation being to provide the energy for the

resyntliesis of this compound However, in 1934,

Lohmann showed that dialyzed muscle extracts

ore mcapable of hydrolyzing CP, and that its

breakdown occursm a senoa of two reactions, the

first of xduch, known as the Lohroann reaction

after its discoverer, may be written as follows

CP + adenosine diphosphate (ADP) —» C -h
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FARI L 51 2

The ctlnc aetd cycle tn relalton to Ike meiabohsm oj earbohydrale and /ally aexds

(Kindness of Profes-for A M Uyiine)

Carbohjdrates Fflltj acids

II

0 Keto acjl Co\

(1) U

PjruMc acid CH,—CO—COOH + IlS-CoA + DPVr^ |CH,—CO—S—Coa! + CO* + Dr\H+

Malic acid

OH

Oxaloacetic nOOC—CH— COOfI +
acid 'll

( 10)

on

Hooc-ciij-in-cooH

(3) +iiio||-n,o

Fumanc acid IIOOC-CH-CH-COOn

(S) -iii||+2n

Suecime acid HOOC-CHi-CHi-COOH (+nS-CoA + ATP)

CH,—CO—CH*~CO^-CoA
+ ATP

1 [+ JliO

CH, —CO—CH,—COOH + HS—CoA

HOOC—CU,—C—COOH
Citric
acid

'HtO > 11,0

HOOC-CH-C-COOH

int-c

(7)

Succinjl

CM

e-Keto-
glutanc
acid

ADP

CoA—S-OC—CH,—CH,—COOH

+HS-Coa|}

CH,-COOH

-iirfij l+iiio

OH

HOOC—ill—CH—COOH

in,-COOH

+2n|(-*n

(2 )

C18 Acoqi
tic acid

(3)

/soettno

acid

0

HOOC—i- CH,—CH,—COOH

(1) Acetjl coenz>nie A (Co-A)
(2) Aconitase
(3) Aconita«e
(4) Isocitnc dehydrogenase 4- TPN
(5) Oxalosiiccinic decarboxylase

HOOC-6-CH-COOH ^^.^Tacid

CH,—COOH

(6) ff Ketoglutaric dehydrogenase + DPN
(7) Succinyl CoA phosphokinase
(8) Succinic dehjdrogenaoe
(9) Fumarase

(lO) Malic dehydrogenase + DPIS

adenosine triphosphate (ATP), the latter com
pound being broken down by adenosine triphos-

phatase to form ADP and inorganic phosphate

This work suggested that the breakdown of ATP
must precede that of CP and that this reaction is

closer to the primary processes of contractiomThe

nucleotide ATP (also called adenj Ipyrophos

phate) 13 a compound of adenine, n-ribose, and

three molecules of orthophosphate Both CP and

ATP posses energy nch phosphate bonds, mdi

cated by the symbol ~ in their formulas The
free energy of hydrolysis of such a bond is about

10,000 calories per gram molecule of phosphate

hberated



876 NDTRITION AND METABOLISM Seclton VI

HUH
i h d:—cUiO—

in
I

-O ‘

oil OH OH

0~i’—OH

A A A

Adenosine triphosphate [AdenjI pj rophosphoric
acid ATP]

The terminal phosphate group of ATP ma5 be

split oft by the action of the enijTne adenosine

triphosphatase (ATPaae) or the phosphate bond

energy may be transferred to other compounds,

ADP 13 formed Phosphate is gnen up for ex

ample in the conversion of fructo«e 6-phosphate

to fructose 1 6 diphosphate in the course of gly

colysis There are three mam pathways for the

n*synthesis of A TP m muscle, the Lohmann reac

tion, discussed above, glycolysis, and respiration

In tile gljcoljtuj sequence, tlie energy rich phos

phate bonds are generated at the triosephos

phate dehydrogenaoe and enobse leveb, ivhilc

during respiration as many as three rnoleculea of

iQorganic phosphate may be incorporated into

such bonds for every atom of oxygen consumed,

m a process known as oxidative phosphor} btion,

the detailed mechaivism of which remains a major

gap in our know ledge of metabolism This process

takes place within the muscle mitochomlna (sar

co«omcs) which lie among the myofibrils, while

glycolysis occurs m the “soluble” sarcoplasm

nie«e recovery processes ore activated very rap

idly after a muscle twitch, indeed Milhkan has

found that the disoxygcnation of myi^obin com
menccs within 02 sec of stimulation indicating

tliat the respiratory system has been activated

in that tune

The rcsynthesis of phosphagen is effected by a

rev ersal of the Lohmann reaction, i e
,
ATP yields

phosphorus to creatine, CP and ADP being

formed The equilibrium of this reaction is, how

ev er, markedly in favor of creatine and adenosine

triphosphate Phosphocrcatioc can, therefore,

function as a reserve of phosphate bond energy

which will bnng about a rapid resynthesis ofATP,
ev en in the lodoacctate poisoned muscle although

the normal resy nthesis of energy rich bonds,

which 13 a concomitant of carbohydrate break-

down, cannot take place m the presence of the

inhibitor and after a senes of contractions the

supply of CP will be exhausted

The Relatiovship between Adenosine

Triphosphate Breakdown and
Mcscolah Contr-action

There are many expenmental facts which sug-

gest that the breakdown of ATP is in some way
associated with the contraction of muscle Three

mam pieces of evidence have led to this lielief

that the ATP/ADP system is the immediate

source of energy for contraction Firstly, the work

of Lund«gaard and Lohmann, considered abov e,

leads clearly to the idea that contraction may
occur at the expense of phosphate bond energy,

with the breakdown of ATP preceding that of

phosphocreatme and therefore being more inti

mately related to the contraction process

Secondly, it was discovered by Engelhardt and

Lyubunova that my osm, the chief protein of mus
cle and long recognized as an clement of the con

tractile apparatus, possessed ATPasc activity

This identity or, at least, close relationship of

my osm with ATPase appears to bring the break

down of ATP into intimate association with the

mechanical effects, i e
,
with the actual contrac

tiOD of muscle Myosin has been obtained by
Szent Gyorgyi in the form of minute needle

shaped crystals Upon repeated recry stallization

no loss ID ATPase activity but rather an increase,

occurs From this fact and the following obser

vations, myosin and ATPase ate generally as

sumed to be identical, although absolute proof

has not been secured They are at least very

closely associated (a) Crude preparations of myo
sin contam several other enzymes, but these can

be removed completely by successive precipita

tions (b) The thermolability of myosin and of

ATPase are closely similar, the protein under

going dcnaturation, and enzyme activity is abol

shed at about the same temperature, which is

relatively quite low (c) Electrophoretic studies

show that myosm possesses a high degree of

homogcnicity, the largo rapidly movang fraction

which constitutes over 90 per cent of the protein

of the preparation has been found to have double

the ATPasc activnty of the smaller slow ly mov mg
fraction which possesses a low protein content

Only one phosphate group is split from ATP
myosm ADP is not attacked It shows a high

degree of specificity in this regard Inosmetri

pbospliate and morgamc tnphosphate are split

Ui a similar manner Calcium ions activate

All A—

N

l!
^



Chapler SI METABOLISM IN MUSCULAB ACTIVITY 877

ATPase, whereas magnesium, copper and stiver

arc inhibitory, the enijmc actn ity is unaffected

by ejamde

Tlie third Jmo of endcnce relatingATP to con

traction, and perhaps the most dramatic, is that

certain preparations can be made from mu‘>cle

which undergo mechanical deformation on tlie

addition of ATP Tlim strips of nbbit psoas mus
clc maj be extracted with SO per cent (lolume

per \olume) aqueous gljcerol at — 10®C for bcv*

oral daj s During this extraction, the soluble pro-

teina of the muscle fiber arc Icnchcd out but the

mj ofibrils retain their structure and orientation

Wien adcnoejnc tnpliosphatc in low concentra

tion IS added to such a preparation it will shorten

bj as much as 70 to 75 per cent and maj exert

ten«ions which compare well wnth tho'se exerted

bj b\mg muscle E\en simpler 6j*'tems will dis-

pL'i> contractile properties, tlie proteins aclin and

rojosin form a complex called actomjo^in which

raaj be precipitated in threadlike form Such

threads will shorten m the presence of ATP
These findings proMde strong circumstantial

evidence for the vnew that ATP breakdown w
mtimatelj as«ociatcd with the contraction ptoc

e«8 However, the attempt to provide expcnnico

tal evidence of a direct nature, t c , a demonstra

tion of tlie dcpho«phorylation of ATP dunog
contraction by a living mu<cle has so far faded

The expected breakdown of ATP would be of the

order of 0 25 pmole per gram mu«cle per twitch,

but the values found are coa«idcrablj lower than

tbs estimate Indeed it appears that at least one

twitch and po<8ibl> a short tetanic contraction

(1 to 2 see ) maj take place without anj sigmfi

cant breakdown of either ATP or creatme phos

phate There is, however, some evidence in favor

of a liberation of morgamc phosphate under these

cucumstances which may provide the kcj to a
resolution of this apparent discrcpancj, since it

maj mean that some pre«cntly unknowm phos

phate compound is breaking down and either

bringing about a v erj rapid rephosphoiylation of

ADP or IS itself providmg the immediate energy

for contraction

^Tiatever may issue from this controversj, a

fundamental problem will remain, namely, how is

the energy of hydrolj'tic reaction, if such »l be,

linked to the physical changes m the muscle—the

shortening and thickening which we call contrac

tion An earUer view of the molecular basis of con

traction regarded it as a reflection on the macro

scopic scale of a folding of the poljTJeptide chains

of mj CBin but the newer knowledge of the ultra

structure of the mjofibnl (p 869) suggests that

contraction represents a change of mtcnnolecular

orientation rather than of intramolecular con

figuration, a suggestion which is confirmed by
recent studies ofX ray diffraction bj muscle The
nature of the forces which bring about the sliding

motion of the two tjqics of filament relativ e to one

another is unknown but it may be assumed that

this structural interaction is related to the bio-

chemical interaction between aclin and mj osin A
scheme lias reccntlj been proposed by A F
Huxlej in which active side groups on the roj'Osin

filament react with sites on adjacent actm fila

ments, raUs of asgcctalion and dusocuUwn ds

pending on Oie re/a/tic position of (he filaments

The reaction is blocked by ATP (or some other

high-cnergj phosphate compound) and the spht-

ting of ATP would bring about activation of the

contraction mechanism This model w remarkablj

successful in providmg an exact relationship be

tween parameters having the form of the rate

constants of a cj cle of chemical reactions and the

over all mechamcal and thermodynamic con

stants of muscle This and other schemes suggest

that the rt«tmg state of muscle will be cliaraetcr

ired bj a low ATPase actinty and tliat the elec

tnca) clianges in the sarcolemma which initiate

the contraction process must bnng about a rapid

activation of ATPase This may conceivably be

effected by an alteration in the free concentration

of Mg**, Ca** or other changes in the lomc en

wonment of the active site of the mjofibnilar

ATPase but tlic detailed nature of these steps

remains a central problem of muscle phj Biology

Heat Pboductiov in Muscle

Our present knowledge of the relationships be

tween the activity of muscle and the energy set

free IS very largely due to A V Hill During mus
cular actmtj

,
energy is liberated in two forms,

as mechanical work and as heat The heat pro-

duction associated with a muscle twitch occurs m
two stages, a very rapid outburst of heat which

occurs during the twitch itself and a eIow, pro

longed production of heat foUowmg the contrac

tion TTus latter is called the recovery heat (to be

sharply distinguished from the so-called heat of

relaxation) and is identical m time course with

the extra oxjgen consumption which follows ac

tivity Both then refit ct the incnased metabolism

which restores the energy supplies of the muscle

(ATP, phosphocreatme, etc ) to their resting

levels It IS of mterest that the recovery heat is

about equal to the total energy set free during
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Fio 51 2 A comparison of the kinetics of
shortening and heat production during an isotonic
tY.^tcK (frog sartonus) The liberation of the heat
of activation precedes shortening and la succeeded
by a phase in which the curves are approximately
parallel and heal production la proportional to
shortening (From Hill Proc Roy Soc 136B. 242
1919 b> kind permission of the author and of
the Royal Society

)

contraction Dunng rccotery the eheimcal

clianges which are associated with this initial lib-

eration of energy are reversed and since anecjuiva

lest amount of energ) is wasted as heat the efTi

cicney of the recovery process is about 50 per

cent

The initial energy itself may be divided into

three forms Urstly, the heat of aeiueUton (A)

which IS associated with the process whereby the

muscle passes from the resting to the active state

e g ,
tho hydrolysis of phosphate anhydrides In

frog muscle at 0*C this heat production com

mencos about 10 m^ec after electrical stimulus

at 3S*C the latent penod of the activation heat

would be much shorter At about 20 msec after

BhocL shortening commences and a second phase

beat bberatvow va assoeiated with ttna prowsR,

and indeed this /leat of sfiortenirifi is directly pro-

portional to the amount of shortening i e ,
heat

of shortening •• ax where x is the shortening in

cm anti a is a constant, hav ing the dimensions of

a force if the heat is expressed in mechanical units

Thc«e two processes of heat Iilieration may be

clearly observed m figure 51 2 Tho magrutudes

of the«e effects arc also indicated here, A + ax

— 3 meal per gram mu‘<cle, A is about one half

of ox, for maximum values of x
Tlie third form of energy liberation is perform

ance of work In an isotonic contraction under

load P, this will be equal to Px If the muscle is

allowed to relax untlcr load, an amount of heat

equal to this work will appear, this may be con

ceivcd as having its molecular basis m the return

of contractile and elastic elements in the fiber to

their resting orientation It is however of prime

theoretical importance that there ts no true heat of

relaxation, i e
,

if a muscle is allow ed to re-

lax under zero tension (a condition which may
only be sttamed under ingenious experimental

conditions) no measurable heat appears It is

therefore highly improbable that there are any
chemical changes such as ATP breakdown asso-

ciated to the relaxation process

The total initial energy of a twitch E may
therefore be written,

E “ A (P -h a)z

In a tetanic contraction activation heat is pro

duced in respon«e to each of the ‘^nes of shocks

and 13 summated It is then referred to as the

maintenance heat and is proportional to tin dura

tion of the contraction (0

E <* if -f (Px + a)x

Since the work done is Px it will be seen that

durmg contraction the efficiency of the muscular

machine,

work perfonned Px
energy exp^diiuTe “

-h (p 4* ajx

In order to relate the efficiency to v elocity of con

traction the numerator and denominator are di

vided by t Thus allowing v to stand for the speed

of shortening (x/t) we obtain

.fficeno, .

The efficiency of the mu'^cular machine is, there

fore a function of the speed of contraction itself

a function of the load Tlie maximal efficiency is

rvathed at ahwut a filth td tha laa-OTnal speed of

shortening i e
,
under zero load and is equal to

about 40 per cent though when the heat of re

covery la added to the total initial energy (to

which it 13 approximafely equal see above) the

efficiency falls to 20 per cent

It has been shown by Hill that the sum of the

rate of work and the rate of production of short

cmng heat (i e ,
the rate of energy hbcration m

excess of the heat of activ ation) is linearly related

to tho tension, m the following manner

(P + a)v « h{P„ - P)

where P« is the isometric tension and 5 is a con

gtant On rearrangement this becomes

(P 4- a) (t +5) = constant
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This equation relates the velocity of shortening

in an isomctnc contraction to load, and is of con

sidorablc importance, since it is possible to derive

the constants a and i quite independently from

thermal data or bj purch mccliamcal measure

ments, viith v-erj good agreement The phj'sical

basis for this ver> simple and fundamental rela

tionship IS unknovs-n although it is one of the very

notevrorthy features of the model proposed bj

A F Huxlej that it does in fact jncld a mathe

matical formulation which is consonant wnth

Hill s equation

MuscPL-VR CovTRAcnov n toe Intact Axntii,

Oxygen Debt

Tie have seen that an isolated mu«c!e is able

to contract when stimulated in an atmosphere of

nitrogen but its rccov cry pha'm is po«tponcd until

ovjgen 13 re admitted During strenuous etercisc

the muscles of the intact animal behave 6imilarl>

IThile working strenuously, the circulatory and

rcspu^itory sj^stems are incapable of suppljing

adequate amounts of otj gen for the removal (by

oxidation and rest's the«is to glycogen) of the brge
quantities of lactic acid produced Complete re

coverj must be postponed until the exercise is

over, when the accumulated lactic acid is grad

ually removed The muscles of the mtact animal

during strenuous exertion are comparable, thens

fore, to the isolated muscle contractmg anaero.

bicalij It was shown bj A V HiU and his asso>

ciates that an athlete during great muscular effort

euch as sprinting cannot possibly inhale more
than a /raction of the oxygen rcquireef TTiat 13

the bod} w orks its mu«cles but docs not furnish

them with the total ox} gen required for (he work

until some time after this has been completed—it

“goes mto debt for oxygen pa}’ing up during the

recover} penod (<ee fig 513) In a lOOjard

gpnnt, for example, the ox}gen requirement may
be over 6 hters It is obvaousi} impossible to de-

liver this amount to the muscle in the few seconds

m which the race is run The maximum consump-

tion possible IS not more than 4 liters of oxygen

per minute Furthermore, a sprinter can dash 100

yards with the breath held Kie great value of the

anaerobic phase of muscular contraction is thus

revealed TTirough the ability of the muscles to

contract when depnved of ox}gen and to replen

ish their stores of energ} during the phase of on
dative recover}, they are enabled to perform for

“hort periods an amount of work which otherwise

would be impossible, that is, were the} as m the

sumption above the resting level following ever
CISC—“oxj gen debt (From Hill Sfuecular J/ote
ment tn Mon )

case of a motor engine, dependent entirely upon

a contemporaneous ox}gen supply

The OX} gen debt is detennmed b> measuring

the ox}gcti used during the penod of recover},

le, from the termination of the eimrcise to the

tunc when the ox}gcn consumption has returned

to normal, and subtracting from it the quantit} of

oxygen used during a corresponding restmg

penod Tlic length of the recovery period may be

80 minutes or more In very severe exertion the

oxygen debt amounts to over 10 liters (or about

0 3 cc per gram of muscle tissue) The maxunujn

recorded m man is over 18 bters During less

strenuous exercise the discrepancy between lactic

acid production and lactic acid remov al is less pro-

nounced, and the oxygen debt is corre«pondingly

smaller In light exercise the lactic acid is

removed dunng the work—the body pays as it

goes’ —and no otj gen debt, is incurred This 13

called the eicadg slate In other words, anaerobic

and aerobic processes are balanced The average

man cannot maintam the steady state unless the

oxygen requ2xeeaeat of the irori does not exceed

about 2 liters per mmute After severe exercise

the normal level of lactic acid in the blood may
not be reached until an hour or more after the

exercise has ceased

Lacttc And Production dunng Exercise

The lactic acid produced m a short bout of

strenuous exercise may amount to as much as 3

grams per aecond and its concentration in tbe

blood nee as high as 0 2 per cent The lactic acid

though buffered by the muscle protein thus

H* + L- -h P- — K+ -h L -i- HP

lactic potassium potassium acid

acid proteinate lactate pro

teinate

undi«so-

ciated

and to a less extent by phosphates and bicarbo

nates causes a sufficient change in blood reaction
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to stimulate ponerfully the respiratory center

Large amounts of carbon dioxide are * blown

o'! from the lungs

Ilill and Lupton have taken the excess oxygen

consumed during recovery as a basis for calculat

mg the quantity of lactic acid present in the body

at the end of exercise They assumed that the re

coverj oxjgen was used entirely in the oxidative

removal of lactic acid, and that the qiiantitj of

lactic acid removed by oxidation was, as id the

case of isolated muscle, only about one fifth of tbe

total quantity which disappeared Thus,

+ 30, —» SCO, + SlliO

That 18 for every 3 molecules of oxj gen consumed
during recovery 1 molecule of lactic acid has been

oxidired, and for every molecule of lactic acid oxi

dized 4 have disappeared through synthesis to

glycogen Three gram molecules of oxjgen con

sumed therefore represent the disappearance of 5

gram molecules (90 X 5 450 grams of lactic

acid Or 1 gram molecule (22 4 liters) of oxygen

represents the disappearance of f gram molecules

(150 grams) of lactic acid Each liter of oxygen

consumed during recovery would therefore lodi

cate the disappearance of (150/22 4 -) 7 grams

approximately o! lactic acid

Nonmuscular tissue^, liter, heart, bram and

muscles not actual!) engaged m the exercise, share

in the removal of anj lactic acid earned to them

in the general circulation Barr and Htmtvich

shotted this ui animal expenments From the re

suits of their experuftents upon rabbit muscle with

intact nenc and blood aupplj, Sacks and Sacks

conclude that, contrarj to tvhat is behoved to

occur in isolated frog muscle, lactic acid is not

resjTithesized to glj cogen in the mammalian mus-

cle during recot er>, but diffuses into the circub

tion to be iminly contTrted in the lit er to gljto-

gen A smaller part is oxidized b) brain, bcart

and probably by other tissues as well If produced

in large amounts, as in strenuous exercise, an ap-

pnciable amount finds its waj into the unne

The Fuel of Exerax

IVc luivc seen that in the case of isolated frt^

muscle the respiratory quotient is around mntj,

which indicates tliat the ultimate source of the

cnergj for the contractile process is mainly, if

not intircly, carbohj dnite That is, the energy re

quired to restore the muscle to its prc-eonttaction

state 13 denied from the oxidation of this food

material Though the glycogen of the isobted

muscle 13 reduced bj nctn ity, no diminution of ila

(at content has been demonstrated It has ako

been shown that if an isolated muscle be stunu

lafed nhde suspended m Ringer’s solution so that

the lactic acid as it forms may diffuse away
, fa

tigue sets in only when the glycogen stores haie

been exhausted (see p 871) If glucose bo added

to the Ringer’s, something hke 10,000 tmtehes

can be eioked and a total tension of 6 tons per

square centimeter of cross section of the muscle

developed It cannot, however, be concluded from

expenments upon the isolated frog muscle, which

for one thing is poorly supplied with oxy gen, that

the muscles of the intact mammal can u=e only

carbohydrate fuel Hirawich and Rose, for ex

ample by determinations of CO’ and of 0, of

venous and arterial bloods of intact muscles ob-

tained an average respiration quotient (R Q ) of

only 0 80 Attempts to decide the question for tlie

intact bodyr havT? been made by determinations of

the respiratory quotient of the excess metabolum

of exerexsc in man The results arc, however, diffi

cult to interpret and no defimte conclusion can

be drawn from them
The exci^s metabolism of exercise is determined

from the oxygen consumed (or of the C0» ehmi
nated) during the work and recovery penods leas

the amount of oxygen used (or CO, elimmatcd)

during a corresponding period precedmg the exer

CISC The ratio between tbe excess quantities of

the two respiratory gases will, of course, be the

R Q of the excess gaseous exchange But certam

precautions must bt taken in order to obtam the

true R Q , 1 c
,
the R.Q of the oxidativ e processes

for as already mentioned a large proportion of

the CO, which is eliminated following exercise is

not oxidative in origm but is simply gas wluch

has been liberated from chemical combination

(p 871) The ponod of increased CO, elimination

and high R Q immediately following the exercise

V2> tey/aw«!<i by omi va 'oW.b tha “tK ^Vft

IS reduced and the R Q ls well below the normal

level of 085—CO» is being retained to replenish

the bicarbonate stores (fig 51 4) During a period

of sufficient length, therefore, one effect (rcten

tion) will just balance the other (blowing off) and

the quantity of CO, eliminated during this tune

in excess of the output durmga pre-cxereise period

will be the extra quantity actually produced by

oxidatire processes This v alue is usedm calculat

mg the R Q of the excess metabolism rc’mlfing

from the exercise

In expenments on man inv ohmg short penods

of strenuous exercise, the R Q of the excess me
tabolism has been found by several obbervers to

nsc above that of the resting penod and to reach

or cxccevl unitv Be«t, Furuaawa and Ridout ob-
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Fig 51 4 Curve of the II Q of the exco'^s mctaholism cau ed hy muscular exerci e (From Hill Mub
eular Motement tn Van)

tamed a R Q of between 1 IS and 1 6S for very

arduous exercise Tor less strenuous work Iht

R Q was around unitj and for mild exercise it

was considorablj lower—little nbo\c that for the

rc«l period Tlie degree of exercise required to

raise the quotient to unitj \aried in different

subjects Tlie xerj high quotients (alioic unit>)

which these obserxers obtained haxe since been

olxencd bj others, but Gcmnull in more ngidJj

controlled expennunts in which the subject was
kept under basal conditions for a period of scxenil

hours preceding the exercise, obtained an axemge
R.Q for the excess metabolism of a little less than

unity Dctcrmmations of the 0x5 gen consumption

and carbon dioxide elimination were made oxer

a reeoxery (post exercise) period of 3 hours

The R Q of the cxce«s metabolism has also

been determined bj a number of workers upon
diets high, respoctixclj, in fit or carbohydrate

Benedict and Cathcart lor example found on
R Q of 0 90 on a carbohy drate rich diet and one

of 0^2 (indicating the utilixation of fat) on the

fat-nch diet They concluded that the fuel of ex

ercise was not exclusively carbohydrate but de

pended largely upon the previous diet Krogh
and Lindhard decided that the food raaterni om
dized during work was the same as that dunng
rest and thatm either case the relative quantities

of fat and carbohydrate oxidized varied with their

proportions in the diet ^^ork however, was per

formed le«s economically (by 10 per cent) upon

fat than upon carbohydrate Others haxe ob

serx ed an increase in efficiency upon high earbo

hydrate diets though, as a rule, the increase was

not as great as that found by ICrogh and Lmd
hard

Carpenter and Fox earned out two comparable

groups of experiments In one group 50 grams of

gIu<,o«H were given just pnor to the commence-

ment of the exrrci'sc In the other group the sub-

jects were fasting ThcRQ of the exetfsa metabo

lism of tho«c which had received the glucose was

coJisjiJcrably higher tlian those of the other group

Anderson and Lusk obtained m a starving dog

working a IrcadmiJl respiratory quotients sugges-

tive of the combustion of fat namclv from 0 71

to 0 73 Also m prolonged severe excrci«c in man
Talbot and na^ociaUs observed a fall m the R Q
following an earlier rise

Other lines of approach have yielded more un

portant evidence for carbohydrate being the mam
fuel though not ncce'ssanly the only one uied in

muscular w ork Other food stuffs especially fat

can «crve under certain circumstances the pro

portion of each which undergoes oxidation vary

mg with the amount av ailable and the sev eritv of

the exercise In short periods of light ezercise it 13

probable that the energy is denied from the oxi

dation of materials of the same nature as tho'e

which furnish energy durmg rest These are 'tmali

molecules of carbohydrate fat and protem mate

nal already presentm the circulation (Carpenter)

Such inatenals are soon exhausted however, by

heavier work when the glycogen reserves are

drawn upon There is general agreement that in

strenuous exercise the fuel used by the muscles is

mainly if not entmily carbohydrate If the exer

CISC IS long continued as m a marathon race by

poglycemia results The administration of glucose

at the commencement of the race prevents the

fall in blood sugar and exerts a defimtely bene

ficial effect upon the athlete s performance Tlie
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production of large quantities of lactic acid m
strenuous muacular exercise also points to carbo-

hjdrste material as the source of energj lo short

but strenuous bouts of work a nse in blood sugar

up to a concentration of nearly 200 mg per cent

hM been observed The mechanism governing

this mobilization of the carbohj drate reserves has

not been definitely determmed It does not ap-

pear to have an emotional basis (liberation of

adrenaline or stimulation of the sympathetic)

GemmiU suggests that the high blood lactate stun

ulates the production of glucose hj the liver

In prolonged and exhausting exercise the carbo

hj drate stores become depleted Fat and, to some
extent, protein are then utilized to drive the mus
cular maclime Both these matcnala are used in

directly, i e
,
after their conversion to carbohy

drate* As the carbohj drate stores arc used up
phj-sical exhaustion ensues Dogs can be worked

for 17 hours or so before they arc completely fa

tigued if fed carbohj drate, but become exhausted

m less than 5 hours if worked without food (Dill

and associates) Hhe fatigtied animals arc capable

of further work if then given carbohj drate

The use of protein as fuel has been a subject of

controversy for a number oi years It has been

common teaching that this food material except

m minimal quantities v.bea fat and carbohydrate

are unavailable is not a source of energj for mus
eular work, but served merely to repair tissue

“near and tear “ This conclusion was arrived at

chiefly from studies of the nitrogen excretion Or
dmary exercise> for example, does not increase

appreciably the output of nitrogen in the urine

nor does it increase the non protein nitrogen of

the blood More strenuous work causes a slight

nsc in the blood nonproleia nittogen and a mod
erate Increase in the urinary nitrogen in mao and

in animals In work experiments upon fasting dogs

It has been calculated that at the most not more
than 7 per cent of the energy required for the ex

ercise could have been denved from protein, the

great part of the energy had apparently been ob

• This statement may have to be modified in the
light of recent expenments by K L Zierler and
I B Intz It now seems clear from the results of
the former author (J Chn Invest

,
33, 671, J£to6)

that the oxygen uptake of the resting human fore
arm is gteatly ja excess of that suggested by the
artenovenous difference in glucose concentration
That some of this discrepancy raaj be accounted
for by the oxidation of fatty acids Is suggested by
the experiments of Frits and his collaborators
(Am J Physiol 191, ^79, 19o8) who show that
0“ labeled fatty acids are oxidized bj isolated
skeletal muscle and that the rate of oxidation »
increased on faradic stimulation The quantitative
aspects of the role of nonestenfied fatty acids as
fuel for muscular exercise remain to be examined

tamed from the combustion of fat In prolonged

starvation after exhaustion of the stores of carbq

bydrate and fat protein (carbon part of the ammo
acids) must then, serve as the sole source of en

ergy

It has been pointed out by Catheart, however,

that the nitrogen excretion during short periods of

exercise may not be a true criterion of protein me-
tabolism since the nitrogen released in the break
down of pTotein may be utilized in ejTithelic proc

esses and consequently not appear in the unne
Or, muscle protein may be catabolized and its

nitrogen excreted, yet if, as is quite possible, an

equivalent amount of nitrogen denved from the

food were diverted to the muscles to replace that

which had been lost, the total nitrogen excretion

would remain unchanged This observer also con
aiders that, in the long run, muscular work exerts

a very definite influence upon protein metabolism
and cites the familiar observation that persons

engaged in heavy muscular work demand a diet

rich in protein particularly meat It has also been

shown by several investigators that a retention of

nitrogen occurs during a period of training—ap
paronlly for the manufacture of muscular tissue

Such views are m harmony with modern concep

tionsofproteinmetabolism (p 779) Sincecatabo
ham and synthesis may go hand in hand the total

quantity of nitrogen excreted gives no indication

of the interchanges which are taking place between
food and tissue nitrogen It is scarcely reasonable

to assume that after deamination the nonprotein

portions of (he amino acids can not serve as a
source of oxidative energy A carnivorous animal,

for example can subsist upon a diet composed al

roost exclusively of protein CanzanelU and Rap
port also draw attention to the irrelevancy of the

nitrogen excretion and insist that it can give no
information respecting the nonnitrogenous part

of the catabolized protein From a study of the
respiratory quotient of the excess metabolism of

exercise performed by a dog on a high protein

diet they conclude that oxidative energy for

muscular exercise can be supplied quite os readily

by protein as by carbohydrate or fat

The question whether or not alcohol can furnish

energy for muscular work has been investigated

repeatedly TTie results obtained by different

workers are not entirely in agreement Some have
reported that muscular exercise hastened the dis

appearance of alcohol from the blood presumably

by increasing combustion (sec Mellanby) On the

other hand Carpenter and his associates in a re

cent careful study did not find that work exerted

such an effect They conclude that alcohol disap-

pears from the human body at a uniform rate

whether the subject is at rest or performing mus
cular exercise Nor did muscular work oUer the

concentration of alcohol in the expired air (i e ,
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the amount eliminated per liter of COt remained

unchanged), in the urine or in the blood
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52
THE BODY TEMPERATURE

The normal bodj temperature, recorded from

the moutfi, js usually gn en as 98 6*F (37 0*C )

The rectal temperature a\erages of a degree

F higher than this and the axillary temperature

at least 1 degree F lower Ko absolute figure can

be given, for there is a wnde variation between

individuals The oral temperatures of a large

group of normal persons range from 96 6* to

1000®F (358® to 375*0), the average being

around 98 4*F (36 9*0) Ivy, in a study of nearly

300 medical students, obtained a mean oral tem
perature o( 98 l*F (36 7*0) Variations in the

body temperature ako occur in the same lodivid

ual throughout the day—a difference of 20 or

even 3 0*F occurring tetween the maximum m
the late afternoon or early evening, and the mini

mum between 3 and 5 o’clock in the morning In

night workers the times of the maximal and mini

mal temperatures may be reversed The tempera

ture of the internal organa is higher by several

degrees than the temperature of the skin The

temperature of the liver, for example, is about

100*F (37 8*0 ), whereas that of the skm covered

with clothes IS from 85® to 93*F (29 5® to 33 9*0 )

The temperature of the bare skm varies widely,

of course, with the environmental temperature

The influence of the latter upon the temperature

of the covered skin will depend upon the beat-

in«ulating properties of the clothing, air move*

ment (breeze, wind), atmospheric moisture, etc

Strenuous muscular exercise causes a temporary

rise m body temperature of 1 0" to 4 0*F or more,

a temperature of over 104®F (40 0*0 ) during

exercise has been reported (L Hill)

The heat regulating mechanisms are not fully

developed at birth The body temperature of the

newborn child, although m general the same as

that of the adult, tends to be uregular and un

stable Spontaneous variations of from 1 to 2*F

arc common during the first year Excitement or

other strong emotion, ev enm older children, may
raise the temperature by aa much as 2®F

Tlie Ilegulation of Body Temperature

The almost unchanging body temperature of

warm blooded animals, living under a variety of

834

environmental conditions, indicates a remarkably

cflicient thermostatic control and regulating sys-

tem The temperature of a warm blooded (ho*

moiothcrmic) animal remams practically un
changed although the surrounding temperature

may vary between 0*F or less and 100*F or up
wards On the contrary

, the body temperature of

a cold blooded (poikilothermic) animal such as

the frog, turtle, etc
, is practically that of its en

vnronment (fig 52 1)

Heat IS contmuously being produced withm the

body by metabolic activity, the rate of heat pro-

duction being muumal during sleep and increased

by muscular activity In order to maintain a con

atant temperature, the rate of heat loss must be

adjusted to equal the rate of heat production

This process is compheated by the varying en

vironmental temperatures A high ambient tem
perature reduces the rate of heat loss A low tem
perature may increase the rate of heat loss to such

an extent that metabobsm must be increased by
means of shivering to maintain the balance IV ith

envuonmental temperatures in excess of the body
temperature, or if heat is being produced rapidly

by muscular activity, the evaporation of sweat

IS necessary to dispose of the excess heat Shiver

ing and sweating are ‘‘emergency’' measures

Throughout the range of moderate temperatures

the rate of heat loss can be regulated by varying

the rate of blood how through the skin Heat is

produced mainly in the deeper structures (mu«cles

and viscera), which are insulated from the en

vnronment by subcutaneous fat and skm The
heat 13 transported by the blood which is warmed

in the deep central structures and cooled at the

body surface Although the temperature of the

Bkm may vary widely, the central or 'core” tem

perature I3 raamtamed homeostatically within a

very narrow range The body absorbs heat radi

aled from surrounding objects with temperatures

hi^er than its own, and from direct or reflected

eimshme, a stove or an open fire Heat is also

gamed by the ingestion of hot food Heat produc

tion 13 the result of chemical reactions and was

therefore caUed the ''chemical ' regulation of body

temperature by Rubner Heat loss is dependent
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upon phj-sical (and phj-stological) facfors—“phi's
leal” regulation Thpso terms are redundant and
an Oacrsunplification, since the chemical and
phj'sical cannot be separated

Under basal conditions, when no external work
IS being done, ad the metabolic cnergj uftimalcfi

appesrs as heat If this heat irerc not lost to the

bodj
,
the bod> temperature n ould nse Tlie basal

metabolic rate usuallj produces heat amounting
to about otic calorie per kilogram of bodj weight
per hour Smee the bodj is composed chicflj of

water, it has a specific heat of a little less than
one, so the bod> temperature would nsc about
1®C per hour if no heat were lost

Wth strenuous phjsical exertion more tlian

three Quarters of the lacreased metabolism op
pears as heat within the bodj, the remainder
appears as externa) work Feicr uiereases the

metabolic rate, the ax erage increase being 13 per
cent to each degree C nse (7 2 per cent per degree
F ) This change in metabolism corresponds to a
temperature coeflicient (Qn) of between 20 and
3 0 The temperature cooUicicat^ cf the lanous
metabolic reactions are not, howexer, identical,

consequentljj a rise m temperature causes a dis

turbance in the metabolic pattern of the bodj
The resulting disorganitation of function in the
bram is made ex idcnt bj the delirium induced by
high fever and the mental confusion aecompanj
mg hypothermia

The bodj’s heat-regulating mechanism is sup-

posed to be in abcjancc below an internal tern

perature of 75*F
,
because the actixntj of the iin

dcflying nervous structures is suppre'»scd The
bodj then gains or lo'ses heat like an inanimate

object Tlie lower lethal temperature for the hu-
man is about 79 5®F (26®C ), although lower tem-
peratures hax e been induced with surxmx al dunng
therapeutic bj'pothermia Death is due to cardiac

failure The upper lethal limit is not clearly de-

fined, cases are rocordid to have recovered after

attaining a rectal temperature of HO 8®F (43 5*

C ) Probably the average upper limit is about
110®F (43*0 ) (See DuBois)

Heat Loss

Although the body temperature is m excels of

the ambient temperature in temperate climates,

the constant production of heat bj metabolisn

necessitates a constant dissipation of heat It is

only under exceptional circumstances thatm such

climates the excess heat of the enviroument must
be counteracted m addition to the normal meta
bohe heat In cold weather where more heat is

lost than can be balanced by that of the resting

FiQ S2 1 Variation of body temperature of dif
ferent tjT>c9 of animals b> sojourn for two hours
in an conroament of 5“ to 35^C (After Martin >

metabolism extra heat is produced by mcreased
mu'icular actixntj—increased tension of muscle®,

ahixcnng, "goose flesh,"and shalong Throughout
the range of moderate temperatures, le within

the comfort ionc, neither shivering dop sweating

occurs even while the bodj is at rest Heat is lost

from the bodj mainlj at the skin surface, al

though some is lost through the respiratory pass-

ages where air comes m contact with the bodj

Heat IS lost from the bodj through (a) radia

tion, conduction and convection from the skm,
(b) warming and hurmdifjmg inspired air, (c)

evaporation of sweat and msensible perspiration,

(d) unne and feces

Of these various routes onlj (a) and (c) are

directlj under phj'^iological control The tern

perature of the skin determines the rate of heat

loss from the body surface The heat lostm warm
mg aod moistening the inspired air, and the rate

of evajwration through the skin (insensible per
spiration) will depend upon the temperature and
humiditj of the ambient air It is onlj mdirectlj

,

by creating a “local climate" by means of cloth

mg or air conditioned dwellings, that the«e ave
nues of heat loss can be regulated

Under the ordinary conditions of ev eij day life

over 95 per cent of the total heat loss oc

CUTS througli (a), (b) and (c) The heat lost m
raising the temperature of the in«pijed air to bodj
temperature (c) will, of cour«e, vary with the air

temperature, but at ordinary room temperatures

it does not amount to more than 2 or 3 per cent

of the total Air is a verj poor conductor, so in

terrestrial animals conduction plaj3 a v erj minor
role except under special circumstances, as when
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the body i3 in contact with a cool object, cold

ground or immersed in water Radiation is re

sponsibk for about 50 per cent of tlie total heat

loss and convection for about 15 per cent («ec

table below) The heat lost in the urine and feces

accounts for onlj 2 per cent, or less, of the total

heat loss

The total quantity of heat lost in 24 hours

must, of course, just equal the amount produced,

otherwise the body temperature would nse or

fall The heat production of an a% crage man doing

light work Ls about 3000 Calories Tlic propor

tions of this which arc dissipated through the

various clianncls at ordmarj room temperature

are given in the following table, in approximate

figures

Catttti Ptr un$

(a) Radiation convection and
conduction 1050 65

(b) Tvaporation of water from

skin and lung^ and libera

tion of CO* 900 30

(cl Harming inspired air 90 3

(d) Urine and feces <i e tieat of

the*o excreta over that of

the food and water) 60 2

Total daily heat Io«8 3000 100

Radiation avd Cowectiov avd Their

Variation by Piiysiolooicvl hveroRs

The rate of cooling of anj warm object varies

with the temperature of the air and of colder ob-

jects in contact with or near it HTien a large

temperature difference exists between the two,

the warm object loses heat rapidl> through radia

tion convection and conduction The rate of heat

Joss however, becomes gradually less as the tern

perature of the object approaches tliat of tlie cn

viTonment The dead human body behaves in a

manner similar to that of anj inanimate object,

taking from 10 to 20 hours on an average to reach

tlic temperature of its surroundings In (he hving

bodj, on the other hand, factors operate to cn

courage or minimize heat lo^s, rcspcctivelj, when

the environmental temperature is high or low, or

corresponding changes in the body s heat produc-

tion occur

The factors involved in heat conservation or

hi at lov, are dependent to a large extent upon

reactions of the autonomic nervous system The
following are the pnncipal adjustments which

take pUcc in the blood vascular sjoitenv (a) Rt-

tU»lnbul\on of blocd The subcutaneous ti>sue acts

as an insulating la>cr Hie insulating quabtj of

this b^r can be altered by varjing the blood

flow through it Bj the redistribution of blood

the temperature of the skin maj be adjusted to

anj temperature from about 15®C (59“F) up to

the central bodj temperature At a room (am

bicnt) temperature of 34°C (93'’F ) the quantitj

of blood circulating through the skm may, ac

cording to DuBois, amount to 12 per cent of the

cardiac output Scott, Bazett and Mackie found

tliat the blood flow through the fingers would in

crcasifrom I ec permmuteper 100 grams of tissue

in a cool environment to 80 or 90 cc per minute

upon exposure to heat These changes may be

initiated m one or all of four vvajs a change in

temperature of the blood suppljmg the nervous

centers, reflcxlj through centers in the brain and

cord m response to changes m skm temperature

(stimublionof hot or cold spots, p 1139), through

local avon reflexes, and finall> through responses

of the vessels to direct Btimulation b) changes in

external temperature (b) 1 anatvyn$ in blood lol

ume (sec p 28) A nse in temperature causes an
increase in blood volume, the blood is diluted by
fluid drawn into the circulation from the tissues,

chiefl> the skin, mu«clcs and liver Blood is cx

pclkd from the spleen (p 67) It has been found

that an unacclunatizcd man is capable of locreas

iQg the total circulating blood volume bj about

10 per cent in 2 or 4 hours on exposure to heat of

sulBcicnt seventy to cause a diffuse cutaneoua

vasodilatation The increased blood volume is

chieflj m the plasma although additional cells

may be added from the spleen The initial m
crease of the blood is brought about bj dilution

with water drawn from the other cells, so that

the hematocrit drops a little and the plasma pro-

tein concentration decreases Associated vnth the

decreased osmotic pressure of the plasma protein

a mild edema of the ankles is frequently oteerved

m unacclimatized persons suddenly exposed to

heat The body can manufacture the proteins

rapidly so that after two or three days exposure

to lioat the blood osmotic pressure has been re

stored and the edema will disappear At low tem
peralurcs the blood v olume is reduced, the blood

becoming more concentrated as shown by an in

crease in the percentage of blood solids The sud

den return to a cool envaronment causes a rapid

decrease of blood volume associated with a

marked diuresis This is frequently 'cen in moving

from the tropical plains m India to the temperate

hiU stations (Powell, personal comment) (c) In
creostd circuWvon rale The increased cardiac

output ensures a rapid blood flow through the

dilated cutaneous vessels
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As already stated, half of the total heat lo^ is

brought about through radiation The human
shin (of ^\haU!^er color) within the range of the

infrared to which it is usually exposed, is an al

most perfect ‘ black, bodj radiator ” That is to

sa}, it radwtos ncarj^ all infrared njs* (up to 1

or 2 per cent) or absorbs to the same extent such

raj's as fall upon it (Hardy and Muschonheim)

The skin and the subcutaneous tissues when

the vessels arc constricted arc a little more effi

cient as insulating material than a Layer of cork

of the same thickness (DuBois) The subculanc

ous lay cr i aries con'idcrably m thickness in differ

ent persons and is thicker in women than in men
This accounts for the greater ability of women
than of men to withstand cold

Tlie radiating surface of the standing human
bod\* IS only about 85 per cent of the total surface

area, for apposed surfaces, e g ,
axiiUe, inner

surfaces of tlie thighs and upper arms, do not

lose heat to the environment by radiation It is

for this reason that one huddles m the cold and

spreads out one s limbs in the heat Adolph has

shown that the nude man sitting m the sun ab

sorbs on an aicrage 143 Calones per hour by
radiation this is reduced by clotiung Molnarc/af

found that clothing by reflecting radiation can

dutimish the ab«orption of heat from the sun and

slcy by about 00 Calorics per hour On the other

hand clothing will reduce heat loss by radiation

since the external surface of the clothing lias a
lower temperature tlian the skin and consequently

radiates less htat The mam factor influencing

heat loss through radiation is the temperature of

surrounding objects relatne to that of the skin

Tlie body
,
for example, radiates heat to a block

of lee but absorbs heat from a hot stove or radi

ator It should bo remembered that the oir in

teriemng between the body and the source of

heat is not heated by radiant energy
,
but only by

convection Another factor, though a very minor

one, la the humidity of the atmosphere Air with

a high water vapor content is more opaque to

radiant heat than dry air Heat lost through radia

tion is therefore slightly reduced when the relative

humidity is high

CowzcTiON The rate of movement of warm
air from the neighborhood of a heated object

vanes, of course, with the temperature of the

atmosphere The clothed body has a layer of

warm moist air in contact with the skm which

tends to become trapped m this situation and m
‘ The wave length of the infrared rays emitted

Ay Hf (rscfSi' t’Sea^sture ^ /•s

* This has been called the profile area

the spacM of the clothing In the absence of a

temperature difference between it and the exter

nal air or of some movement to cause mixing, this

air will remain practically stagnant and httle or

no heat is lost through convection However,

when the atmo<!phere is cooler, convection cur

rents arc set up which mix the air lying against

the skin with fresh air Convection is e'sentially

dependent upon the relative den'^itios of air at

different temperatures, the warmer and lighter

air rising, the cooler air falling Dry air is denser

than air possessing a high content of w ater v apor

One would expect therefore that changes m the

liumidity of the atmosphere should alter the heat

lost by convection, but as a matter of fact, the

relative humidity of the external air has httle

effect upon heat loss through convection Prob-

ably the most important factor mfluencmg heat

loss by convection is atr movement the loss m
creasing with the square of the wind velocity up

to GO miles per hour, a wind velocity beyond this

exerts httle or no further effect

EvArojuTioN or IVateh

It IS obvious that tlie nearer the temperature

of the environment comes to that of the blood the

smaller will be the amount of heat which can bo

lost by radiation and convection At an air tern

pcralurc of about 08 C*r (37*C ) heat loss by

these means must cease At higher air tempera

tures than this tlie body would actually gain

heat if no other means of cooling were available

Large quantities of heat are lost to the body

through the secretion and evaporation of sweat

and the exhalation of water vapor, expired air

being 95 per cent saturated with moisture Its

temperature can for this reason, be maintained

constant when the atmosphere (dry) has a tern

perature about 150*F (65®C ) above that of the

blood The heat absorbed in the evaporation

of 1 cc of water amounts to 0 58 Calorie Even

at ordinaiy room temperatures when there is

no obvious perspiration the heat lost through

evaporation from the lungs and skm amounts to

about 17 Calorics per hour About two-thirds of

this is from in«eiisible perspiration through the

skm the remainder from the lungs Mew burgh,

and his associates bav e found that people, hvmg
m a cool environment perforimng only the rou

tinea of bfe, lost heat by the insensible evapora

tion of water from the skm and lungs eqmv alent

to about 34 per cent of the metabolic rate, the

absolute amount depending upon the metabohe

rate At higher temperatures the increase m the

proportion of heat lost by evaporation of water
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Fia 52 2 Hubner s chart tho^ing the manner of heat loss in the dog at different room tempera

lures Stippled area heat loss id cniorica tbroiiKh evaporation of water, cross hatched area heat loss
in calories through radiation and convection The distance between opposite points on the curved
boundary lines represents the total beat production at a particular temperature (Kedrann and
slightly modified from Lu«k )

65 compared w ith that lost by radiation and con

\ection 13 ehonn in figure 522 It ndl be seen

that eiaporation play's little part in heat regula

tion until the air temperature reaches between

2S* and 80*C (82* to &4 5*F ) the heat loss by

this means remaining nearly coaitant bclou tb»

level but increasing rapidly above it At a tern

perature above 35*C evaporation accounts for all

or nearly all tbo heat lost

It 15 to be remembered that evaporation from

the bovly surface occurs quite independently of

sweat secretion, for the skin is not entirely un

pervious to water, fluid extravasated from the

cutaneous capillaries seeps into the epidermis

Tliere is a continuous diffusion through the epi

dermis from ttic moist deep lav ers to the dry skin

surface The evaporation of this water that dif

fuses through the skin has been called insensible

perspiration The speed by which water diffuses

through the skin is delcmiincd by the diffusion

gradient and is greatest in dry atmospheres when
the water vapor pressure of the sir is low and the

skin dries rapidly It lias been shown in persons

m whom sweat glands were absent from birth

tliat some 18 grams of water jicr equm nictcr of

body surface may be lost hourly by evaporation

HiLS IS about the same as that of a normal man
under ordinary conditions, and represents a total

daily heat loss of about 450 Calorics for a body

of average sire (surface area I 8 square meters),

which IS not far from the normal At high tem
utuTe«, or even during mild exercise, however.

a person without sweat glands is at a great dia*

advantage, his body temperature is likely to rise

The respirations are increased by a rise in air

temperature or by a greater beat production, the

heat loss through warming the inspired air and
the vaponration of water from the lungs, and the

liberation of CO}
,
n thereby increased Hyperp-

nea (panting) is the chief means possessed by the

dog (m which functioning s\\ eat glands are largely

confined to the footpads) for increasing the v apor-

ization of water and combating a ri«c iti body
temperature

The rate of evaporation of water is influenced

inversely by the degree to which the atmosphere

IS already saturated with moiture, i e , by its rcla

tive Imirudity* Sweat which is not evaporated

but aunply dnpa from the skin, of eourvo does not

increase heat loss For this reason the sweating

mechanism for the elimination of heat is badly

cnppicd when the relative humidity is high * Me

* It IS dependent essentially upon the difference
in the vapor pressure at the skin and of the eur
rounding air
•The relative humidity is defined as the ratio

of the weight of water vapor contained in a given
volume of air to the weight which the same volume
of air would contain when saturated The quantity
of water vapor which air can hold when saturated
increases with the temperature The relative liu

nudity IS expressed as a percentage Thus, if a
sample of air at a certain temperature contains 20
percent of the water vapor which it is possible for

it to rootain at that temperature it is 20 j>er cent
saturated, and so has a relative humidity of 20 per
cent
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nrt all familiar ith tlic in«;tifrorablo ho it of a hot

[lumid (laj, and (lie compantiio comfort when

the air i> “implj hot and dr\ A man can mam
tain u norm il tcmpcnhirc in an atmo'sphort, of

from 210“ to 2G0“r (a temperature tliat mil gnll

a beefsteak) j)ro\ idcd the air is jicrfectli drj , his

abilitj to sMoat profu«elj is sustained bj la^
draughts of water, and iiaporation is facilitateil

b\ strippinR the p-tator part of the IxkIj’s sur

face On the other hand, i damp atmosphere with

a temptratun of I20*F causes the IkxIj tempera

turo to riM* rapidlj
,
and cannot lx. endured for

mon than a ftw minuti's Emporation and con

siqucntlj heat lo^s bj this means is pcatlv has

tened bj air mo\cmcnt The lasar of air ncarh

saturated with water \apor hing nest the skin

IS thus replaced b\ drier air

Swi^sTivo

Sweat IS a weak solution of swlium chlondt in

water together Mith urea and small quantities of

potassium and Lactic acid It has a specific gni\ it\

of from 1 002 to 1 003 Its pll as reportcsl hj

different obscraers imnes from 4 2 to 7 5 Tlic

percentage of sodium chlondo \ari03 between 0 2

and 0 5 Muscular exercLso increases the salt con

ccntration, which is aUo higher m sweat secreted

bj clothed than bj naked skin The quanlitj of

nonprotein nitrogen ordinaril> excreted m the

sweat, per daj, is according to Benedict, 0071

gram
,
on the other hand, if the sweating is copious

from 0 5 to 1 0 gram may !« eliminated per hour

The actual concentration of nitrogen in the sweat

falLs, howeatr, when sweating becomes profuse,

wficreas the concentrations of sodium efifonde

and potassium nsc Howcier, when accbmalixa

tion h IS been established the percentage of salt

dunmishes About 3 pams of salt dailj arc re

qmred after acchmatization to maintain the salt

balance Nevertheless, even after acclimatization,

d strenuous work is performed for a long penod

in a high temperature and large quantities of

water are drunk, depletion of the body s supplies

of chloride and a lowered concentration of this

element in blood and tissue fluids occurs produc

ing severe cramps m the muscles of the limbs

and abdominal wall (heat or stoker s cramps, see

P S9-1)

The control of sweat secretiov The sweat

glands, which number over two and a half million

in a man hvnng m temperate climates, are cho-

linergic yet under the control of the sympathetic

nerv ous system These glands are, how ever, anom

alous m their respon«cs to sympathetic and

parasympathetic drugs, m that they are stimu

latcd by muscarine, pilocarpme and acetylcholine,

and inhibited by atropine (p 1399) According to

Coon and Rothman, the action of acetylchoUne

IS tnofold—stimulation of the glands directly

through a muscarinelikc action and through the

initiation of axon reflexes (mcotmelikc action)

In man and most animals thev are not excited

by adrenaline nor paralyzed by ergotoxine The
umal stimulus to sw eat «!ecrction is a ri«e m blood

temperature which exerts its effect m two ways

—

directly upon the nercous centers, which is of

more importance, and rcflexlj by stimulation of

heat receptors m the skin Tlie sweat response to

a nae in temperature is abolished by scctionmg

the nerves to a part and is therefore not due to

direct stimulation of the glands That a rise m
temperature of the centers alone w ill induce the

accrtlion of swiat has been shown by heating the

hyqiothalamus in the cat (whose sweat glands are

confined to the paw pads), sweating then occurs

althongh the paws themselves remain cold The
centers may also be stunulated m man by the

injection of pituitnn into the bteral vontncle

In the initial stages of muscular exercise sweat

ing IS apparently initiated by the discharge of

impulses from the motor cortex It occurs be

fore there w any change m rectal temperature

Uitcr on the effect of a nse m body temperature

comes into play In a man (indoor clothing) at

rest, visible sweating usually commences at an

air temperature between 27“ and 32*C (80 and

tl0“F ) Sweating may be induced by the experi-

mental stimulation of regions of the diencephalon

(hypothalamus, p 1227) Spinal centers for seg

isaeitts} coiriroid si«ssiiOg e^ist, hr pOTpAwsti’

sweating occurs m quadraplegic patients who
have complete transverse cervical cord lesions

Such patients have lost temperature control to a
large extent, for neither adequate sweating shiv-

enng nor changes m cutaneous blood flow can oc

cur for the reguJation of body temperature De-
stnictionof thesyonpatheticnerve supply toa part

completely abolishes the sweatmg response to a

nse m temperature The sweat glands, however,

still respond to pilocarpine and acetylcholme

TTie formerdrug w htch has been employ ed in the

past for the purpose of demarcating areasdepnved

of their sympathetic supply
, is of no diagnostic

•ralue, for it acts peripherally
,
i e ,

directly upon

the gland cells Sweating is not dependent upon

the circulation for it occurs after occlusion of the

vessels and can even be mduced by stimulation

of the nerves in an amputated Junb Although

U'nially associated with cutaneous yv'STOdiJation

it may occur with constricted
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swot ” This IS usually the result of psychic m
flucwes, e g ,

nervQu«uess, fear, fatigue or mental

work The sweating occurs most noticeably m
thc«e instances on the forehead, the palms of the

hands, and the soles of the feet, which do not, as

a rule give a pronounced response to heat In

manj persons, reflex sweating, confined to the

face and neck, is mduced bj eating spicy or ap

petizmg food (gustatory sweating), or sometimes

swe iting over a remote part, e g ,
the knee occurs

Faradic stimulation of the human skin o\er the

forearm mduces local sweating due apparently to

direct stimulation of the glands, for it occurs after

section and degeneration of the nen’e supply

The few observations that have been made
upon the secretion pressure of sweat indicate that

it IS high, 250 mm of mercury or more Sweat is

therefore a true secretion and not simply a filtrate

The secretion rate may be enormous, amounting

to a Lter or more per hour, and may be mcreased

some 80 times over the normal by immersing the

body in a bath at lOST At ordinary room tern

peratures the sweat e\aporate8 as quickly as

formed so that there is no apparent secretion

Heat Pboductiov

The seieral factors which stimulate the chemi

cal proce«sc3 of the bod} and so increase the beat

production haie been dealt with in chapter 44

An account of the manner in which chemical and
ph>«ical factors interact to maintain a constant

ijod} temperature remains to be given

A low eniiromnental temperature is a potent

influence in stimulating heat production At air

temperatures below about 28®C (82 4®F ) the

bod} (nude) loses heat rapidly Within the fern

pcralure range belw cen 28® and 31®C (87 8®F ),

\Vie ikAlcvI male body » aWc quite easily tomam
tain the balance lietwecn heat loss ami beat

pimluction There is neither awcalmg nor slmer

mg and a male subject feels comfortable This

range of temperature is therefore called the ' com
fort zone ” For reasons giicn below the comfort

rone w broader (27® to 33®C or SO 6®F to 91 4®F )

for women The external temperature (about

23®C or 73 4®F) below which heat production

mii't be increased m order to maintain a normal

bod} temperature is sometimes called the "cnti

cal temperature ”

Below the critical temperature beat loss by

radiation and convection increases progressnely

with falling au- temperature, but heat loss by
vaponralion shows little change The naked body

at a temperature below the comfort Iciel (28“C

or 82 4*r ) lofcs more heat than it can produce in

the basal state, and at about 23®C (73 4®F ) shiv-

ering occurs Heat production is thus increased in

an effort to raise the body temperature to the nor-

mal level In the human, heat production is not

increased until the onset of shivering andm nude
men under basal conditions the metabolism re

mains constant withm the range of air tempera

ture from 35® to 23®C (96® to 73 4®F ) It has

been shown by Hardy and DuBois that this is

not true for women They show a reduced heat

production of from 14 to 20 per cent at tempera

lures between 30® and 32®C (S6®and89®F) Also,

owing to the greater insulation afforded by the

thicker ki}er of subcutaneous fat the heat loss of

the female body in a cold environment is some

lO per cent less than that of men Thus women
have tlic more efficient thermorcgulating mecha
nism, being better able to maintain the heat

balance at lower temperatures without shivcnng,

and ako to be more comfortable at higher tem

peratures

The cntical temperature and the temperature

of comfort will vary of course with the amount
and nature of the clothing The cooling effect of

water by conduction is some 20 times greater

than that of air—a cold bath at 4®C (40®F ) in

creasing the heat production some 5 tunes above

the ba«al level * Few men can sumvc for long m
very cold water, below 4®C (approximately

40®F) which IS about the winter temperature of

the sea in temperate latitudes Heat production

becomes dt pressed after unmersion for 20 mmutes
or so, and the bod} temperature falls In an
experiment m German} during the last war one

roan survived a temperature of 5 5®C (42®F ) for

three hours His bod} temperature was then

252®C {773®F)
H wilV seen iican figojt 52 5 heat loss

increasca both above and below the cntical tem

perature At the lower temperatures heat is lost

main!} b} radiation and convection, at the higher

temperatures mainl} b} vaporization It will also

be noticed that at the lower temp( ratures the skin

tcrnperaturca follow a straight Lne, but that the

curve commences to flatten out at around 30®C

(87®F) Tills IS attributed to dilation of the

cutaneous vessels and the flooding of the skin with

blood

The muscular ti®«uc3 (particularly of the ex

Ircmities) and the liver, w herein numerous chemi

cal reactions are carried out are the mam sources

of the bod} ’s heat The rise m metabolism w hich

*Ir coldblooded animals the metabolism as

measured by the carbon dioxide output falls with

the enyiromnental temperature
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results from a fall in atmo^phcnc temperature is

effected through an mcrea«c m activity of the

skeletal muscles and m some instances b> fine

involuntary contractions, eg, «hivcnng and
chattering of the teeth and increased muscular

tension Bj these means the heat production maj
be increased approxtmatelj three times over the

resting lev el Contractions of the smooth muscle

of the skin, giving rise to “goose flesh” also con

tnbute heat In some mammals and m birds, the

contraction of the cutaneous muscles also curtails

heat loss through ruffling of the hair or feathers

In man, too, the smooth mu«c]e of the skin may,
when stimulated by cold, cause erection of the

fine hair on the body surface, the effect however

13 rudimentary and without value After the

skeletal muscles are paralyzed by curare, an am
mal loses the power to maintain a normal body

temperature m a cold environment Its ability to

dissipate heat is, however, intact 80 that it can

resist high air temperatures Isolation of the

muscles from control by section of the cord in the

lower cervical region (C6) also abolishes the extra

heat production This operation divides as well

the vasoconstrictor nerves which travel throu^
the cervical cord to the sympathetic outflow in

the tlior icic region A redistribution of blood is

not possible, and the body temperature will fall

if the ammal is exposed to a low air temperature

The rise m body temperature in strenuous muscu

lar effort is apparently due, not to any failure of

the heatnlivsipating mechanisms, but because

heat IS produced more rapidly thin it can lx; dis

sipated

Food, cspeciallj protein through its specific

dymamic action, is an important factor m the

regulation of bodj temperature At high cnvnron-

mcntal temperatures the specific djnaroic action

of food increases the heat production and adds

an extra burden upon the heat Joss mechanisms

For this reason a low protein diet is more suitable

inhotvvcatJicr Atverj low atmospheric tempera-

tures, on the contrarj
,
the sptcific dynamic effect

of food IS almost completclj masked, since it

simply replaces the environmental effect (cold)

upon heat production That is to say
,
the neuro-

muscular mechanisms called into play to increase

heat production at low temperature arc le«s neccs

s,if> Since tlic food itself raises the level of metab-

olism Protein foo<l m cold climates is therefore a

valuable an) to the regulation of body tempera

lure

The eJTect of protein ingc«tion upon tlie Jieot

production of a dog at different temperatures is

show'n in table 52 1 (Lusk)

Storage of heat The body has a large spceific

heat (about 0 85), so tint a nsc m the tempera

ture of a 70 kg man of 1*C may increase the

stored heat by about CO Calories, or 2 per cent of

the average daily heat production A considerable

storage of heat may occur m strenuous muscular

exercise (140 Calorics or so in a 100-yard sprint),

and, until the heat-dissipatmg mcchamsms be

come fully effective, the body temperature may
nsc 2®C or more A nse in rectal temperature

may also occur in a robust person after a cold

plunge The cold water causes, through vasocon

stnction, dimioished heat dissipation and through

involuntary muscular action increased heat pro

duction The body temperature may rise for a

few minutes After the first effect of the plunge

the vessels arc released from spasm, the stored

heat 13 cbminated, the surface of the body glows

TABLE 52 1

Atmosplimc
Temperature

Sta

•c

Heat Production in Calories
per Kilogram of Body W eight

4 2

14 5
22 1

30 7

12S

101

71

62

133

111

101

117
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and a feeling of cottifoitable wannth la eipen

enced This constitutes the “healthy reaction” of

a cold shower A comparable drop in rectal tem

perature has been observed on suddenlj passing

from a temperate to a hot environment, or on
entering a hot bath

Heat Regulatino Cevters

Section of the ncurama through the midbrain

at the level of the superior coUicuU, or at any level

postenor to this and anterior to the lower cervical

cord, renders an animal poilalothermic (fig 52 4)

Section of the cord in the upper thoracic region,

1 e
,
above the level of the outflow of the greater

part of the sympathetic fibers causes a gross div

tiirbance in the temperature regulation The
museka of the head, neck and forelunhs remain

m communication with the brain, so that shiver

ing in the«e parts mil prevent a fall m body tem
perature On the other hand, the hypothalamus

has lost control over the tcmperaturir regulation

of of the skin surface, and no sn eat is produce<l

for temperature regulation below the segmental

KBAt RBSUIATIOK

Jevcl of the lesion Consequently, the body tem
perature tends to nse in warm environments, and

may fall in cool environments, for the excess heat

from shivering of the arms may be lost from the

jower parts of the body The effect of section

throufdi the brain stem indicates that the mam
center or centers controlling heat regulation must

fie anterior to the superior colliculi Removal of

the cerebral cortex, thabmus or corpus striatum

does not destroy the controlling mechanisms so

long as the hy'pothalamus remams intact Dc
^truction of this region alone, however, was found

by Keller and Hare to abolish the ability to mam
tarn n normal body temperature upon exposure

to cold The heat dissipating mechanisms re

nuLined intact and were, in fact, released from

restraint by the hypothalamic legion, as endenced
by pronounced panting, vasodilation, and sweat-

ing of the toe pads (of cats)

The thermoregubtory centers have been lo

cated more precisely by Ranson and his asso-

ciates From the results of their experiments upon

caU and monkeys they place the centers control

ling^hcat loss (^eaiing ana panting) in the

pre^ic and supraoptic regihns b^wee^ the

^venor commissure and the optic chbsma Heat

mg this area causes sw eating and panfing orrajiid

stnictivc lesions m this location are followed by

hyperthermia when the animal is exposed to a

degree of heat that w ould cause little effect upon
the body temperature of a normal animal Sweat-

ing or panting docs not occur though the tem
perature rives to over 41'C (lOB^F) Such legions

have little effect upon the animal s ability to resi t

cold The centers controlling heat production and
heat conservation, ic , the mechanism whereby

an ammal is enabled to maintain a normal body

temperature when exposed to cold is situated

according to the“e investigators, in the caudal

part of the lateral hypothalamus
,
it appears to be

identical with the Byanpathetic center The exist

cnee of a center for shivering (heat production)

m the hypothalamus is suggested by the fact that

under certain circumstances shivenng in animals

is accompanied by some of the manifestations of

"sham rage” (Barcroft and Izquicrdo) Tliat the

po«tcnor part of the hypothalamus contains tlic

mam shivering center is indicated by the expcri

mental results of Kelbr and his associates and of

Ranson and his colleagues who found that, m cats,

shivering was abokshed by a destructive Ksion

io thn location The efferent pathway for shiver

mg isunknown, but an observation upon a patient

m whom both spinothabmic tracts had been sec
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tionedand who did not shiver when the kgs wen
immerstd in cold mkr, sus^^sts that the im
pulses descend the coni bj these p iths The un

pubes are not transmitted by 8>Tnpathctic nerxes,

since s)m enng occurs in aymp-ilhcctomizcd parts

Shivering is rt duced or abolished bj certain drugs

especiallj calcium chlonde and aminopjTine

which most probablj act upon the shit enng
center

From observations of patients with intracranial

lesions itivolvnng the base of the brain, it seems

most likelv that m man the centers arc situated

as described by Hanson and his associates for

animals Lesions m the supraoptic region arc

sometimes associated with lijT>erthormia, hj-po-

thermia on the other hand, maj accompanj

lesions involving the posterior part of the hypo
thalamus

Tlie mam lieat-rcgulating centers arc appar

entlj influenced in two wajs—reflex!} from the

skin and by the temperature of the blood flowmg
through them

TTie posterior hjiiollialamic center apparenti}

exerts its controlling mflucncc upon temperature

through the transmission of sympathetic im
pulses to the cutaneous \ cssels, sweat glands and

pilomotor muscles, removal of the sympathetic

renders an anunal unduly susceptible to cold (eh

71)

The EsooemNES rn TiiERiiOREamATioH

The th}Toi(I and adrenals also pla} tbcu* roles,

probably unportant ones, in the rcgubtion of

body temperature The calorigcmc effects of the

secretions of these glands are well known (eh

57 and 58) Cannon observed that exposure to

cold caused an increase in the rate of the dener

vated heart It has also been reported that the

Serum taken from an animal exposed to cold

raises the metabolism of a second animal mto
which it has been injected If the first animal has

been thyroidectomized the effect upon the

metabolism of the second is not observed The

adrenal secretion exerts a calongenie effect which

is immediate and of short duration Its liberation

follows short periods of exposure to cold But

owing to the delayed action of the thyroid hor

mone and the persistence of its effects it docs

not seem possible that the thyToid could play any

part m increasing heat production unless the

cold stmmlus were continued over a long penod

Rate exposed over a penod of weeks to low tern

peratures (7 8® to 12 2®C or 46“ to 52^ ) shows

thyroid hyperplasia and a rise m metabolic rate

of as much as 16 per cent which w as not reached

syj

however, until tho lapse of from 2 to 4 weeks.

'nijTOidectoraircil rats, on the contrary show
little rise m metabolic rate under the same condi

tions The experiments of Uotila pomt to the

pituitary as being responsible (influenced through

the Iiypothalamus) for the thyroid response to

cold, for hypophyscctomy causes thy roid atrophy

as usual, though the ammaLs are exposed to a low

temperature for long periods It may bt men
tioned m this connection that the temperaturt

(ends to be subnormal m supradrenalectomized

or tbyTOidcctomized animals m Addison s dis

case, and in cretinism

Disturbances of Heat Regulation (Other

Tlian Fever)

Since the body temperature represents the

balance struck between beat production and beat

loss, an alteration m the value of one of these

factors m relation to the other obviously will be

followed by a cJwingt m body temperature

Temporary rises m temperature may occur m
health as a result of hot baths which prev ent heat

loss tlirough convection radiation and the evap

oration of sweat as well as by actually adding

heat to the body
,
or during violent muscular

exorcise which mcrcascs heat production Since

the metabolic rate can be mcreased cosily and

rapidly to several times the basal level a fall in

the temperature of a normal person is much more
difficult to produce than a rise

The heat regubtmg mechanisms are depressed

by anesthetics hypnosis and by general bodily

fatigue During sleep the heat reguJatmg meeba

nisms continue to function though somewhat

sluggishly The body temperature falls a httle

rcacIuRg a minimum between 3 and Sam
There are four separate syndromes which re

suit from exposure to excessive heat These are

Heat exlMuslion, dehydratum exhaustion heal

cramps and heat stroke Although each of these

syndromes is encountered in a pure form there

IS frequently an overlap of the syndromes and

difficulty in distmguishmg between them

Hbat exhaustion ITpon sudden exposure (o a

high temperature there is a dilation of the penph
eral vessels greatly increasing the vascular space

The heart rate and cardiac output increase and

the blood pressure may fall a little If m addition

physical work is performed the heart may not be

able to maintain the blood pressure and the con

dition known as heat exhaustion ensues The
patient is confused fatigued to exhaustion and

feels hot The skin is moist and sweating may be

profuse The pulse is rapid the blood pressure
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low The patient feels extremely uncomfortable

and ma> be mildly dyspneic The Bymploros are

indicative of cardiac insufTiciency The patient

may collapse and loo«e consciousness He is very

uncomfortable and dyspneic lying flat, and is

more comfortable with his head and shoulders

propped up (orthopnoea) The condition responds

rapidly to rest and fluids by mouth
Deutdratiov EXUACSTioN Although best ex

haustion may occur any time after exposure to

heat it usual]} occurs when unusual physical de

mands are made upon an unacclimatixed aubiect

Dehydration exhaustion, however, occurs after

longer exposure to heat, if the fluid loss is not

replaced In a hot environment with extensive

sweating the blood volume is reduced, this rcduc

tion m the blood volume associated with the

larger vascular space again produces cardiac in

suflicicncy and exhaustion to collapse As dehy
dration progresses the heart rate nses and exertion

becomes progressively more difficult Ullimately

even etanding becomes an intolerable strain This

exhaustion occurs when the body has lost about

5 per cent of its weight The patient may suddenly

collapse unconscious with an extremely rapid

heart rate General discomfort and extreme fa

tigiie are the main symptoms just before collapse

Dehydration exhaustion responds to rest reetora

tion of bod} fluids and cooling of the body Again

orthopnoea may be a ptominent feature Water
may be administered by mouth or intravenously

The intravenous fluid provides a rapid recovery,

but fluid by mouth is satisfactory Death from de

h} dration exhaustion occurs suddenly with little

w arniDg nnd may be proceeded for some hours by
extensive edema of the legs, indicating the cardiac

origin of the syndrome (see Rawicz)

IIeat champs II the sodium chloride content of

the bod} IS decreased, as will occur with sweating

and a low salt intake, exertion will induce severe

painful muscle contractures After exertion these

painful cramps will continue until the salt balance

IS restored The admiaittratioa of sodium cblo

ride, either by mouth or parenterally, will rapidly

euro the cramps In order to maintain the salt

balance under desert conditions, 2 grams of salt

should be provided for each hour of exercise and

a gram for each hour of rest This averages about

24 grams per day

He at stroke This is a rare condition compared

with heat exhaustion It is characteiixed b> a
rising temperature with a dry skin The patient,

apparently well, may suddenly become uneon

ECIOU4 The rectal temperature is high 41' to 43*0

(100* to 110“F ) There appears to be a complete

breakdown of the heat regulating mechanisms

Unless the temperature is promptly reduced, there

may be permanent damage to the nervous system

Heat stroke oJten terminates in death The patbo

^ genesis of heat stroke is obscure, its onset usually

occurs with exertion, which ma} be quite mild

It w probable that heat stroke requites an inter

current infection, the toxins from which disturb

the heat regulating centre in the h}'pothaIamus

Sun stroke is a term applied to those ca«es of

heat stroke that occur during exposure to tropical

sun Powerful sunshine itself, however, will not

cau«e sunstroke provided heat dissipation is ade
quate to keep pace with heat production, i e

,

when the air is dry and cool and strenuous exer

cise 18 not undertaken

The frequent occurrence of heat exhaustion and
beat stroke among British troops serving in the

tropics dunng the nineteenth century was proba

bly due to lack of understanding of the mecha
nisms of best regulation and the use of quite un
suitable uniforms The use of toupees and spinal

pads IS quite unnecessary if proper clothing and
adequate water are provided

Fever—Pyrexia

There are 5 types of fever (1) Infectumt feier,

e g , sepsis, tj-phoid pneumonia, etc (2) Surgical

fever which arises after an extensive aseptic opera

UoD and is apparently due to toxic substances

hberated by the injured tissues (3) Neurogenu

fever from injuries to ncr\ ous centers, especially

lesions in the neighborhood of the third ventricle,

internal capsule, medulla or upper part of spinal

cord (4) Feicr of dehydration due to a reduction

of blood water (anhjtireniia.p 25) This is partic

ularl} likely to occur in joung children (6) Fct cr

produced by drugs and other chemwal substances

Body tcTtipCTalurBS as high ns 45*C (113®F

)

have occasional!} been reported but sumval
mth a h}'perp}Tcxia above 44 5®C (1I2“F) is

rare In the great majority (over 95 per cent) of

fevers, from whatever cause, the temperature

docs not exceed 41®C (106®F) Temperatures
higher than 41 0*0 (107®F) become harmful or

dangerous from the high temperature itself The
infrequenc} of temperaturesabove41®C (106'’F)

suggests tint some safety thermostatic mecha
nism comes into operation around this level

Intravenous injections of concentrated eolu

tions of glucose or gait induce fever by causing
onhydremia (p 25) Drastic cathartics, b} draw
ing water from the blood into the bowel may
cause fever m a similar manner Caffeine and
cocaine in large doses induce fever by increasing

muscular activity (greater heat production) and
by causing blood concentration (reduced heat

loss) Hemoglobin solutions when injected into

the blood stream exert a pyretic action, the he

innlysis resulting from the intravenous injection

of distilled water acts Bimilatl} The manner in

which the fever is produced is unknown Tetra
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hydronapbthjlammo injected aubciitineously

rai«es the temperature by its action upon the

central and peripheral ajinpatbelie mechanisms,
causing cutaneous vasoconstriction and eonsc

qucntlj a greater consort ation of heat It also,

through its action upon the miiacles causes m
creased heat production The adrenal medulla la

also probablj Btimulatcd by this drug and the

outpouring of adrenaline ma> be an added factor

m the temperature n«e Ergotoxino causes a ri«6

m temperature m some animals (cat), presumably
through a direct action upon the heat centers

Dinitrophenol, a drug sometimes used in the

freaCineni of ohesfts, and tn/cetroos at /orcigo

protein al«o raise the bodj temperature Dinitro

phenol acts by stimulating oridalive processes in

the tissues Adrenaline and thyroxine in large

doses may also, through their stimulating effect

upon the metabolism, eau«e a nse in tempctalurc

ISTECnops Fevers

At the onset of an acute infectious fetcr the

heat regulating center brings into action the

mcchanisnxs to consen c heat It is as if the “thcr

mostat" liad been set to a higher loicl Tins is

brought about by the action of the baclcrul

toma on the heat regulating centers in the liypo-

thalamus There is a redistribution of the blood

flov
, with constriction of the skin \ c&seLs, produc

ing a cold, pale or slightly cyanotic skin This

reduces the heat loss by radiation and conduction

Since the normal comfortable feeling of irarmlh

depends upon stimuli from temperature sensory

endings in the skm and subcutaneous tissues,

there is a feeling of cold Tins is known as a chill

If this beat conserved by the rcdistnbution of the

blood flow docs not raise the internal tempera

ture fast enough, shivering and the other rcac

tions of a normal person exposed to severe cold,

occur Such violent Bhivcring at the onset of a
fever is known as a ngor The involuntary con

tractions produce heat, wluch with the constricted

skin vessels causes a rapid rise in the internal

temperature The chills and ngors occur as the

body temperature rises When the “new setting

of the thermostat” has been reached, and the

fever is at its height, an unstable state occurs

Usually the skm is flushed, hot and dry but sweat

mg or may supeiwenc rapidly At the ele

\ated body temperature the tctsal metabolism is

elevated 7 per cent for every °F nse (p 766)

The effect of fever on the basal metabobc rate is

shown in 52 5

DuBois, in an experiment upon a normal man
and a malarial fever patient, demonstrated the

reduced heat elimination which occurs during the

chill The normal subject imitated as closely as

possible for a period of 34 minutes the shiienng
of the patient and thereby increased his heat
production by nearly 200 per cent Most of the

extra heat was eliminated as it was produced, the
body temperature shomng only a slight ri«e In

the laalarial patient, on the contrary, m whom
the beat production during the chill was increased

to about the same degree, all the extra heat uas
retained The heat retention cau'sed a nse of 2°C
in body temperature After the chiU the heat
chmination rose and the temperature fell

The ‘continued” fe\er, nhich usually follows

the initial chill of an infectious disease, or which
develops m other mstanccs without this prehmi

nary, is due essentially to the raised threshold for

heat lo«s There is, of course, mereased heat pro-

duction hut this Ls mainly secondary—the veloc

ity of the otid-itne processes of the tissues being

increased by the n^c m temjjcraturc induced by

the diminished beat chmination That the latter,

rather than increased heat production, is the

principal factor m the elevated temperature is

indicated by the fact tJiat in feier » temperature

of iW'F (40'C ) IS accompanied by on increased

beat production of only about 35 per cent

whereas m health the heat production must be

mereased several fold (as u muscular exercise)

m order to raise the body temperature ev en tran

sienlly to this extent Also, the metabolism may
be raised 40 per cent or so m an animal by protem
feeding (see specific dynamic action, p 787) mth
out the occurrence of a temperature nse Further

more, the increased metabolism m ordinary fev ers

Occurs simultaneously with the temperature use

If the latter were the result rather than the cause

of the former, it should be possible to demonstrate

by indirect calorimetry a period of mereased

rr 1mmmm3 •
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Fio 52 S Relationship between basal metabo
liam and body temperature in fever Results in slt
difTereat fevers groupedm one chart The contin
tied line shows the average metabolism the inter
nipted lines the rnetaboli«m 10 per cent above and
10 per cent below the average respectivelv^.fAfter
Di&ois

) ^
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metabolism jireccdmg the nsc m temperature,

this, however, does not occur

When the infection has been overcome, the

“thermostat” setting is returned to norma) This

may occur rapidly as m malaria or the resolution

by crisu in pneumonia, or gradualli as in the

resolution by lysis In either case the bodj must

dissipatethcexccssheot The skin is flu«hed warm
and moL«t In the crisis there will be profuse

sweating kVTicn the temperature regains its

proper leiel, the normal heat regulating media

nisms again come into plaj

Special Metabolism iv Fever

Water and sail At the onset of a high fe^er

there occurs a retention of chloride which appar

cntlj IS deposited in the tissues, the chloride con

ccntration of the blood being norma! or below

normal The urinary chlorides in most fe\crs are

greatlj reduced During the course of the feier

there IS a pronounced reduction in urine volume

The vaporization of water from the skm is in

creased owing to the high temperature, and from

the lungs for the same reason but to a more
important extent, as a result of the more rapid

breathing

At the termination of the fever the retained

w ater and chloride are eliminated by diuresis and

sweating Cliloride retention is especially pro

nouncod in pneumonia

Protein The excretion of nitrogen m the unne

IS greatly increased m most infectious fevers This

IS furnished bj body protein, the protein mini

mum, 1 c
,
the wear and tear quota of protein

metabolism (p 78G) being much higher than

normal Inverj severe infections from 300 to 400

grams of bodj protein may be destrojed daily

It has been found impossible to maintain the fever

patient in nitrogen equilibrium (p 7S5) b> giving

liberal allowances of protein combined with sup

plies of carbohydrate wluch under ordiixarj cir

cumstances would be considered quite adequate

for energj purposes It has, therefore, been held

that the toxins of the disease were responsible for

the protein destruction the so called "toxic de

struction” of protein It lias been shown, however,

b> Sebaifer and Coleman that if a diet be given

possessing a caloric value 50 to IJO per cent m
excess of the patient s requirements, as actually

determined bv calonmctry, and contsinmg a

liberal supplj of protein (ITO to 200 grama), nitro-

gen equilibrum can be established The high pro-

tein catabolism winch has been observed m fever

patients on the usual diet is therefore thought to

liave been due in large measure to the fact that

the caloric intaLe was far below' the requirements,

which owing to the higher metabolism m fever

arc considerably greater than has been supposed

In other w ords, a fever patient upon a diet w hich

lias been considered adequate in the past is actu

ally in a half starved state, and is, in consequence,

forced to consume his own tissues

Nevertheless, even on a high caloric diet com
posed of carbohydrate and a small quantity of

fat, the nitrogen excretion still remains w ell a^v e

tliat of a normal person Moreover, a protein

allowance equivalent to that of a healthy man
together with carbohjdratc somewhat more than

sudicient to cover the calculated caloric require

ments of tlie febrile state, will not maintain mtro

gon equilibrium As just mentioned, the caloric

allowance must in some instancis be double the

heat production of the patient It therefore ap
pears that the toxic process itself must be re«pon

sible m part for the increase in protein metabo

lism Creatinine, unc acid, punne bases and
phosphates aUo appear m the unne in increased

amounts—further ovndcnce of a destruction of

body protein Tlie manner in which the ‘toxic’

effect IS produced is not known It docs not seem

to be due mcrel> to the high temperature, for

raising the temperature of a normal person to

40*C (104*F ) by immersion in a hot bath does

not increase the nitrogen excretion significant!}

In fevers w ith much destruction of body protein

the specific d}'nam]c action of food is abrant

It roust be apparent from the foregoing remarks

that in order to reduce the waste of body tissue

in fever a liberal diet should be given, provided

such IS not contraindicated b} some special fea

lure of the disease The old adage “feed a fever’

holds true Since the ver} high protein diet re

quired for the establishment of nitrogen equilib-

rium in the fever patient has its disadvantages,

one must uiuall} be satisfied with reducing the

waste of bod} protein rather than aiming to abol

ish it Spccml attention therefore, is directed to-

ward furniahmg an abundance of protein sparing

food (p 786), namcl} cnrboh}drate, and thus

avoidii^ excessiv e quantities of protein Tlie more

abundant diet causes a negligible increase in heat

production and no elevation of the tempiraturc

Fats and carbohydrates Tlie metabolism of bod}

fat or carboh} drate show s no definite abnormalit}

in fever In patients upon a low food intake bod}

fat and gl}Cogen are utilized as fuel Acidosis re

suits from the excess combustion of fat onl} if

the available carbohjdratc is inadequate m
amount
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Tuf Actiov of Aj.TipynnTic Drugs
(Fever Reducing)

A list of cliemieM substinces which are capa

ble of inducini; a ri«e in hotly tomperalurc has

been given on page 7C0 Other drug«i, c g , anti

pj-Tine, occtjl'inlicilic acid (aspinn) sahcjlates,

quinine, etc
,
although they exert little effect upon

the normal temperature, lower the temperature

m fever bj mere ixing heat elimination According

to Barbour the> bring about tliia effect through

drawing water from the tissues into the vessels

and thus increasing tiie volume of fluid tn the

body’s heat radiating system They seem to etert

little effect upon heat production The effect upon
the blood volume is po««ihly brought about in

directly All thp‘>c subataneca rai«e the blood

sugar, the greater sugar concentration maj then

through osmotic forces attract water into the

vascular system
hlorphinc and general ancalhc«ia depress cere

bral activity, including the regulation of bodj

temperature During some stages of anesthesia

sweating maj occur which further di«orgam2e9

the regulation of bodj temperature The ancs

thetic reduces metabolic aclivit)
,
hence less heat

IS produced The temperature of an ancsthelwed

patient is liable to shift, either up or down de
pending upon the room temperature and the

coverings Under the drapes in an operating room
body temperature frequently rj«es, but if left

uncovered in a cool room the temperature will

fall

Alcohol ca««es cutaneous vasodilation This

hastens heat loss, for the shin is warm and often

moist The warm sUn gives a sensation of warmth,
hence the belief that alcohol will warm a person

who IS suffering from cold In fact it increases

heat loss and may cau^e a lowering of body fern

perature

The value of fever Fever is frequently the

herald of serious disease, nevertheless unices of

high degree and on this account endangers the

functions of vital tissues, it should not be looked

upon as a reaction detrimental in itself On the

contrary, there is every indication that its occur

rence is an important aid to the body in its com
batwith the disease It is well known, for example,

that m infections that overwhelm the patient the

fe\ er reaction is depressed But the role played by
fever in the defensive process is unknown It has

been suggested that antibodies can be elaborated

in adequate amounts only at higher temperatures

In support of the belief that moderate fever

18 not injurious in itself but is actually beneficial

the following observations upon animsls may be

cited (a) The body temperature of rabbits has

been maintained by the application of external

heat at a level of over 40 5°C {103’F ) for weeks

atf a finie wiCftotrC n'l' erfeefs •Ih} In sfuntsia ts

fected with certain microorganisms the disease

runs a milder course when the temperature is

19 raised (to40“C or lOfF ) artificially High tem
perature is thought to bo favorable for the elab

oration of antibodies (c) It has been reported

that with moderate overheating the formation of

various antibodies is increased, but at higher

temperatures the process, apparentlj, is de

pressed (d) The immunity of fowl to the ordinary

pjogcnic infections is ascribed to their higher

bod) temperature which ts mimical to the growth

of pus forming bactena (c) Fevers induced arti

ficiall) by means of foreign proteins or injections

of malarial blood are used as therapeutic agents

m arthritis and in chronic nervous diaea^e due to

the pathogen of sjphilis (Treponema pallidum)

Short wave diathermj has been employed with

success in the treatment of certain infections

—

the high temperature produced m the tissue exert

mg a lethal action upon the microorganisms (f)

In the past it has been common practice to reduce

fever (above 40“C to 1W®F ) bj cold bathing, but

It was found that the patients did not do well and

the practice except in an extremeJ) high fever

which IS dangerous in itself has been abandoned

n8rRroERATir>s--HTroT»SBviA The loweriog

of the body temperature occurs when the rate of

cooling exceeds the rate of the heat production

This can occur with inadequate clothing in frees

ing weather, but will occur much more rapidly in

water As the temperature of the tissues fall, their

metabolic rate falls, the ox> gen needs are reduced

and the circulation can be interrupted for a much
longer time without damage For the«e reasons

hypothermia is induced artificially to protect the

brain during operations on the heart and great

vessels, or upon intracranial vessels The patient

given a sedative and a drug such as chlorpro

mazincto inhibit shivering Under minimal anes

tbesia the patient is placed in ice water The
rectal temperature will fall to SO^C (8G’F) in 1)2

to 2 hours Respiratory and heart rates fall, the

blood pressure is reduced a little to about 90/70

Urine production is decreaoed
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THE VITAMINS

Historical Istroduction

The increasing undorstonthng of metabolic

processes has re\oalc<i that some of the cnrjTnca

catalyzing vital reactions need, as cofactore,

minute traces of organic compounds These can-

not be made bj the bod3 and, therefore, must
be supphc'd m the food These compounds, now
hnonn as ntamms, posed nutritionists nad bio-

chemists with manj a complex nddlc The student

IS referred to textbooks of biochomistr} for de-

tails of the structure and properties of the vita

nuns The present di'cussion will renew their

discoverj
, occurrence and principal functions

Vitamins ha\e been defined bnefij as organic

compounds required m minute amounts for nor-

mal health Expanding know ledge of the meta
bolic roles of the vitamins makes it increasingly

difficult to formulate a definition that is concise

and jet complete Thej occur m natural foods

(either as the vitamin lUolf, or as a precursor)

and are neither oxidised to supply energy nor

used to build tissue structures

Some 20-odd growth factors for animab. have

/MNT bai afeiwi 25 (or

seem to be required by man For histoncal rea-

sons they are usually classified and referred to as

fat-soluble vitamins (A, D, E and K) and water

soluble ones (B complex and C) More than a

dozen components liavc non been isolated and

identified m the water-soluble group thiaiiune,

nboflavin, nicotinamide, pjndoxme, pantotheaic

acid, para ammo benzoic acid, chohne, inositol,

biotm, hpoic acid, folic acid, foluuc acid and

cyanocobalamm, ascorbic acid (vitaimn C) and

certam fiavanoids (vitamin P) are in this same

category

Sir lYedenck Gowland Hopkins (1861-1947) of

Cambridge Umversity m England is generally

credited with the first experimental proof that

accessory food factors are necessary to supple-

ment the five well known dietary essentials water,

minerals, protein carbohydrate and fat Many
jears earlier several clmical and expenmeotal

studies had pomted clearly in the same direction

but the publication m 1912 of Hopfcua’ findn^

aroused a world-widc interest m this new field

At about the same time Stepp m Germanj was

reaching similar conclusions

Ihsloncal Raie\c Daelopmentofihe

Vttamin Concept

A brief review of the diicovery of the vitamins

nil) serve to acquaint the student with the nature

and seriousness of deficiency disease that were in

former tunes the mjstenous cause of millions of

deaths It will also show bow the vitamin concept

had its origins

ScunvT Scurvy is said to have alllicted the

Crusaders During the 1400 s and 1500 s it was ap
pareotly one of the more prevalent diseases m
Europe It attacked with particular virulence the

inmates of besieged garrisons and sailors on long

vojages Vasco da Gama reported the death bj

ecurvj of 100 sailors out of the crew of ISO men,

and Jacques Cartier, obliged to winter m Canada
m 15.15 lost one quarter of his men and the

remainder were severely ill with the disease

Strangely enough, in view of its prevalence in

Europe, Cartier wTOte that " the disease was
nboUy unknon-u to as ’ From the Indians Cartier

I'earaerf Cfte curative vaflie of a decoction of tAe

leaves and bark of twigs of the ‘ annedda tree,

apparently the cedar, arbor vitae

Admiral Sir Richard Hawkins mentioned in

1591 that within his own personal experience

10 000 seamen had died of scurvy, and he reported

that the juice of oranges and lemons was able to

cure the di«case As early as IGOI the ships of the

Blast India Companj bad adopted the regular use

of oranges and lemons to prevent scurvy, ap
pareutfy upon (he recommendation of the English

privateer, Sir James Lancaster

In 1720 a physician to the Austrian army, Kra
mer by name, had written of scurvy and reported

that a supply of green vegetables, or of oranges,

lemons or limes could cure this dreadful disease

without other help Captain Lind of the British

navy wrote a celebrated Treaitise on Scurvj/ in 1753

in which he reported experiments on sailors which
proved beyond doubt that salads, summer fruits,

etc " would prevent the disease and that the se

vereat cases could be so cured within six days
Beriberi Three other diseases,

lagra and rickets, are now known to
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ongin The patient suffering froni benWt first

notices numbness m his legs Later pain develops

in the ealf muscles Exhaustion, eraaciatioa and
paralj'sis, with increased heart rate and enlarged

right heart lead to death from heart failure One
of the most charactenstic features, climcally, la

peripheral neuritis Nearly 80 years ago, Admiral

Takaki, Director General of the Medical Service

of the Japanese navy, had convinced himself that

beriberi, which sometimes crippled up to BO per

cent of the sailors on long voyages, was due to

some fault in the diet He arranged in 18S2 to have

the usual diet of polished nee> on a Japa

nese training ship augmented with meat, fish and
other protein rich items The improvement in the

health of the sailors was so dramatic that the diet

throughout the Japanese navy was similarly en*

riched and beriberi vanished But in other parts

of the world thousands continued to die from the

disease which nas still commonly believed to be

due to poor sanitation, to contaminated rice or to

a microbe

In 1800Eijkman (1858-1930), a medical loves

tigator in the Dutch Fast Indies, accidentally

made an observation vkhich led him to discover an
analogous disease in chickens Birds fed milled

(polished) rico developed polyneuritis and other

signs resembling those of patients with beriberi

If they were fed unmilled rice, or if the bran was
restored to their ration, the birds recovered

rijkman soon showed that the curative principle

could be extracted from the bran with water or

alcohol and that it was dialyzable

Eijkman thought that he had discovered a

pharmacological antidote against the “toxin" or

“microbe” in polished nee, but his colleague,

Gnjns, suggested in 1901 that beriben was caused

b} a lack of some substance essential to the metab

olism of the nervous system

The “viiaiii>e" concept Attempts to isolate

the protective or curative principle from nee bran

followed the adoption of Gnjn’s dcfiaency theory

Dr Casimir Funk, of the Lister Institute in Loo
don, was among those who were more successful in

their efforts to isolate Eijkman’s anti benben
substance M hen he thought he bad it in pure form.

Funk proposed for the substance & name which

has since become famous At the suggestion of Dr
Max Nierenstein the term vtlamine was applied

because the compound, he thought, nas on omtne

that appeared to be essential to life

Funk was al"o the onginalor of the "vilamine

theory ” He suggested in 1912 that there were

four different Yitaimnes his antibenbcn vitaroine,

an antiscurvy vitamine, and probably also anti

rickets and antipcilagra vitamines Funk was led

to this conclusion by a careful study o! the perti-

nent medical and experimental literature Some
clinical observations pointing to this direction

have already been described Several other medi-

cal and earlier experimental studies will now be
mentioned

In 1S88 Lunin, a student with Professor Bunge
at Basle, had reported that mice could not survive

on synthetic diets composed of purified proteins,

fats and carbohydrates, plus mineral salts and
water Thus Lunin provided proof over 70 jears

ago that the known components of natural foods

are unable to support life, and he drew the logical

conclusion that natural foodstuffs (such as imik)

must contain small quantities of unknown sub-
stances indispensable for normal nutrition In the

next 20 years many other workers confirmed the

inability of the knonm dietary components to sup
port growth

TnlOOSa Dutch physiologist, Pekelharing, pub
lisbed the results of experiments actually done
some years earlier which showed that a very small

amount of whole milk, added to an artificial food

mixture (i e ,
made from purified chetmcals) was

able to transform the mixture to a nutritious food

Pekelhanng wrote ” there is still an unknown
substance m milk, which, even in very small

quantities, is of paramount importance to nutn
tioa” Similar expenroents by Hopkins, published
in English m 1912, and Funk’s vitamine theory
published in the same year, finally drew the at-

tention of physiologists and chsmists throughout
the world to new fields of knowledge—climeally,
to a group of affections that came to be recognised

as defiettney diseases, and chemically, to a class of

substances of great potency that would prevent
and cure such diseases

Are growth factors and ''vitamines” the
SAME? For a period there was confusion as to

whether only one or more than one factor was
needed for growth, and whether the growth fac

lor(a) were the same as the vitamine(s) that cured
benben and scurvy In 1915 E V McCollum and
hfargaret Davis showed that there are two yroxetk

factors at least fat $oluble A found m butter and

*86 5 oik but not m all fats (e g , lard and olive

oil lack it), water $olubU B found in the watery
part of milk, m watery or alcoholic extracts of egg
yolk, in whole wheat or whole nee, but not in

polished nee It was soon found that the water
soluble B growth factor could cure polyneuritis in

birds, indicating the presence of Funk’s antiben

ben Vitamine in the water soluble B factor Some
workers were therefore tempted to assume that the

growth factors and Funk’s curative vitamines are

one and the same
Over the y ears, as one after another of the pro

tective compounds was isolated from foodstuffs,

and its chemical nature established, it was found

that many were not amines McCollum and Ken
nedy bad pointed out that the word vita

mine connoted a vital function, but that such a

property had not been demonstrated for the

growth factors They, therefore, rejected Funk's
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lerm tind propo«eU fat <<olul)le A and water soluble

B the tenninolog> was cumbersome,
and Funk's designation had much popular appeal

Inl020J C Drummond (1891-1952) proposed that
the final e be dropped to avoid the indication of

amine character and that these interesting sub
stances (until full> chnmctenred chemicallj) be
provisionally called vitamin A, B, C, etc

After McCollum and DaMs proved that for the

satisfactorj growth of rats at least two diiTercnt

factors are required, the question arose as to how
mani growth factors there were and whether these

were realh the same as Funk's vitammcs
\ few jears earlier, Holst and Frolich in Nor

wa>, while tr>ing to induce beriberi bj feeding

purified diets to guinea pigs, had produced instead

a condition which thej recognized as scurvy

Further work showed, as Funk had suggested, that

the specific substance capable of curing scurvy

differed from fat soluble A and water-soluble B
Hence it was called vitamin C
Rickets The number of recognized acce3*ory

food factors jnerea«ed to four when the studies of

Sir Edward Mellanby (1884-105G) m England and
of McCollum and of Sherman and their associates

10 the United States showed that so called fat

soluble A was not a unit substance but a complex
of at least two factors Mellanby was seeking the

cause and cure of neHets, a bone disca«e known for

at least 300 years to afflict especially children liv

ing in crowded industrial cities m the northern

temperate zone (see also p 910) Across the Chan-
nel A Trous-eau, in 18CS, had described cod liver

011 as the perfect euro for rickets Almost 30 years

earlier another Frenchman, Jules Guerin, con

vinced that rickets la caused by faulty diet, had
proved his point by producing the disease expen
mentally m puppies In France and the Baltic

countries the virtues of cod liver oil were quickly

recognized But in England and many other coun

tries rickets continued to deform and cripple

thousands of children each year because medical

teaching favored lack of lime salts, infection, hy

pothyroidiszn or confinement and lack of exercise

as causes The situation was very confused when
m 1890 an Engbsb physician, T A Palm, made a
thorough study of a widely held belief that expo

sure to sunlight prevents nckets and could even

cure the disease in children His data showed that

tickets 13 common in cloudy regions and rather

rare wherever sunshine is abundant In 1919 Hold
schinsky

, in Berlin, had the idea of using artificial

sunlight (ultraviolet rays) and was successful lo

cunng nckets by so called actinotherapy Mel
lanby at Cambndge (1919, 1921) showed that cod

liver oil and other animal fats (e g ,
butter and fat

®f fgg yolk) that were known to contain the fat-

soluble A of McCollum and Davis protected pup

pies against nckets This observation provided

experimental proof that a dietary factor is con-

cerned in rickets, and Mellanby at first assumed
that tt was fat solubloA In 1921 McCollum and as-

sociates showed that certain foods (eg
,
carrots

and green vegetables) failed to prevent nckets al-

though they are rich in vitamin A activity

Further, it was soon found, both in Britain and the

United btates that the treatment of cod liver oil

with a Btrcani of hot air to destroy vitamin A did

not eliminate the rickets preventing effect The
two factors must therefore differ Since 1923 the

antirachitic factor has been called vitamin D
In 1924 two Americans, Hess, a physician, and

Stcenbock, a biochemist, independently made a

surprising discovery, rickets could be prevented

by irradiating the food of the animal with ultra

violet light just as well as by treating the animal

Itself The solution (o this puzzle proved to be, of

course, that in both cases an inert precursor was
converted by the ultraviolet light to the bio

logically active substance, vitamin D
PELLAORi Meanwhile evidence had been ac

cumulating that water soluble B wo-s not a single

factor but probably a complex mixture Beriben

IS practically unknown m Europe and America but

in parts of the United States, in Egypt, Italy,

Rumania and other countries where Indian com
(maize) is eaten, largely to the exclusion of other

foods, another disease, pellagra, was very common
Between 1010 and 1930 pellagra, eometimes called

the corn-eaters’ disea<c, was extremely prevalent

in the southern regions of the United States The
akin in this disease becomes bronzed and thick

ened, especially where exposed to sunlight, the

tongue IS swollen and gloasy and mental troubles

develop, which progress to dementia in the last

stages It was referred to as the disease of the

“three D a''—dermotitis, diarrhea and demenfia,

and although at first its cause was unknown, it

came in time to be associated with the use of a
diet known as the "three M's’ —mates meal, molas

tea and meat (salt pork) Dr Joseph Goldbei^er

(1874-1929) was put in charge ofastudy of pellagra

sponsored by the United States Public Health
Service to determine whether it was caused by an
infective agent, a chemical toxin, an amino acid

deficiency or lack of a pellagra preventing factor

(the P P factor) Goldberger’s associates elimi-

nated the possibility of an infective agent and
showed that most foods nch in ‘vitamin B’ would
prevent and cure pellagra Lack of a suitable ex
perimental emmal delayed progress until it was
found that dogs fed a certain purified diet de

veloped a sore mouth, called “black tongue," re

aembling the oral lesions so characteristic of hu
mas pellagra In 1925 Smith and Hendrick showed
that the water soluble growth factor B, (which

seemed to be the same os the beriben preventing

substance of Funk), contained two different sub-

stances, one destroyed by heat, and one heat-

stable The latter was soon found to cure pellagra



TABLE 531

Tkg cttamtiM

Oricuial Name CarrenU/ Acetpted
; AtterDtUve uul Obiolete Names Effect of Deficiency*

Humio
Duly Re
quicemenlt

Tat soluble A Vitamin Ai

Vitamin Aj
(Carotene} '

Axcrophthol, Biosterol, Oph
thalamin. Anti infective

vitamin

(Provitamin A)

Keratimiation of

epithelial struc

tures, night blind

ness

6000 lU

(7500 lU)

VitaraiD D Vitamin Dj

Vitamin Dj

Calciferol, irradiated ergos

terol, ergocalciferot

Cholecaleiferol, activated 7

dehjdrocboleaterol

Antirachitie vitamin

Hiekets, osteomata

cia

(-100 lU)

,

\ltamJn E Alpha tocopberol, fertility

1

vitamin, anti sterility vita
' min

Sterility , muscular

dystrophy
Unknown

^ Vitamin K

1

1

Methylnaprithoquinone, men
adione, antihemorrhagic

factor, prothrombin factor

Bleeding Unknown

' Lipoic acid ThiocUc acid, pyruvate ox

idalion factor, protogen

Growth failure (mi

croorganisms)

Unknown

Water soluble

B
Thiamine Vitamin Bi

Aneunn
Oryzamin ,

Tomlin

Beriberi, poiyneuri

tis

1 8 mg

Bi or G
(later lound

to be a iDix

ture of Vita

mills}

BiboflaviD Vitamin B«
Vitamin G, laetoBavin

Ovoflavin

Loss of appetite and
weight, un*peciBe

1 lesiona comeal
vasculanzation,

(cheilosis, derma
titis)

1 8 mg

Nicotinic acid

Nicotinamide

' Niacin (USA)
Nincmaraide (USA), PP fac

tor

Pellagra 1 S mg

Vitamin Bi Vitamin Bi
Three active re

|

lated com
j

pounds
(

PjTidoTine

Pyndoxal
Pyridovsmine

Adermin, jeast eluate factor

Dermatitis in rats,

1 microcytic anemia
in dogs, convul

1 sionsininfants (?)

2 0 mg (?)

Pantothenic

acid

Antidennatitis factor liver

filtrate factor

Dermatitis m chicks,

1

spastic gait in pigs

Unknown

Biotm Bios II, Bioa IlD, vitamin B,
factor W. coenzyme It

Dermatitis, gostro

intcstiual eymp
toms, lassitude

Unknown
300 ag

(?)

p Aminobenzoic

acid

Anti gray hair factor, bade
nal growth factor P, PABA
orPAB

Graying of hair Unknown

Folic acid

Folinie acid

Ptcrovlglutamic acid (PGA),
vitamin M, factor U, vita

min Be
ClIroTorum factor (CF), Leu
covonn

Macrocytic anemia 0 5 mg

902
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Tablc 63

1

—continued

Onginal Kune Currenlly Accepted
Kune

1

Alternative and ObMiete Nunes
j

Effect of Deficiency*
nuRian

Daily Re
quirementt

!

Vitamin Bti

Choline

Cyanoeobalamm, animal pro
tetn factor (APF)

Mneroej tic anemia

Patty livers, (cirrho

sis)

1 2/ig

Unknown

Inositol

Lipothiamide

Inosite, meso inositol, mus
cle sugar

(ace hpoic acid)

Alopecia Unknown

Vitamin C Ascorbic acid IIcxuroRic acid, antisLorbu

tm
Scurvj 75 mg

* Onlj the mam efTects can bo shown here See text for further details and for species concerned

t The concept of exact nutrient requirements suggested by a single figure itt a table is misleading

Great variation is eneountered for a number of reasons (I) biological variation, (2) effects of age, sex

and environmental factors, (3} effects of dietary composition, e g the nicotinic acid requirement is in

fiueaced by the tryptophane content of the diet

Goldberger called it the P P factor but many
Americana referred to it as vitamin G, in honor of

Goldberger The antineuntie factor thej con

tinued to call vitamin B In Britain the anti

neuritic factor was referred to as iitamm B| and
the Bntipellagra factor as vitamin Bt The latter

term became internationally accepted Later the

Bt fraction was shown to consist of a number of

vitamins

This historical introduction would not bo com
plete without mention being made of other acces

sory food factors that have subsequently been dis

covered as the techniques of preparing “punbed
diets” have been perfected The isolstioo of vita

mins A, Bi , Bt , C and D in pure form, their

chemical identification and eventual availability

m erj stallme form made possible the recognition

of other growth factors choline, nicotinic acid,

pyridoxine, pantothenic acid, biotin, inositol, folic

acid, folinic acid, vitamin Bn ,
lipoic acid, vita*

mm E, vitamin K and other substances required

specifically by certain organisms (see table 63 1)

It should be emphasized that not all organisms,

not even all mammals, have the same nutritional

requirements Man, monlcejs and guinea pigs re

quire vitamin C, but rats, dogs and man> other

species are able to manufacture this ntamia
‘^esc varying nutritional requirements of differ

ent species have led to a great deal of confusion in

past expenmeotal studies Now that the situation

IS recognized much fruitless work can be avoided

by finding which species are suitable for a particu

lar study and using only appropriate test organ

isms In the confused period (1930-1940) during

which fractionation of the vitemin B complex was

befagooadacted ca asaylsbopstoews, nis
nuns were described whose existence has never

been established Some of the accepted vitamins

have not jet been shown to be essential for man,

and in some cases they are so ubiquitous that a

deficiency is unlikely to anse Choline, inositol,

p ammo benzoic acid, Iipoic acid and possibly bi

otm, belong in this category

Fat-Solublc Vitamins

Vitamin A

In 1914 Osborne and Mendel noted that some
fats (butter and egg jolk fat) when added to a
purified diet caused good growth while other fata

(lard and oil of almonds) did not The ejes of rata

fed these latter fats for long periods became red

and sore and eventually purulent The condition

was quickly cured by butter fat and cod liver oil

la 1915 McCollum and Davis announced similar

findings and proposed the term “fat soluble A ”

By 1919 Steenbock had shown that carotene iso

lated from carrots is active (although xanthophyll

IS not) and had suggested that the vitamin A
activity of foods is related to the j ellow pigments

they contain It was puzzling to find that frac

tiOQS nch in vitamin A from animal aources were

often practically colorless Today, we understand

the reasons for what was then a baffling mystery

Chemistry and Occurrence

Vitanun A can be isolated only from animal.--^

tissues, but vitamin A activUy is found in
^
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as well This IS due to the occurrence in many and egg jolk Vitamin A m the blood plasma is

3 ellow-colored and green plant tissues of one or mainly free, that in the li\cr is mainlj present as

CH, CH,
\/

CH=CH A=CH CH—CH A=CH CH,OH
HiClJc CH,

H,

CM, CH, CH.

CH A=CH CH—GH I:=CH CII=CH CH=A CH—CH CH=

CH.

=C CH—CH/^H,

more precursore called provitamins, the most
important of which is ^-carotene, an orange-

jcllow-colorcd hjdrocarbon C,o Hm Vitamin

Ai (gencrallj called vitamin A) is an unsaturated

alcoliol C»HbOH
Attention is drawn to the presence of 5 double

bonds one m the nng because os Irons iso-

incrism can and does occur around the double

bonds in the SKle-chain Vitamin A is all Irons

isomer In many species of animals it is formed

m the body (probablj in the intestinal tract) by
an imperfectly understood hjdrolytic and oxida

ti\e scission of the proMtamuia Some animals

(the carnivores) are apparently unable to effect

this ekavage and must tlierefore obtain Mtamm
A from the flesh of their prey

The actual vitamin itself is found m ammal
tissuis especially the liver, and in butter, cream

TABLE S3 2

Compariton oj tnlamin A and carotene

\«iminA.lC«KWD)

Stored b> animals (con

version of carotene in

some animals)

Almost colorless

Absorption band at 325

to 32S ro/i

^lvld blue color with

antimony trichloride

(maximal absorption

at G20 m/i)

\itamin A, plus bbCl,

gives maximal absorp

tion at C06 nv,

S-Cuet«M <C«Hh)

Synthesized by plants

Reddish yellow

No absorption band at

32G mp
Greenish blue color

with antimony In
chloride (maximal

absorption at 590

m,.)

esters The nebest and most importmt natural

sources are the oils from the livers of salt-water

fish (cod and especially halibut) A number of

isomers are known Vitamin At
,
possessing one

more double bond in the ring is found m the

bver oils of fresh water fish Its biopotcnej is

about SO to 40 per cent of that of the all Irons

vitamm A, All natural samples of vitamm Ai

and even synthetic vitamm A, have been found

to contam a stereoisomer neovitarmn A, in which

the confi^ration around the Ci t double bond is

bebeved to bo as It constitucs from SO to 55 per

cent of most commercial samples of vitamin A
Its potency is about 85 per cent of the all trans

vitamin A Synthetic vitamin A is on the market

IB the USA at a remarkably low pnee—in 1958

at about 2o cents per million units

Carotene In Canada and the United States

carotene is the pnncipal nutritional source (and

also the cheapest) of vitainin A There are sev cral

sbghtly different forms of carotene /5 Carotene is

by far the most important, in many kinds of

plants it is the only carotene present in ap-

preciable amount Other carotenes and crypto-

xanthio, which may be present m minor quan

titie<» also can function as provitamin A The
other carotenes display, on a weight basis only

one half or less of Uie vitamin A activity of

^•carotene This was formerly explained by the

symmctncal nature of the ^-carotene molecule

Oadative-hydrolydic cleavage at the central

double bond theoretically could give nso to 2

molecules of vitamin A, other carotenes with the

characteristic nng (an essential part of the vita

min A molecule) on only one end of the hydro-

carbon chain could give nse to only one such

structure per molecule Recent more careful bio-
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logicil a'siws indicate that ^-carotene itself ap-

pears to gi\ c nsp to only one molecule of vitamin

A The reason for the lesser actmtj of the other

carotenes must be in the loner efficiency of their

biological conversion

Carotene ihjcctions are rcLativcIj mcffectivc m
correcting \ntnmin A <loficienc> Largo amounts

of the injcctctl carotene raaj be stored m the h\cr

tr/ii/c deftexenty of ntamtn A is prejenf WTien

carotene is gi\ cn orally, \atamm A appearsm the

liver Thc«e and other observations have led to

the belief that the conversion of carotene to vita

mm A occurs m the mtcstinal mucosa during ab-

sorption Tlierc arc great differences in the ex-

tent to which this change occurs Some animals

Aarc w ftifc 6o(^ fat (b g ,
sAcqi goate, pigs anrf

rats) becau«c carotenoids are almost completely

absent from their tissues In these species the

conversion is virtually complete In humans
however, and in hens, cattle and man> other

animals considerable amounts of carotenoid pig-

ments arc absorbed without conversion to vuta

mm A Dairj cattle convert part of the carotene

of the fodder (alfalfa is a particularly nch source)

mto colorless vitaram A The latter, as wcU as

unchanged carotene, a secreted m the mdk It is

thus evident that a pale-colored milk may have

a Mtamm A content equal to or higher than one

that IS more nchly colored by carotene

Clinical and c\penmental observations have

shown a relationship betweea the activity of the

thjTOid gland and the availability of dietary

'ourcea of vitamin A The earlier belief that

thyroxine favored the conversion of carotene to

vitaminA has been modified as the data arc more

consistent with a stimulating effect of the thyroid

hormone (and an inhibitory effect of thiouracil

a drug which depresses thyroid activity) on the

intestmal absorption of carotene

EifecU of De/fctcrtci/

Deficiency of vitamin A may be caused by (a)

inadequate amoimts m the diet, (b) defective

absorption, (c) inadequate conversion of the pro-

vitamm (carotene) to vitamin A or to a com
bination of these Absorption of the vitaniin and

e«!peciaUy of carotene, is favored by the simul

taneous uptake of fat This relationship is of

importance when the diet consists lately of

vegetables for these provide carotene but often

in a medium low m fat Absorption of vitaminA
or ita precursor is unpaired m diseases (such as

sprue and cehac disease) where fat absorption

« cfe'evfrw The (sinei fcisctKK! ivAsaaiD .4 sp-

Pio S3 1 Illimtratos a bah} which h id suffered
from an attack of ophtl almia of dietarv ongin
and was curcil bv administration of fat « )lul le A
as butter and cod liver oil The disease I ad how
ever progre««ecl so far that the sight of tie left

eye was dcstroved and tie right eve damaged
(After Dloch from McCollum and Simmonds The
Aetcer hnoicltdge of ffulrthon )

pears to bo the mamtcnancc of epithelial tissues

but the method by which it operates has not j et

been discovered

Wk of vatarain A causes (1) failure of growth

m the young (2) severe damage to the rods and

cones of the retina resulting in night blindness *

(3) redness and dry mg of the eye (verophtlialmia)

with consequent softenmg or destruction of the

cornea O^cratomalacia) (4) drymg and altered

structure (\ero«is and metaplasia) of epithelial

tissues such as papular eruptions and drying of

the skin due to changes in hair follicles atrophy

of sebaceous and sweat glands (5) secondary in

fections* due to the epithelial abnormalities (6)

swcUmg of the gums (gingival hypertrophy) (7)

overgrowth of bones especially tlio^e of the

craniuni and vertebral column which may com
press or pinch off nerves in their passage through

the foramina (8) stones in the kidney (renal

calcuh) (9) degeneration of nerv ous tissue (10)

failure m reproductiv b function

'Vitamin A de&ciescv is not the only cause of
night blindness Even when deficiencj of vitamin
A 13 the cau^e tl ere is no proof that defects in

regeneration of rhodopsin account full} for the
night blindness Degenerative changes may have
occurredm the visual receptore or optical neurons

* The former term anti infective vitamin is

inappropriate and even misleading Vitamin A
does not improve immunological respon'es nor has
it been beneGcial in the treatment of infections

By its action in mainlaintn^ the epithelial tissues

eafectiaa ts resisted
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The effect of vitamin A m cunng ni^t blind-

ness has been explained m part bj the discovery

of a close chemical relationship between \ntainm

A and two compounds, rhodopsin and retinene,

that haie been isolated from dark-adapted eyes

Rhodopsin, (ch 72) is a protem conjugate with

a vitamin A dematu’e

UniU and Requirement 0/ Viiamin A

VitaininA activity is usually expressed in teima

of international units (lU) The unit has had a

constant magnitude but it has been expressed or

defined in different waj-s The ongmal standard

of reference for vitamm A actmty, adopted m
1931, nas 1 pg of crj’stalline (mixed) carotenes

This was replaced m 1934 by 06 pg of pure,

crjstaUine ff-carotene In 1949 the reference

standard became 0344 pg of pure vitamm A
acetate (equivalent to 0 300 pg of vitamm A
alcohol) For vegetable products, the carotene

standard of 1934 has been retained

TABLE 83 3

Vitamin A aetintv 0/ canou*

fretK liter alt and foods

Ua U V iUdu) a-

P«tmm Mrvos

Fish liver oils

Cod 2,00(

Halibut 87 00£

Ling cod 175,G0(

Sword fish 250 OOC

Liver, beef (cooked 2 ox ) 30.000

Carrots (cooked 1 cup) 18,000

Squash (winter, cooked, 1 cup) 12 700

Sweet potatoes (baked, one me
dium) il 400

Kale (1 cup) 0 200

Tomato (cooked 1 cup) 2,600

Egg (boiled one medium) 550

Milk (cow, whole, 1 cup) 300

Butter (1 pattie, 7 grams) 230

Margarine (1 pattie 7 grains) 230

• The values shown are average The variation

13 often considerable, eometimes up to fourfold

(and in the cose of the fish oils even more) depend

mg upon the season of collection, etc Both vita

min A and carotene are susceptible to oxidative

breaVdown, especially when heated Losses during

food processing (dehydration and canning) are

tainiimted when the latter ate conducted in a vac

^um

The careful biological compansora upon which

these standards are based have shown that one

(?<« molecule of carotene gives rise to but one

Iflologtcally available Cjs molecule of vitamin A
A number of factors (e g , differential absorption,

efficiency of conversion) affect the comparison

The vitamm A requirements of certain species

of animals are fairly well established but m man
the picture is complicated by dietary variability

(I e , mtakc of other vitamins) m different regions,

^ffcrences m actmty, etc Actual data on human
requirements are meager The Food and Nutn
tion Board of the National Research Council

(USA) recommends (1958) a minimal intake of

SOOO lU (from mixed sources) per day for a 70 kg

ifian An ordinary mixed diet in North America

provides about one-tlurd of the total vitamin A
aclmty aa preformed vitamin and two-thirds in

the form of carotene Because carotene is often

less efiBciently absorbed than is vitamm A, it is

usual to recommend higher unitage when vege-

table sources provide the bulk of the dietary sup-

ply of vitamin A activity than when the principal

sources are hver, milk, butter, cod hver oil or

pharmaceutical concentrates of vitamm A A
study at Sheffield under the auspices of the

Bnlish Medical Research Council led to the

recommendation of 2500 umts of vitamin A as

such, or an mtake of 7500 umU per day (or

adults, when carotene was the only source In

l950 the Canadian Council on Nutrition reviewed

the available data, decided that vitamm A re-

quirements are proportional to body weight and
recommended 72 units (43 ms ) of carotene per

of body weight (i e
,
6000 units for a man

freighmg 70-kg ) or one-fourth of this amount if

preformed vntamm A is taken

Although the evidence for an increased require-

rpent during pregnancy and lactation is ques-

tionable, it 13 customary to recommend dunng the

third trimester of pregnancy 6000 umts of vitamin

A per day and SOOO umts per day during lacta

lion

SoTOCEs OF viTAiiiN A As mentioned earlier,

vitamin A occurs only in the animal kingdom, but

savoral provitamins (pnncipally /3-carotene) oc-

cOr m vegetables and frmts Iltamin A activity

IS most reliably assayed biologically, but this

method of assay is time-consuming and costly

Values found by chemical or physical methods,

mpecially for carotene, may give quite an er

ipneous impression of the vitamm available, be-

cause inefficient absorption and conversion may
liput the amounts reaching the tissues (see tabic

633)
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Fjo 53 2 Scheme of wave lengths of sprotrum, showing the range of those possessing antirachitic
properties Figures refer to milliimcrons The hatched area indicates the ultraviolet part of the spec
trum (Hedrann and modified from Hlunt and Cowan )

IftrtRtTTtMivosrs A (Toxrcm) Vitnmm A
gn en m c\ccssi\ c amounts causes toxic reactions

Adults who ingested 300 to 500 grams of polar

bear h% or became set erch U1 Headache, \omit-

ing, diarrhea and giddiness appeared promptly

About a neck, Liter desquamation of the skin and
some loss of hair occurred Tlic intake may ha\e

been about seven rmllion lU since the tatamm \
content of polar bear bter maj bo as high as

18000 lU jwr gram Numerous instances of poi-

soning have been described in infants and children

given excessive dosage of vitamin A m the form

of fish Incr oil concentrates Seal) dermatitis,

patclij loss of hair, fissured lips, skeletal pam,
imtabihty and anorexia w ere common to all these

patients The insidious onset of the symptoms and
prompt response to cessation of overdosage arc

charactenstie Permanent sequelae are unusual

More ca«e8 of vitamin A overdosage than of de-

iicicncj have been reported m the medical jour-

nals m recent jears The condition has been

studied in a human volunteer Nothing is known
of the biological properties of vntamm A that will

account for the«c reactions

Vitamin D
The curative value of cod liver oil in the treat

ment of rickets had been noted as early as 1782

Largely due to the efforts of Huldschmsky in

Berlin and of Harriet Chick in Britain and in

Vienna the curative effect of sunlight (and arli

ficial sunlight, produced by mercury vapor lamps)
on Tickets was established (1919) The discovery

by Hess and by Sleenboek in the United States

(1924) that irradiation of some foods generates

protective substances Jed to reconciliation of the

cod liver oil and the actinotherapy schools of

thought It IS now known that animals and man,
under the influence of ultraviolet light (from the

sun or elsewhere) can manufacture the aotr

rachitic vitamin from steroid secretions on the

eurfaceof theskin (fig 53 2) Beady made ntamia
D IS obtained from certain foods, partienlaily

dairy products

CiiFWisTRi T/ie ferm "vitamin D” refers to

several chemical!) related compounds (steroids)

that possess the property of preventing or curing

nckels Thc> differ m the potenej wath which

thc> arc effective in different species The pro-

vitamias of the D group arc sterols whose mole-

cules undergo slight rearrangement of structure

under the influence of ultravaolet light The nat^

urall) occurring antirachitic vatamin, now called

Dj , arises upon irradiation bj the sun of T-de-

Iiydrocbolcstero) which js present in the oily se-

cretions of the sbn Animals ma) lick it off the

fur, but in man absorption is through the skin

The plant sterol, crgoderol, when irradwted,

gives nse to vitamin Dj The synthetic product

IS known as calci/erol or tioslerof In both cases

the complex ring sptem of the sterol nucleus is

broken by opcDiDg of the B nng between carbon

Ergosterol (Cs,HnOH)

CH,

CH,{ 'i CJH

CH,,
CH.L

CHi
-ffi! '

CH- CH-

V"
II

CHi

I li

-CHi CH

CH, CH CH,
Calciferol—\ tiamm D-

(vioaterol)
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(
A

I
B

1

Ho-cn C CH

7 Dehydrocholeotcrol

U CH,
CH.l !

cn,} c—CH

oiw^’int in— ill, i”’

I I II in

Activated 7 dehydrocholestcrol—Vitamin D,

atoms 9 aad 10 The products, no longer sterols to

the stnet sense, are referred to as steroids Toxic

by products are formed by other rearrangemenU

during artificial irradiation of sterols and these

must be reinoi*ed, or conditions must be arranged

to mimmize their formation Crgostcrol and nta
min Di hai e similar structural formulas to those

of ntamin Dj and its provitamin, but Tilth a
double bond between carbon atoms 22 and 23 of

the side chain and an extra methj 1 group on C-24

Vitamins Dj and D, haxe equal antirachitic po-

tency in the rat and in man, but in chicks the

synthetic product (Pt, calciferol, made from

ergo^terol) is much less active There is no vita-

mm Di
Vitamin D is soluble in fats and fat solvents

It Ls considerably more stable to oxidation than

is vitamin A

Effects of Dejicienq/

^Yllfn vntamin D is inadequate, the calcifiea

tion of bone ls defective The resulting cluucal

condition is called rickets m children or osteo-

malacia m adults (figs 53 3 and 63 4) In rickets

the intestinal absorption of calcium is reduced,

Uic renal clearance of phosphate is u^uaUy ele-

vated Armnoaciduna occurs as a result of a

lowered renal threshold rather than to an in-

creased concentration of ammo acids in the

blood

Early signs of vttamm D inadequacy are an
increased elimination of phosphate in the unne
(elevated renal clearance), a fall in the concen

tratioQ of inorganic phosphate in the plasma, and
an elevation of alkaline phosphatase actmty m
the blood (reflecting increased osteoblastic ac-

tivity in the bones) In Yitarma D deficiency for

mation of cartilage continues but no longer in an
orderly way, bone formation becomes irregular

and calcification may stop entirely

Defective calctficatiov of the growtsq
BOVE AOT) COUPEVSATORV HTPERTROPHY OF THE
EPIPHYSEAL CARTILAGES ARE CHARACTERISTIC

PATHOLOGICAL CHANGES The band of cartilage

at the end of growing long bones may become up

to ten tunes wider than normal, leading to the

typical X ray picture (fig 53 S) The cartilage

expands at the ends of the long bones, especially

the distal end of the radius, enlargement of the

costochondral junctions leads to a senes of small

gvretlui^ on the thorax commonly referred to as

a rackitic rosary (beading of nbs) Defective os-

sification causes the typical deformities (knock

knees, bow legs, spinal curvature (secfwsw), mal-

formations of the chest and pelvis, and soft

dcpressibleareasin the parietal bones (cranwtoiM)

Anunal experiments have confirmed clinical

experience that the effects of a diet lacking vita

mJn D are greatly altered by the composition of

the ration the ratio of calcium to phosphorus is

important Some animals (e g , rats) do not de-

velop nckets unless this ratio is grossly abnormal

In children (and puppies) tho disease develops

when vitamin D » inadequate, even without sen

ous disturbance m this ratio Imbalance increases

the Busceplibvlity Experience suggests that the

ideal ratio of Ca P in the diet is about 1 1, and

Vhak Vhc cakciam intake oi chitdren 'S to y eois

of age should be about 1 gram per day In man
dietary ratios of Ca P withm the limits 2 1 to

1 2 appear to give optimal utilization of both

elements

Increasing the proportion of cereal in the diet,

especially of oatmeal, has been found to have an

aggravating effect on the tendency to develop

nckets Much of the phosphorus in cereals is

pre«ent as phytin (the calcium magnesium salt of

the hexaphosphone «ler of inositol), which is

V’ciy poorly alisorbed, phytin combuica vnth

dictaiy calcium in the mtcstine and renders it un-

available Tho customary use of milk with por-

ridge provides extra calcium needed under these

conditions

VitainiJi D favors the absorption of calcium

from the mtcstme, the coincident improvement
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Fia 53 4 A nckety dog The amma! was
brought up on a d et defic ent in the anti rachitic
Vitamin D (After E McIIanby)

Fic 53 5 Left, ncketi bone tibia of child 1^8
Jears of age Ecghl same bone after the child had
received daily doses of cod liver o 1 for a penod of
U days (After H A Harris )
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TABLE 63 4

Vitamin D jn common foods

Food TV prt too Grams

Cow’s milk (raw)
1

0 3 to 4

Butler 8 to 100

Margarine (vitamins

added) 200 to 300

Egg yolk. 150 to 500

Liver (ox) 40 to 50

Herring (fresh) 800

Cod liver oil
1

2000 to 30,000

Halibut liver oil I 20,000 to 400,000

Tuna liver oil 1 2,000,000 to 6,000,000

in tubular reab«orption of phosphate by the lad-

noj waybeasecondao effect of the unproienjent

in calnum metabolism Vitamin D, at least in

exccasi>-c dosage, mobilizes calcium from the

bones, it IS possible therefore, that it maj have
the same action in physiological concentratwns

The parathyroid hormone also affects calcium

metabolism, this is discussed elsenhcre

Vitamin D is also concerned in the develop

ment and maturation of normal teeth In the ab-

sence of vitamui D the structure of the teeth is

detective and ptediaposcs to the development of

dental esnea Mtamin D can prevent or arrest

dental cancs, not by a direct action, but indi-

rectly, by maintaining or improving the quality of

these structures

Sotmera Foods containing vitamin D are fen

in number (tabic 63 4) They all come from the

animal kingdom Fiah come 6rst, notably the flesh

of those fish that contain much body oil, e g

,

saJ/noD, hemng and sardine

Tlic vitamin D content of dairy products vanes

greatly depending upon the diet of the cows and

hens and on their exposure to sunlight Natural

Bilik, has very httte of this vitamui Today mi/k is

often fortified with vitamin D either by direct

addition of the ^^tamln or by irradiation of the

nulL There is some evidence that vitamin D sup-

plied in milk IS more readily absorbed, or at least

has greater protective effect, than when supplied

as an oily concentrate Different fisli liver oils

vary tremendously jn vitamin D content, oils

from different species of tuna contain on the

average from 38,OCX) to 45 000 lU per gram, hab-

but 1200, cod 100, dog fish 3, sturgeon 0 In any

one species, there is considerable seasonal imna*

tionm the liver oils Fish liver oils (especially cod,

hahbut, tunny), while not natural articles of diet,

arc important commercial sources of natural vita-

min D, i e , Dj Because of the relative stabihty

of vitamin D, losses during preparation and stor

age of foods arc usually small

It IS an unfortunate fact that most natural

foods are love m vitamin D content Maa should,

therefore, endeavor to obtain as much sunlight as

possible, so that by the natural irradiation of the

sterols in or on the skin an adequate supply of

vitamin D may be maintained In northern re-

gions the short days and low angle of Che sun

during winter months may not provide enough

uHravnoIet light to form adequate vitamin D for

a rapidly growing cluld (fig 53 6) If sunlight is

filtered through smoke and dust, its effectiveness

» reduced still further, and in industrial areas the

antirachitic effect may be almost obliterated

This explains the former high incidence of rickets

m large cities where industry was concentrated

Cod or other fish fiver oils or commercial con-

centrates of vitamin D may be taken with ad-

Flo 53 0 Masimum daily altitude of the sun throughout the year at the latitude of Toronto (From
Tisdall and Brown )
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vantage especially bj chililrcn during winter

months

Standatids and REQtinEUESTs Tho present

international etandard for vitamin D, adopted by
the World ITeatth Organization in 1919 la pure

vitamin Dt The international unit la defined as

the Vitamin D actu ity of 0 025 fig of the standard

The dietary requirement depends upon tlic

amount of exposure to sunlight Adults m a sunnj

climate maj not need nnj vitamm D in their food

Pediatricians recommend that infants be started

on Bupplementarj vitamin D about 2 weeks after

birth Codlner oil, oleum percomorphum or

Vitamm D concentrates containing 400 to 500 units

in a few drops are commonlj used Some workers

suggest doses of 1000 to 3000 units per da> to al

low for defective absorption However, the mini

mal toxic overdone docs not appear to be far from
the optimum curatnc dose L J Hams tn Great
Bntain gives the dailj preientivc dose as 500 to

1500 lU, the curative dose os 1000 to 2000 and the

toxic overdose &e anything over 10000 W Uhcrc
more sunshine la encountered, there values would
bo somewhat lower Amencart ond Canadian axi

Mortfie* tuggeal (hat children may require vp (o 400

lU per day The same intake (400 lU) is recom
mended during the last trimester of pregnaoc} and
for nursing mothers during lactation

HtPEitviTAjaNo^is D (toxicitt) Excessixe in-

take of vitamm D in expenmentn! anunals or m
man is deleterious The first signs of toxicit> are

digestive disorders (vonutmg and diarrhea) with

soluble substance for normal reproduction Mat
till and Conklin observed that rats reared on a

diet of whole miifc are usually sterile Evans and
Bishop found that addition of wheat germ, alfalfa

or lettuce to a diet of casein, starch and lard (con

taming cod liver oil and other known vitamins)

corrected its sterilitj inducing effects The active

pnnciplc was referred to as the fertility vitamin

or antisierility factor until Sure (1924) suggested

that it be called vitamin E Parallelism was noted

between vitamin K activitj and antioxidant (anti

rancidity) properties suggesting a significant

relationship However, as fractionation pro

grereed the biological and antioxidant activities

did not always have the same ratio to each other

IQ different concentrates

Chemistry A materml possessing the charac-

teristic biological aclmtj was isolated m 1936

from the unsaponifiable fraction of wheat germ

oil, it proved to be a mixture of three clorely re

lated compounds A fourth member with similar

eharactcnstics was later found and recently

(1055) two more liaxe been recogmzed \ll arc

\Tscou9 oils Vitamm B activity resides to vary

mg degrees m each of them, and all exhibit anti

oxidant properties, abo to x*aryu]g degrees, thus

expbmmg the earJjcr discrepancies and confusion

The compounds arc known collectively as to-

cophcrols (from to\os childbirth, perAos to bear,

and the chemical suffix-of, sigmfymg an alcohol)

The most actn e of these, biologically, is o to-

copherol, CjiHmO*

cn,

i o cn, CH, CH,

H,C—df^* 'i^5^(CHt),iH(CH,),^H(CH,),

HO—i, ,Ah,

CH,

c5h"

Vitamin E, a Tocopherol (CiiHitOi)

loss of appetite and considerable loss of weight

Kidney damage finally results m death Exces-

sive doses of vitamm D cause hypercalcemia and
calcification of the joints and soft tissues, espe-

cially the kidneys, large and medium sized ar-

tenes, heart, lungs, bronchi, pancreas and para-

thyroid gland What has been desenbed as early

retention of calcium followed by decalcification

of the skeleton may represent a translocation of

the mmeral to abnormal sites

VlTAJnN E (ToCOPHEHOI/)

During the early 1920’8 several groups of in

Vestigators became aware that rats required a fat

The/?- and y toeopherols (C«H«Oi) each contain

one less methy 1 group and 5-tocopherol (CnHieOi)

has BtiU one less These differences in mcthylation

of the tocol nucleus affect profoundly the biologi-

cal activity and other properties The reported

preponderance of the a form in American wheat

germ oils and of the /? isomer m European wheat

oils 13 interestmg but unexplained

Relative potenct op the vrxAirEKS (viTAittv

isouEBs) The physiological activity of the a, §, y

and 4 isomers by rat assay, vanes considerably

The relative potencies have been reported to be

approximately 100 40 8 (or less) 1, respectively,

some workers believe the P and y isorners to be
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a Tocopherol
(5 7 S-trimethyltocoI)

7-Tocopherol
(7 S-dimethyltocoI)

more nearly equal m biological activity For the

cure of muscular dystrophy in rabbits the po
tcncies of natural a B and 7 tocopherola arc m the

ratio of 100 30 20 The biopotency of the esters w
equal to that of the free alcohols or even slightly

greater because the esters are not auto oxidiznble

ItTicat germ oil (containing mainly a and 0
locopherols) cottonseed ovl (o and 7 forros in

about equal amounts) corn oil (largely 7 locoph

erol) and soybean oil (a 7 and S forma) are the

main sources of the natural tocopherola These oils

contain from 0 1 to 0 3 per cent of total tocoph

erols Today much of the vitamin E available

commercially is not the natural d-a tocopherol

but a synthetic di-a tocopheryl acetate

By definition synthetic a tocophcol acetate

has I een assigned a biological potency of 1000 lU
per gram Pure dtt tocophersl acetate has the

i ighcst potency of any vitamin E product snth

1 300 lU per gram Other products have the fol

Inning activity d-a tocopherol 920 lU dl-a

tocoplerol 6S0 lU per gram

FJfecti of Deficiency

Tlic relatively large amounts of vitamin E
found stored in all tissues examined (from animals

and man) suggest that it possesses an important

mctaboLc role However, no characteristic bio-

chemical disturbances attributable to lack of nta

mm E arc known One property of probable

significance is the antioMdative effect of the to-

copherols It has been shown that the vataimn A
requirement la partly dependent on the vitamin

E content of the diet The sparmg effect of the

natural vatamin C on vitamia A is not shared by

the synthetic ester df-a tocopheryl acetate and

hence it appears to be concerned wnth the anti

oxidant properties of the free tocopherola

Deprivation of vitamin E in the rat leads to

changes in the reproductive organs In the female

a mild deficiency may disturb the estrous cycle, a

further deficiency lends to resorption of the

fetuses about eigiil or ten days after normal ton

ccption Prolonged deficiency in the female leads

^Tocopherol
(5 S-dimethyltocol)

Me Me

5-Tocopherol
(S methyltocol)

to loss of ability to conceive Restoration of vita

mm E to the ration permits pregnancies to pro-

ceed normally once more, 1 e m females the

changes are rev ersible In the male rat prolonged

deficiency of vitamin E leads to atrophy of the

testes and to irrev ersible changes m the germinal

epithelium with complete sterility

A common finding in rats guinea pigs and rab-

bits 13 the development of degenerativ e changes in

the muscles leading to actual paralysis (nu

tntional muscular dystrophy) Both sexes and all

age grou{» appear equally susceptible to this ef

(ect of vitamin E deficiency

A characteristic pigment called ceroid prob

ably formed by autoxidation of unvaturated lipids

IS often found 10 the muscles sex glands and liver

cells of tats fed E defic ent diets

Afecrcsts and fibrosit of the heart mi scle have
also been reported in experimental animals kept

for long periods on rations defic ent in vitamin E
Id chicks vitamin £ deficiency leads to embryome
mortaUly (due to disintegration of blood vessels)

to the appearance of large patches of subcutaneous

edema on the breast abdomen neck and legs

{ezuddtne dtatkesie) and a nutritional encephala

malacta character zed by motor incoordination

head retraction stupor and death

Expenments in rats and rabbits lave shown
that animals given adequate vitamin E survived

hypoxia (reduced atmospheric pressure) much
better tbm F deficient ones They abo survived

exposure to a high oxygen tension (9S per cent

oxygen at 5 atmospheres pressure) much better

They way m which vitamin C protects against

ebangea in oxygen tension is not known
Although man apparently requires vitamin E

mucli less is known about the role of this vitamin

in human nutrition Benefcial results have been

reported from its use in habitual abortion mus
cular dystrophies peripheral vascular di«oideTs

(indolent ulcers early gangrene of the extremities

thrombophlebitis) heart di«ea«es and the mono
pause These claimshave been denied ormimmized

by other clinical investigators Many contend tliat
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it his never been established that the conditions

seen m bumins (superficially resembling those ob
served in animals) are due to Jack of vitamin E
The literature IS dccidodU controversial The high

dosage levels of vitamin E often advocated m
clinical medicine seem unreasonable On the basts

of animal studios of storage and utilization of fat*

soluble vitamins, including E, the po«8ibililj

seems remote that adults ever euflcr from avita

minosis C Moore (1950) has pointed out that in

min the concentration, bj weight, of vitamin T
m the plasma normillj exceeds bj about thirtj

fold that of Mtamin A
In carl> life the stores of vitamin E may be

much less, but even in the case of infants «oroe of

the evidence for a beneficial therapeutic effect of

vitamin E is unconvincing There is evidence,

however, that the sensitivity to hemolysis of the

red cells of newborn and premature infants can be

reduced by giving tocopherol

Sources Vitamins E occur so ubiquitously

being found m essentially every article of diet,

that consumption of a normal mi\cd ration pro*

\ndcs enough to keep the body stores well sup-

plied Unmillod ccrcaK, \ cgctable oils and eggs are

the richest sources The avenge daily mtakc of

d-o! tocopherol by an adult man his been esti-

mated to be 14 to 19 mg Part of this is oxidized

in the intestine to qumoncs and part is excreted

m the feces Possibly only oao-third of the jd-

tako, or about 5 to 7 mg per day , arc actually

absorbed Nothing definite is knoirn about the

hiunan requirement

Vitamm E is stored m all tissues Adipo<c tis-

sue IS the major storage site Ilypervitaramosis E
fias been studied m severaf species but no toxic

effects have been observed even when massive

doses have been administered over a prolonged

period

VlTAJ^^ K

(See also ch 12)

Between 1929 and 1935 several reports appeared

of a hemorrhagic condition in chickens raised on
purified diets consisting of cereals plus yeast The
disease, due to defective blood clotting, was seem
mgly of dietary origin In 1935 Dam proposed the

name vitamin K (Aoagufation) for the protective

nutritional factor which liis expenments, con

firmed by Almquist and Stokstad, had shown to be

present m the fat soluble fraction of green leaves

There was no direct relationship of coagulation

factor with the chlorophyll, carotene or xantho

phyll content of the leaves When the sctivily was
shown to be in the nonsaponifiable nonsterol frac

tion it w as obviously different from any previously

known fit soluble vitamin In 1939, two groups

accomplished the isolation, Dam and Ivarrer and
their colleagues from alfalfa, Doisy and his as

Boastes from both alfalfa and fishmeal The fish

meal product prov ed to have 10 more carbon atoms
IQ a longer side chain and was called vitamin

K* to distinguish It from the alfalfa product,

CtifluOt
,
which was called Ki

Cheihstrt a number of compounds pos«c«smg
Mtamin K activity are known, all being denva
lives of 2 mcth>l-l,4-naphthoqumonc, le, all

active compounds appear to possess the general

formula

I I I

lie . C . 'C-R

" &

Symthelic 2-meth> 1-1 ,4-napbthoquinone, (R-=H)

sometimes called menadione and sometimes Mta-

min K» , IS readily prepared m pure, crystalline

form, and apparently possesses all the phy*«io-

logical properties of the natural vitamin Natural

ni I L
“ I
Menadione

/VjtarojjD

Mtamin Ki differs from menadione by having at

position 3 a phyty I side chain Cjo
,
w ith 1 double

bond) and vitamm Ki has a difamesol substituent

(Cio , with C double bonds)

The structure of vitamm K was elucidated

fairly rapidly, after its isolation, because of sim

ilanties m chemical and physical properties to

phthwcol This substance had been isolated from

tubercle bacilli six y ears earlier by Anderson and

his colleagues, and its structure proven by syn-

thesis to be 2-niethyl-3-hydro\y 1,4-naphtho-

qumone

H
O

a<f^^ 'b—CH,
t 1 II

HC C C—OH
H «

Phlhiocol
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^Tien phthiocol was tested m vitaimn K-de- conditioned vitaminK deficiency due to failure of

ficient clucks it proved to be active and was thus absorption from (or production in) the intestine,

the first form of \ntanua K to be identified (4) to counteract overdosage with synthetic anti-

V * ^b~CIIi

I ' 1

no. , c , ,c—CH—

<

CH»

•CK*^CHf),—CH- -(CH,),—CH—(CH,)j in

H
^

CH, in, in, in.

Vitamin Ki (2-methjl 3-pbytyI 1, 4 naphthoquinone) CiiH«iOi

It had been noted during the isolation that

fishmeal improied as a source of the factor when
putrefaction set m Many bacteria, including

those in the flora of the human and animal in-

testine, have since been shown able to synthesize

\ntamin Kj Treatment of animals or patients

with suMonaimdes or certain antibiotics reduces,

and may e\en abolish intestinal synthesis of

vitamin Kt Natural sources of vitamin Ki in-

clude green leal aegetablee (eg, kale, cabbage,

spinach) and tomatoes

Effecii of Defiaency

In clucks, where the deficiency was first ob-

served, the prolongation of clotting time may re-

sult in mtemal bleeding, in sevcrelj deficient

birds oven minor injury (such as pulling out a pm
feather) may cause death from hemorrhage

Other poultry (geese, ducks, turkej’s) dc\elop

the deficiency as readily as chickens, but m
mammals it is much more difficult to produce

Later it appeared that this difference is due to a

constant supply of vitamin K| bemg manufac-

tured bj bactena m the intestine

In 'viVamin X dr&ciency the dtsVeahante m
blood coagulation is caused by reduction of

prothrombin and factor VII m the blood Be-

cause prothrombin and factor VII ate made
mamlj m the hi cr, their levels m the plasma may
be dangerouslj low in patients with liver damage,

10 spite of an adequate intake of vitamin K in

the diet

Vitamin K cannot subshtule for prothrombin,

but it IS neces«arj for the formation of prothrom-

bin in the liver It is also important to point out

that vitaminK is ofno value in other hemorrhagic

conditions not due to loveered prothrombin levels

(c g ,
hemophilia) Iltamin K is of chmeal value

especially in four conditions (1) to control bleed-

ing that may occur folloinng operations m pa-

tients with otetructive jaundice, (2) in the hemor-

rhagic diathesis of new-born infants, (3) in

coagulants such as Dicumarol, cyclocumaroh

phenylindanedione, and accidental poisoning w ith

Warfann (a coiimann type rat poison)

Vitamin K being fat-soluble, is absorbed from

the gut, like other hpids and fat-soluble vitamins,

only in the presence of bile salts The water solu-

ble analogs, however, do not require bde for theu

absorption

In obstructive jaundice, bile salts being ex-

cluded from the intcstme, vitamin K, either of

dietary origin or produced by intestinal bactena,

13 not absorbed m adequate amount This would
explain the prolonged prothrombin time and

tendency to bleedingm these patients The bleed

mg someUmes seen in new bom mfants may be

due to failure of placental transfer of vitarmn K
to inadequate intake of the Mtamin by the

mother, to delay in the development of the in

tcatinal flora to make vitaimn K, or to a combina-

tiott of these defects

Disturbances in blood coagulation due to

lowered prothrombin (except those caused by
hver disease) are promptly corrected (3 to 6
hours) orally or by injections of vitamin Ki (oily

emMlavawI os tbe of Vi.

The usual therajieutic dose is 1 to 5 mg per day

Other forms that have been used chmcally in-

clude phytylmenadioae oxide, menadione sodium

bisulfite and Syakavite (2-methjl 1,4-naphtho-

hydroqtanone diphosphonc ester) Regardless of

the route of administration a lag of several hours

occurs before anj change in the clotting response

IS perceptible

Synthetic phytylmeaadione, i e , vitamin Kj

,

13 commercially available but expensive The

weight of evidence is that the natural vitamin or

eyothetio Ki is more effectii e than menadione in

correchng the effects of overdosage with antico-

agulant dicoumarins It lias been suggested that

the effect of dicoumarol is an example of re\ ersible

mbtbition by an nntimetabolite iVoolIey doubts

thatitacts this waysmeo the dicoumarol vitamm
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K antagonism diRcrs m several ways from the

diaractenstic competition between analogs

IVliatcvcr the process by which it acts, dicouma-

roK3 ,3'-methjlcne-bis - (4 - hj'droxj coumann)),

when administered bj mouth to nun or animals

causes a marked low enng of the plasma prothrom-

bin level with consequent Icngthemng of the

clottmg time It is used chnicallj to control

thrombus formation (sec ch 12)

Tovimv oFMTKMi*! K Dcforc dicoumarol came

into clinical use, vitamin K and its analogues w'ere

given in small doses of a few milligrams per day
Larger doses, of several hundred milligrams per

day. are now given to counteract overdosage with

sjnthetic dicoumsnns u«ed as anticoagulants

Patients given 150 to 600 mg dailj of water

soluble synthetic vitamm IC analogues intra

venously have complained of nausea and of more
severe reactions Some deaths of infants have been

attributed to overdosage with a water soluble

analogue Tho naturally occurring ph^ijl com
pound IS not toxic when fed or in^ctcd in rela

lively massive amounts
Suhlethnl doses of roenadione derivatives (but

not of phyty] menadione) have induced anemia in

rats, rabbits and dogs Occasionally polycythemia

has been observed m the same animals In the

mouse, the LDm of menadione (orally) has been

reported as 500, 620, 800 and 810 mg per kg , by
different workers, in rabbits it is 250 mg per kg

Lirotc ACID Lipoic acid, formerly known as

protogen and as pyruvate oxidation factor, is a

fat soluble material which is an essential growth

factor for certain bacteria and protozoa It was
isolated in 1951 from yeast and liver Five different

forms. With differing activities, have been de

Bcnbcd a bound form, a water soluble complex,

and three fat soluble varieties All are derivatives

of an acid containing eight carbon atoms and two

sulfur atoms Because of this it is also known as

thioctic acid

1100C CHi Cfl, CH, CH, CH CH, CH,
I I

Ltpoic acid or its amide appears to function as a

further cofactor sometimes neccssaiy, along with

thiamine pyrophospboric ester (TPP), in the de
carbo>i.ylaliOQ reactions (involving pyruvic and

ketoglutarie acids) discussed briefly under thia

mine and more fully under carbohydrate metaho

ham Tbe active agent, hpothiaiside pyrophos

phone ester, is referred to briefly as LTPP
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Waler*Soluble Vitamins

Vitamin B Complex

Lack of vitomm B leada to loss of appetite

with consequent loss of weight (fig 54 1) Early

fractionation studies of "growth factors’* m
aqueous extracts of jeost, hier and other animal

and plant tissues rc\ca!ed that an antineuritic

substance (\itainin Bi ” aneurm = thiamine)

could be separated from a pellagra prcientiag

(P-P) factor Later, other growth factors were

found in various fractions Different natnes were
applied in different laboratories so that a study

of the literature of several decades ago may
prove baffling to modern tetdeta Twelve sub-

stances are grouped together because of their

close association in tissues and because for a
long tune their separation proved most difficult

thiamine, rtboflattn, nwolinw oetd, pyrtdoxtne,

pantothenic aad, biotin, para aminobemotc acid,

/ol« ocid, /olintc acid, cvan(>ct)6<iiamin, efiohne,

and inoiitol All have been isolated in pure form,

and most of them have been synthesized m the

laboratory

TniAuivE

Isolation, ipentimcation and stntkesjs The
contributions of Takaki, Eijkman, Grijns, Hop
kina and Funk have already been mentioned

McCoUum and Davis (1915) had found that young
rats grew poorly on a purified diet containing dev

tnn as the carbohydrate, but that growth im
proved when lactose was u«cd The growth slim

’Growth promotion was less, due to loss of
Funk’s factor, but the factor remaining, desig
nated Dj , (now known as nbofisvin) stimulate
growth considerably

’ Papers of fundamental importance appeared
from other laboratories within a few days of each
other, ns has frequently happened with studies of
other vitamins As-signmcnt of pnority is diRicuU
Todd and Bergel in Lngland, VVindaus in Ger
many

,
and Alaluno and Imai in Japan made im

portant contributions Andersag and VVestphal of
the I G Farbemniiustne may have been tne first

to accomplish the synthesis but the coropanv
policy with re«pcct to patent protection delayed
publication of their work until 1937

ulating principle was destroyed by heating the

lactose, and it could be leached away from the

milk sugar with alcohol The substance respon

sibic for growth stimulation was called “water

soluble B’ by McCollum Yeast was soon found

to be an excellent source of this factor In 1920

Emmett and Luros provided evidence for the dual

nature of water soluble B when they found that

autoclaved yeast no longer contained Funk's anti

benben aubstance but that it still promoted the

growth of rats fed certain purified diets ‘ In 1926

the beat sensitive antiberiben substance, vitamin

Bi (id those days often called the antineuritic

factor) was isolated id Holland by Jansen and
DoDath They proposed the name aneunn The
eynthesis was accomplished m 1936 by It R Vil

Iiams and his colleagues in the United States *

The presence of a sulfur atom and primary amiDO
group led Villiams to propose the name Ihtamint,

which >3 now the term in general use

the average, chronic symptoms of poly neuritis ap
peared Lines broken from the points at which
some individuals died (After Cha^e, from Sher-
man and Smith, The Vtiamtne )

91&
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n aler soltthle grmeth factor(t)

VITAMIN B
Heatitrcatmcnl

Heat fobiic component Heal ttable totnponenl

VITAMIN B, VITAMIN B,

I 1

Thiamine Adsorption on
fuller 8 earth

I

Filter

I

Adsorbate Filtrate /actor

Factor I (rjridoTine) Factor 2 (?atilotbenic

ItiboflaTm, mcotin acid), etc

amide, etc

I

Elute with barjta

1

Elvale faelor

Factor I (Pindoxino)

niboflaviD, nieotin

amide, etc

I

Treat with bcav> metal

salt

Filtrate

Pj ndo-une

Precipitate

Riboflavin Nicotinamide

Insoluble m
acetone

chloroform,

ether and
ben2ene

Soluble m ace

tone, chloro

form, ethanol,

butanol, some
what soluble in

ether and ben
zene Distills id

very high vac
uiim

Chemistry of thiamine {vitajhn Bi) Thia
mine contains two nng sj stems, the pj’nmidine

and thiazole, joined by a methylene bridge It

possesses a strongly basic quaternary nitrogen

atom and liencc forms chlorides and other salts

tliat dissolve m water and lonue freel}
,
it also

possesses a pnmarj ammo zutrogen which can

form salts such as the hjdrochlonde Sulphates,

nitrates, picratcs and other salts ha\c been pre

pared Tlic naturallj occurrrmg \ itamm is thia

nune chlondc hj drocblonde although it is com
monl> referred to mcrelj as thiamme Today it

13 produced syntheticallj on a large scale and is

available commcrmllj at surprising!} low cost

Tliiaminc is readily soluble in water and rather

insoluble in most organic solvents Its aqueous

solution IS strong!} acid due to the hydrochloric

acid dissociated from the amino group In acid

solution (including acid foods) thiamine is reason

ably stable even when heated but is unstable on

the alhalinc side At pH 3 5 boiling causes little

destruction At higher temperatures (autoclaving

at J20®, for ecaraple) thiamine (in j east) is stable

for short periods, but after 2 to 3 hours most of it

IS destroyed Riboflavin (vitarainBj) is much more
stable under these conditions Near neutrality

(pH S to 7) thiamine is much less stable to beat

and in slimline foods it is rapidly destroyed by
beating Farrer measured the percentage loss on

boiling thiamine at 100^ for 1 hour m solutions of

pH 3, 4. 5, 6, 7. 8 sod 9 as 16, 20, 40, 53 68 lOOaod
100 respectively Later he found that the buffer

used was important pbo«phato confers consider

able protection and pyTOpbospbate even more
Storage on the alkaline side even at room temper

ature should be avoided Thiamine is readily de

etroyed by an enzyne found in certain foods as

well as by atmospheric oxygen TAiaminass has

been found in some raw fish (herring, carp) raw
clams, Ehnmps and mussels and in certain plants

(bracken ferns) Its occurrence was discovered

following a study of the paraly’ses and convulsions

seen in foxes and in cats fed rations containing

large amounts of raw fish

Thiamine is believed to act m the metabolic

systems of the body as the poter, thiamine pyro-

phosphate (TPF) This molecule, known as

cocariaxytofe, is the coenzyme or prosthetic

group of the enzyme decarboxylase which de

carboxylates a keto acids, especially pyruvic, m
the body Subsequent studies hav'e shown that

N=C—NHiHCI
CH,—i i— —CHi —S- C—CH,

Jl-S-H H—i i—CBt CBtOHY
Py nmidine Methylene Thiazole

nng bridge nng

Thiamine (Vitamin Bi)
(Ci«H>«N.OSCli)



918 NUTRITION AND METABOLISM Section VI

most, if not all, vitimins net as cocnzjtnes to

facilitate some essential step m mtcnnediatc

metabolism

Thiamine Deficicncij

The effects of thiamine deficioncj ha\e al

read} been mentioned benberi in humans, and

polyneuritis in chickens, pigeons, rats, mice, dc^
and other species Two tjpes of benben are seen

in Japan, Southern China, India, the Philippine,

islands, Dutch East Indies and other places

where the staple la polished rice (1) the wet

type, with edema, (2) the drj t^pc, without

edema Multiple peripheral neuritis and muscular

atrophj are characteristic m both Weakemng
of the mu«eles accounts for the cardioxascular

and gastromtestmal defects (enlarged right heart

peripheral ^asodllat^tlon, indigestion, gastric

atonj, severe constipation) Anorexia (loss of

appetite) leads to loss of weight and general

debility, tenderne«s of the feet and legs, lame

ness, ataxia, paralysis, infiammatton of the

ocular nerve and heart failure are usual setiuelae

In experimental anunals the first signs of

thiamino deficiency are loss of appetite, arrested

growth, reduced motilitj of the gastrointestinal

tract, and marked slowing of the heart An ex

tremo d( grte of bradj cardia is seen m rats fed

rations deficient in vitamin Bi In man the

opposite effect IS produced, i e ,
taehycardu

Thiamine is neceasarj for the utilisation of

pynme acid, i e ,
for the final stages of carbohy

drati, metabolism The debility and tissue do

generation in thiamine dcficiencj are probnblj

due to decreased ability to use carbohydrate

The central nervous system derives its energy

mainly from carbohydrate and tins doubtless

explains the lesions in the central and peripheral

nerves

Function of Thiamine

R A Peters at Oxford noted that lactic and

pyruvic acids accumukitcd in the brains of

thi immc-ileficient pigeons and described the

principal effect of vitamin B, deficiency as a

“biochemical le«ion’’ in which carbohydrate roc

taboh'sm is impaired by the failure to convert

CII.CO COOH + HOi— CHi COOH + CO» (I)

pyruvate to acetate The original view that a

simple oxidative decarboxyl itioii occurs has had

to be modified A scries of decarlxixylating en

sjraes, all with thiamine pyrophosphate (TPP)

as coenzyme, are concerned w ith the ilccarboxvla

tion of a ketomc acids More recent work sug

gests that (under some conditions, at least)

lipoic acid is combmed with TPP to form a

more complex cofactor (lipothiamidc) for the

oxidation or dismutation of pyruvic acid The
discoveries leading to this view will be indicated

brieffy

In 1929 Evans and Lepkovsky had demon
strated tliat the vitamin Bi requirement dc

creases when the fat content of the diet is in

creased Although this effect has been described

as a thiamine "paring action of dietary fat, it

now appears more accurate to say that the

thiamine requirement increases as thi proportion

of dietary carbohydrate increases

In 1936 PlaVt and Lu showed that the blood of

patients with benberi contained py ruvic acid and
other ketone bodies and that these increased on

exertion Seven years earlier Kinnersley and
Peters had found more lactic acid m the brains of

pigeons lacking vitamin Bi than in normal brains

and in 1934 Westenbrink bad claimed that cither

lactic acid or pyruvic acid was the toxic metabolite

responsible for at least some of the conditions

seen in vitamin Bj deficiency

In a paper of fundamental aignificance Peters

(I93C) reported that the brains ol pigeons deficient

in vitamin Bi had a much lower oxygen uptake
(measured on slices in Ringer phosphate solution)

than did normal brains when glucose was supplied

as energy source The same result was obtained

when sodium pyruvate or lactate w as provided as

substrate Addition of vitamin B, raised the oxy

gen uptake to normal in all three cases The re

action proved to be not only highly specific for

vitamin Bi but extremely sensitive Peters de

senbed it as the catatorulin effect and used it as

the basis of o method for determining thiamine

The simultaneous accumulation of lactic acid was

puzzling until Sherman and Elvchycm showed that

the accumulating pyTuvic acid inhibits theenzy me
lactic dehydrogenase Thiamine facilitates re

moval of pvTuvate and permits the normal metab
olism of lactic acid

Actually as was suggested earlier thiamine

itself IS not the catalyst ^Vestenbrlnk and Poliak

observed a ten minute delay after adding thi

amine to a polyneuritic brain preparation before

oxygen uptake began About the same time Loh
mann and Schuster isolated from yeast the pyro

phosphoric ester of thiamine and ^tcll Malherbe

showed that the vitamin could be transformed into

this cater (i e into cocarboxylase) by the action

of adenosine triphosphate (ATP) Lipmann sug

gested IQ 1937, that added thiamine must first lie

converted to the py rophosphoric ester which then

sets as the coenzyme (cocarboxylase) of asystem

catalyzing the liberation of COj from pyruvic
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acid Ncilher thiamine nor its monophosphone
ester has any cocnzymc activity

Units and nEQUiREUEVTs The InternationAl

Unit of vitamm Bj adopted by the Health Orgam
tation of the League of Nations i\as 3 pg , i c , 3

one tnilliontbs of a gram, of thiamine chlonde

hydrochloride Today values are almost mvanably
given in iig or mg

Estimates of human requirements for thiamine

are usually expressed in relation to the total daily

calorie intake, values ranging from Q 17 to 1 0 mg
per 1000 Cal having been advocated In 1953,

after consideration of the available data the

United States Food and Nutniion Board rccom
mended that the minimum requirement for adults

be 0 23 mg for each 1000 Cal This value may be
compared with those found in a dietar> aurvey by
E G 'koung among Canadian families on rather

Ion incomes 020mg formen,019mg fornomcn
and 0 22 mg per 1000 Calories for children No
evndence of thiamine dcficicnc} could be detected

clinically m this group It is interesting to recall

that raan3 jears ago Uilliams and Spies (1938)

had suggested n thiamine intake of 0 18 mg per

1000 Cal vihen fat provided 40 per cent of the

total calone intake, and an increase to 0 3 rag per

1000 Col vihcn the diet was essentially free from
fat The Canadian Council on Nutrition with
this effect of fat lo mind, recommends 0 3 mg per
1000 Cal since fats arc costly items in the diet,

and persons on low incomes will not consume os

much fat as their more affluent countrymen
Some workers in England the United Stales

and elsewhere are not satisfied (hat this dosage

(0 76 mg per 2500 Cal ) is adequate The latest

recommendation of the United States Food and
Nutrition Board is 05 mg per 1000 Ca! (up to
3000 Cal ) and 0 2 mg for each 1000 Cal above
3000 They recommend that the total per day should
no(/aI{ hetoui 1 mg regardless of the calorie intake
No single figure can ever be given as the ideal value

because the requirement vanes with the composi
tion of the diet as well as with the individual A
constant supply is necessary because the body is

unable to store thiamine to any great extent
These recommendations are generous and are

pMsibly somewhat above the average require

ment They are easily met by the thiamine con
tent of the foodstuffs commonly used in Canada
and the United States, and a slight excess can do
no harm On the other hand, there is no evidence

that an intake of thiaminem excess of the require

ment affords any extra benefits

Toxicity Tremendous doses of thiamine can
be lethal The acute fatal doses (mg per kg ) by
the tnlraienous route for mouse, rat, rabbit and
dog were found to be 125 250, 300 and 350 mg ,

respectively The lethal dose by subcuianeous in

jection was about six times as great and orally

about forty times these values The toxic signs

observed in dogs were marked but transitory

vasodilation with consequent fall m blood pres

sure, bradycardia and death (due lo respiratory

arrest) In man, sensitivity to excessive dosage

with thiamine (especially when injected) has been

observed nervousness tremors, tachjcardia,

sweating, herpes zoster and even anaphylactic

shock

Mills has suggested (1941) that because paren

teral injection of even moderate doses of thiamine

may sometimes lead to anaphylactic reactions

Ibis route should never be used Untoward re

actions to oral administration of reasonable doses

are virtually unknown

Sources Thiamine is widely distributed m
natural foods of both plant and nmmal origin

Until man attempted to improve upon nature by
refining his food, bcnbcri was apparently un
known Plants synthesize thiamine which is

found in roots, stems, Icaxes, Boners, fruits and

seeds, eg, average values (jig per 100 gram

edible portion) m beets 200, carrots 180 turnips

<>5, omons 120, asparagus 160 watercress IM,

lettuce 270 and cauhfiower 120 to 330 Peas and

beans arc nch sources, as are whole cereal grains

Kuts arc abo good sources of thiamine

There tends to be more ihi&mioe m the mature
dry teed than in other parts of the plant Unmiffed

cereal grams are neber in thiaimne than the high

est recommended dietary allowance (i e , 0 5 mg
per 1000 CaJ ) since whole wheat averages better

than 1 0 rag per 1000 Cal Whole rice and rye may
average tomewbat lower than this but whole oats

may soraetimea contain more thiamine per 1000

Cal than does wheat The bulk of the thiamine

in cereal grams resides in the germ which is re

moved in conventional nulling processes The re

Coed white wheat flour, polished nee or corn meal

(hominy) will keep much better in storage than

the unmiHed grains but the unfortunate penalty

paid for this ‘'improvement ’ is that the bulk of

the thiamine has been ehoiina ted In some regions,

thiamine (synthetic) is now added to the milled

products, with or without other nutrients Such
fortification of white flour and polished nee is

technically and legally referred to as ennchmenl

Dried yeast is the richest of all known sources,

containing from 1800 to 36 000 pg (usually about

10 000 /ig ) per 100 grams Among foods of animal

ORgin lean pork is the nebest source of thiamine

(500 to 1600 /ig per 100 grams), other meats con

tain much less (e g , beef 80 to 300 fig ) Ox liver

contains 350 to 450 mS P^r 100 grams Milk con

taina relatively little thiamine, eggs somewhat
more Oatmeal is & good and cheap source, one

serving supplying more thiamine than 2 cups of

milk or 5 average boiled eggs To illustrate that
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it 13 relativel} easy for Americans and Canadians

to obtain a liberal supply of tbiamine the follosi

mg tabulation (after McHenry) shows the Ihi

amine contribution made bj average servings of &
few foods commonly used in North Aracnca

1 orange 0 12 mg
1 “erving oatmeal 0 22 mg
3 cups milk 0 27 mg
4 slices enriched bread 0 21 mg
1 serving roast beef 0 03 mg
1 boiled potato 0 14 mg
1 serving carrots 0 04 mg
1 serving cabbage 0 00 mg

Total 1 14 mg

Riboflavin

As early as 1917 Emmett and McKim noted
that two gro'ith factors exist in the water soluble

extract of rice polishings one (later called vita

min Bi) that cures rat polyneuritis and another,

more heat stable, that produces v eight gains under

specific dietarv conditions (see Fractionation

scheme on p 017) Fmmett and Luros (1920) found

the same two factors in y east The dual nature of

water soluble B was also shown by Smith and
Hendrick (1026)

Goldbergcr and Lillio (1926) in the course of

their study of pellagra produced a dcQciency dis

ease in rats characterized by ocular changes (con

jufictivilw corneal vasculanzalion and eventually

corneal opacity),and bilaterally symmelriratlossof

hair The factor that prevented these lesions was

heat stable and was called the *‘P P (pellagra

preventive) factor by Ooldberger although bis

admirers called it vitamin G and in Britain it was

called vitamin Bj Meanwhile, other workers

using dilTerent dietary conditions were reporting

di^crent lesions (including a dermatitis so called

"rat pellagra* ) cured by a heat stable factor

Finally it became clear that several different

factors, all more stable to heat than vitamin Bi

,

were involved The discovery that canine blaek

tongue could be induced by diets similar to those

producing rat pellagra seemed an indication of

progress, but in due course, U appeared that

neither lesion was caused by lack of vitamin B*
Birch, Gy orgy and Harris (1935) differentiated the

anti black tongue and P P factor from vitamin

Bj (riboflavin) and the dermatitis factor (vitaimn

B») In 1936 Dann reported that riboflavin did not

cure human pellagra, and in 1937 ScbreJI and his

colleagues confirmed that it did not cure canine

black tongue It was thus obvious by 1917, that

vitamin Bi (nboflaxin) had no direct eonneetion

with pellagra although Us ab'cncc from the ration

may complicate the pellagrous condition Thus the

term vitamin Bj ,
tniltally intended io detignale

the factor that cures pellagra, came in the end to be

applied to riboflavin, the rat grow th factor that is

responsible also for preventing cbaracteristic ocn
lar lesions

CiiEMiSTBT Elucidation of the chemical nature

of vitamin Bj w os rather rapid because at the time
(11)25-1933) a number of workers were studying

fluorescent pigments isolated from sources as

v&ncd as egg yolk, dandelion flowers, grass, milk,

liver, kidney, muscle and retinae Names indieat

log the source were applied (oioflaiin to the sub
stance from eggs, terdofiann from gra^s lacloflavin

from milk, etc ), but subsequently many of these

substsiacea proved to be identical Ivuhn, Gyorgy
and llagner-Jauregg (1933) isolated from egg
white an orange yellow compound with an intense

yellowish green fluorescence which at doses of

100 Mg per day, stimulated the growth of rats on

a purified diet A similar growth promoting fluo

rescent substance was isolated from whey (Booher,

1933) Kuhn suggested that these pigments might

be related to the “yellow enzyme” isolated from

yeast by Warburg and Christian in the preceding

year This yellow respiratory ferment was sep

arated by Theorell (1934 1935) into a protein

fraction and a small molecule (the pigment fla

vin), neither of which alone possessed enzymic
activity The identity of this flavin with the yellow

pigments from venous sources was soon shown
and Its structure was established by synthesis

(accomplished almost simultaneously by two
groups in 1935—Ivuhn and his colleagues at Hcidel

berg and Karrcr and co worlcers in Switzerland)

IVhen the yellow compound CnHiiNiOj was
shown to contain the pento*e sugar nbose at

tached to a dimethyl denvative of i*oalloxazine

the name nho/oMR was suggested

Ribose

H H H

CHt— C—

C

I

i u
H H H

ciij—(3f ^=0
I S I jCH,—C* I C .0 t , iC—

H

I !l

H O
Riboflavin (CuHisNjOi)

Riboflavin cnstallizea from dilute acetic acid

alcohol or piridinc in fine orange yellow needles

ll IS only slightly soluble in water (about 12 mg
perlOOml at 25*) and IS insoluble in ether ehlo

roform and licnzcne Compounds «uch as ure i

propylene glycol and sodium dcsoxycholale in

crease the solubility of riboflavin m water It is

relatively stable under ordinary cooking coneli
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tiona but it Is less stible to bright sunlight than

many other vitamins

The enzjmcs containing riboflavin arc called

flavxtprofeias These enzjmes accept hjdn^a
atoms from specific substrates, thus oxidizing

them, the hjdrogen is then passed on to other

molecules Alternate reduction and oxidation of

the enzyme accomplishes oxidation of one and
then reduction of a different component of the

metabolic ride
The first of those prosthetic groups to be iden

tiCed was the “nbofla\in mononucleotide” of

l\arburg and Christian’s “jcllow cnzjTne” (which

Thcorell had split by dialysis into the protein

earner (apoenzjmc) and the yellow coenzyme)

The nature of the latter was established by Kiilm

and Rudy (1930) as riboflavin 5' phosphoric acid

It is the coenzyunc for three difTercnt sjalems

Uarburgs yellow enzyme, for eytochrome e te

duetase and for L. amino acid oxidase A second

active form of riboflavin (coenzjmc) « riboflavin

adenine dinuclcotide, in which a complex of ndc
nine ribosc phosphoric acid is attached to the

riboflavin phosphate to give a large complex mole
cule with a central pyrophosphate linkage This

compound acts os coenzyme for many svstems.

iRciuding xanthine oxidase, fumaric hydrogenaxe,

the Schardinger enzy me aldchy dc oxidase glycine

oxidase, d amino scid oxidxse diaphorase, his

tammase and other diamuio oxidsses, etc

Ribojlann Deficiency

The role of nboflam in human nutrition is

still somcwliat controt crsul As m animal studies,

the lesions affect the eyes and skm In rats,

failure of growth is followed by dermatitis, loss

of hair, cataract, some nerte degeneration and

reproductixe defects (cessation of estrous cycles,

atrophy of testes) Tlie earlystudies in man were

complicated by the presence (unsuspected, of

course) of other dietary deficicnces One of the

earliest reports of artificial nboflaxm deficiency

m man (Sebrell and Butler, 1938) rexealed (I)

fissures de\ eloping in the lips and at the comers
of the mouth (cheilosis), (2) a sore tongue (in

flamed and smooth) simulating the glossitis of

pernicious anemia, (3) a seborrheic dermatitis

affecting especially the face (ears, nose, forehead)

(4) Sydenstneker has described a yasculanzatioo

of the cornea due to lack of nboflavm (fig 54 2)

The cornea does not normally contain blood

xessels, but when the diet lacks sufficient ribo-

flavin for prolonged periods, capillary loots ex

tend into the cornea, the eye becomes itchy,

light sensitive (photophobia), xusion is poor in

dim hght, and in time the corneal vasculanzation

may load to sex ere mtcrstitial keratitis These

obscrxations ha%e been confirmed in a number of

climcal centers and in sexera! species of animals

Otlicr workers have failed to induce corneal

vascularization m subjects kept for some months

on a diet very’ loxx m nboflavm Several factors

(some not yet understood) may be concerned

Ckimeal changes of this nature, when present,

are not •'ptcific signs of nboflavm deficiency

Some patients with such lesions have responded

to supplements of nboflavm, many have not

Wliereas tlic theJosis and glossitis often respond

to nboflavm alone, sometimes nicotinic acid and

other members of the vatamin B complex are

required to effect improvement

The absence of more profound and specific

effects of nbofUv m deficiency m man is cunous

because nboflann is in the prosthetic ^iip of

so many enzyme systems cataUzmg important

transformations

Riboflavus nFQumExiCNT There is no Inter

national Unit for nboflavan The quantities of

tins (and of most other vitamins available m
cry«talbnc form) are now stated on a weight

ba'is

Tlic riboflavin requirement of man, like that

of mo>t of the vitamins, is not known, although

there is general agreement that the minimal

mtake for maintenance of health lies between

0 5 and 3 mg per day A common method of

expression is to relate it to the energy intake

This IS done because nboflavm is concerned in

the oxidative processes going on m practically all

cells and its lo^ and replacement quota might

reasonably be expected to be proportional to

the energy production Sexrcral lengthy clinical

studies indicate that about 0 3 mg per 1000

Cal of food are adequate The Canadian Council

Fig 51 2 Shoxnng engorgemeDt of the limbic
plexus aad vascularization of the cornea in ribo
naxrin deficiency Xote the loops of ve«®els of the
liDibic plexus penetrating more than half way to
the pupil While areas are corneal opacities



922 NUTRITION AND METABOLISM Section VI

on Nutntion (1950) recommend 0 5 mg nbo-

fla\m per 1000 Cal For an average man con

Burning food to give 3000 Cal per daj this would

be 1 5 mg riboflavin

The "United States Food and Nutrition Board

(1953) decided that the nboflavun requirement

IS not related to energy intake or muscular ac-

tivity They recommend that tlie riboflavin

nllowance be calculated in terms of the lecom
mended protein intake, (although the evidence

relating riboflavin need to protein metabolism

IS sketchy) They recommend 0 025 mg of nbo
flavin for each gram of protein eaten, thus an

average adult man getting G5 grama of protein

per day would need 1 0 mg per day, essentially

the same value as recommended by the Canadian

Council

Sources of kidoflaviv All cells seem to rc

quire riboflavin It is one of the most widely

distributed vitamins The richest known edible

sources are some highly pigmented crustaceans

(dorsal muscles of some crabs contain from 2 4

to above 20 mg per 100 grams) Other good

sources arc liver (0 I to 4 4 mg per 100 grams),

kidney, heart, muscle (meat, foh, fowl), egg

white, milk and growing leafy vegetables

Cow 's milk usually contains between 0 1 and

0 16 mg per 100 ml and posteunration (143 to

146° for 30 minutes) has a negligible effect

Irradiation of milk to increase its content of

vitnmm D does not reduce the riboflavin con

tent but prolonged exposuf<i sunbght does

Milk IS the chief source of dietary riboflavin (3

cups per day provide about 1 2 mg) Cheese,

eggs, meats and vegetables m the diet usually

fail to satisfy the riboflavin requirement unless

some milk is consumed a deficiency may occur

Riboflavon can now be produced more cheaply

by fermentation than by chemical synthesis

Exceptional yields are obtamed from the molds

Ercmothecium askbyti or Asbija gossypti, in sub-

merged culture with continuous aeration and

agitation, yields up to 600 mg per liter in 4 days

have been reported from commercial produceis

Toxicmr The low solubility in water may be

responsible for the low towity of riboflaviD

Oral doses of 2 grams per kg to dogs and lO

grams per kilo to rats produced no signs of tcroc

ity Mice given 5000 tunes the therapeutic dose,

intrapcntoneally, suffered no ill effects In rats

the LDjo’ for riboflavin Cmtraperitoneally) is

560 mg per kg Death occurred in 2 to 6 ^y's

due to kidney concretions, cytological changes

’ This means 50 per cent of the lethal dose (LD)

were also noted in the pituitary, adrenals, pan
creas and heart

NiconvAstiDE AND Nicotinic

Acid (P P Factoh)

Nicotinic acid and its amide have similar phy si

ologicai activities, but it is m the form of ntco

tinanffde that the vitamin is found m its natural,

active combinations Both compounds prevent
pellagra Nicotinamide functions as an essential

unit of several different coenzymea that act as

prosthetic groups for a vanety of enzymes Co
enzyme 1 (also known as cozymase, codehydro

genase, and diphospbopyndine nucleotide DPN)
contains, besides mcotinaraide one molecule of

adenine, two molecules of nbose and two molecules

of phosphoric acid Coenzyme II, previously

known as the coferment of Warburg's yellow en

zyme is a tnphosphoric ester the third phosphate
group being attached to carbon atom 2 of the n
bose joined to adenine, it is now more commonlv
referred to as tnphosphopyndme nucleotide or

TPN

Chesustrt and ruvcTiov of nicotinamide

Nicotimc acid was first obtained by Huber m
1867, by the oxidation of the alkaloid mcotme
Its presence tn biological material was first shown
almost sunultancously by Suzuki and associates

(1912) who obtained it from nce bran dunng
attempts to isolate the antiberiben substance

and by Funk (1911, 1013) who identified it as a

component of his ‘‘vntamin" fraction from yeast

Both observed its inability to cure benbori and
set it aside as of no interest Neither suspected

that they had in hand the cure for another

equally devastating deficiency disease but that

25 years would elapse before this was realized

In 1926 Vickery again isolated it from yeast and

commented that “it has so far not been found in

any other materials than nce polishings and

yeast” Its nutritional importance remained un

known
Nicotinic acid, C|H|OiN, is a white crystalline

substance that is only moderately soluble m
water (about 1 per cent) but which is readily

soluble upon the addition of alkali or acid, due

to salt formation with the carboxyl group or

n

II COOH

i S

HC»i ‘CH

H

CONHi

hA L
Nicotimc acid

(Niacin)
Pyndine-3-carboxyIic

acid

Nicotinic acid araidc
(Nicotinic amide,

nicotinamide
niacinamide)
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l)a?jc mtroKcu 'itom, rtspcctivclj The nmulc is

more soluble in ttater It is siible to beat in

neutral solution but is comerte*! to nicotinic

acid b> acid or alkali

In the United States nicotinic and is known as

itflan This name was coined to make the dts

tinction between the \itamin and tbe alkaloid

(nicotine) clear to the public lest thej get the

mistaken idea tliat "enriched ’ /ootls are being

poisoned b> the addition of the tobacco alkaloid

Ihc terms niacm and niacinamide arc official in

the United States In tlie present discussion the

univ crsallj accepted names w ill be used

Nicotinic acid its ethyl es|cr nicotinic acid

N methjl amide 0 picoline and feveral related

compounds display vitnmm activity, presumably

being rcadilj converted to nieotinamide in the

animal bodj

In 1931 Ilarhurg and Christian found nico

tinamidc in coenrjTne II, which lhe\ showed
accomplishes hjdrogcn transport m celts and a
\ear later von Euler and Ins colleagues found itin

coenzMne I which is necessary for the fermenta

tion of carboh} (Irate Thus by an unusual inver

Sion of tbc ordinary sequence of caents in the

vitamin Geld tbe biological sigmGcance of mco
tinamide was understood before its speeiGc nu
tntional importance was realized It was not until

1937 that Smith and others demonstrated its thera

peutie value in pellagra

The prosthetic groups containing nicotinamide

(coenzysie I or DPM and coenzy me II or TPN)
are unique in that they appear to bo loosely bound
to the protein part of the enzyme system le
they are mobile coenzymes About 40 reactions

Arp inosrxi io be r^ij>}}7ed by eiSber aos nr Imlh
of those coenzy mes For example DPVisspeciGc
for 3 phosphoglyceraldchvdedehvdrogenasc TP\
13 speciBc for isocitric dehydrogenase yet either

can function with glutamic dehydrogenase OPN
occursm all animal and plant cells in which earbo

hydrates are metabolized It effects the conversion

of glucose to gluconic acid of a gly cerophosphonc
acid into phosphoglycenc acid and of ethanol

into acetaldehyde It also effects the di^utation
of aldehyde into alcohol and acid of 0 hydroxy
butyric acid into acetoacetic of lactic acid into

pyTuvic acid and of malic into oxaloacetic acid

The list of reactions catalyzed by DPJJ in the

presence of specific apoenzy mes i c different pro

lejn carriers could be greatly extended A differ

ent list with some common items could be made
for metabolic reactions catalyzed by TPN

Nieotinamide DeJiaejicy

Deficiency of nicotinamide in man kads to

serious consequences Lack of it lias l<?d to the

most senous of the deficiency diseases cncoun

tertd m Nortli \mcrica—pellagra Between 1907

and J937 t)ie tlt'ease was endrraic m the south

cm United States Tlie name ls of Italian ongin

(peUe agra mcaas rough skin) Tiie disease is

ktiowm to bate occurred m Spam before it was
first described by an Italian physician m 1771

In the past century pellagra was endemic in

parts of Fgypt, Rumania and France The skm
especially the areas eximsed to sunlight (face,

neck, hand« sometimes the feet) becomes

bronzed rcumblmg sunburn and later thick

cned Tlie tongue is swollen, glo'sy and ‘ beefy
'

The disc use follows a terrible and inevitable

course from mild psychic disturbances through

dementia to death

Tliat pellagra « undoubtedly of dietary origin

was made clear by Goldbcrgcr and his associates

in 1915 The consumption of maize was recog

oized to be a prorament feature, but some

workers suspected the presence of a toxic prmci

pie or bacterium in tlie com In new of the

relationslup between dietary tryptophan and

nicotinic acid cstablLshed m the early 1950 s it

IS interesting to recall tliat Goldbcrgcr sus

pected that an omino octd dc/laency as well as a

\ntamin deficiency was involved in the etiology

of pellagra

Lixcr and n commercial extract of User proved

to be strongly curative and fractionation studies

were initiated in a number of laboratories The

use of expenmcntal animals m the search for

the curative agent for pellagra led to bewildering

and often contradictory results that were diffi

cult to interpret As mentioned earlier, canine

black tongue is readily produced when young

dogs arc maintained on the Goldberger diet a

dermatitis produced m rats by a simtlar maize

diet was called rat pellagra ' and later a derma

titis of dietary origm in chickens was called

cluck, pellagra In the end it turned out that

the work with rats and chicks was irrelevant to

the disease in man The le'^ions in both species

were cured by extracts of autoclaved yeast and

of hver that cured black tongue m dogs and

pella^a in man but the appellation "pellagra”

was unfortunate and unwarranted m both cases

In 1934 Gy orgy showed that these dermal lesions

of rats are prevented by vitamin B« (pyndoxine)

and five years later Jukes showed tliat the chick

lesions are cured by pantothenic acid

Eventually it became dear that the food

stuffs and hver fractions that cured black tongue

in dogs also cured pellagra in man About this

tune Knight, in London, and others found that

nicotinamide is a growth factor for bacteria In
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1937 Elvchjem, Madden, Strong and 'VS’boIlcy

isolated nicotinamide from a fraction of Iner

extract with marked antiblack tongue activity

and showed that it, and nicotinic acid, were

highly curative The beneficial effect of mcotimc

acid m pellagrous patients was soon established,

and a new era dawned m the treatment of pella-

gra.

Nicotinic acid trtptopiian relationship A
new aspect of the puzsling pellagra problem was
exposed when Krchl and his colleagues in EKeh-
jem'e group found, m 1&45, that extra trypto-

phan could substitute for nicotinic acid in purified

diets of rats addition of cither 1 mg mcolinie

acid or SO mg L-tr^^ptophan per 100 grams of

diet restored growth to the normal rate This

discov ery was an outstanding event in nutntionat

research for, as a rule, vitamins of the B complex

cannot be formed by the tissues of higher am
mals Later work showed that mcotimc acid can

be Bjmthcoizcd from tryptophan with variable

cOiciency in manj species (rat, pig, dog, horse,

cluck, turkej, and others) provided that other

B V itamins (pj’ndoxine, riboflavin and thiamine)

are adequate Tins discovery expbined several

curious paradoxes (1) although wheat and ncc

arc essentially as low in mcotioamide content

as is maize, pellagra is far more prevalent among
maue caters (maize is much lower in tiyptopban

content), (2) milk and milk products arc among
the most valuable pellagia preventing food

stuffs and }ct the} arc knowm to be low m mco-

tinanudc (the milk proteins are, however, very

good sources of tryptophan) The reason for

the special susceptibility of maize eaters to

develop peUagra was at last understood, and

also wh} rats (with good 8}"nthctic powers)

failcxl to develop Icsiot^ and even thrived on

diets that were deficient for monke}"® and pigs

BEQDiREMrvTs AND soxmcEs Smcc dietary

tryptophan can to some extent supply the tissues

with nicotinamide, and since many other factors

arc now known to affect the requirement, exact

information on the human requirements is not

available In 1941 the Food and Nutrition Board

of the National Research Council (United Stales)

estimated the nicotinic acid requuvment of adults

to var} from 23 mg per da> for a very active

man to 12 mg for a sedentary woman Cuirent

recommendations are somewhat lower, 12 to 18

mg for man, 10 to 15 rog for women The Cana

dian recommendations for adults range from 6

to 16 mg mcotimc acid per day

Both nicotinamide itself and mcotimc aeid ma}
be present in foods Animal tissues usually contain

a larger proportion in the form of the amide plant

tissues often have more present as mcotimc acid

For practical purposes the ratios in which they
occur are unimportant as they possess equal bio
logical activity Fish and meat are good sources

kidneys are richer than corresponding muscle, and
liver IS richer still The richest edible and readily

available source is yeast Baker’s yeast contains

7 to 12 mg and dried brewers’ > east from 30 to 90

rog per 100 grams Nuts are richer than legumes
and these, in turn, contain more mcotimc acid

than do most vegetables and cereals Fruits are
poor sources

hiicotinic acid tablets (50 mg ) are sold by phar
roaceutica! suppliers The acid has a marked phar
inacological effect, a pronounced but transient

vasodilator action. An oral dose of about 20 mg
causes flushing and tingling of the skin fall of

blood pressure and dizziness that may be alarming

to patients not warned to expect these effects

Nicotinamide does not have this action Both com
pounds are relatively noatoxic, the ratio of theca

peutie dose to toxic dose being nt least 1 1000

The toxicity of mcotimc acid is lower than that

of nicotiDsmide, the LD|«* for rats being 4 to 7

grains per kg and 1 5 to 1 7 per kg , respective!}

As much as 5 4 grama of mcotimc acid per da}
has been given orally to man without harmful
effect

PiRIDOXJVE (VlTAUIV B|) AND ItS

Aaune and Aldeutde

In the previous section it was mentioned that

when rats were fed a purified died deficient in vit

amm Bt they developed a dermatitis which Gold
berger believed to be analogous to that seen in

pellagrins It was thought that cure of this condt
tionm rats could be used as a test for the P P fac

tor In Britain where the lesion was called rat

acrodynia, Birch GySrgy and Hams (1933) found
that it was cured not by mcotimc acid (the P P
factor) or vitamin Bi (riboflavin) but by a factor

to which G>orgy assigned the name vitamin B«
G}r&rgy’8 substance was adsorbed from jeast ex

tract onto charcoal, from,which It could be eluted

It was found to be adsorbed also onto fuller s

earth from which it could be eluted with baryta

solution Hence, it came to be called the elxtale

/netor, or Factor I Meanwhile, in the United

States a '‘chick dermatitis’ factor was being m
Tcstigated Because it was not adsorbed on fuller a

earth, the chick factor came to be called tbe;flfra/e

/(jefor or Factor 2 ’The use of different sources

(jeast, liver, nee bran), of different adsorbents

and of different test animals led to considerable

eonfusiOQ during this penod The fractionation

scheme (p 0l7) indicates the prominent character

istics that assisted in the fractionation and in

fliienced interim naming of the components of the

vitamin B complex
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a diet deficient in \itamin to tno infants

one developed concisions the other hypo

chromic anemia The‘=e limited ohsen ations made
little impression and were practically overlooked

Tlicn in 1951 an epidemic of concisions among

babies fed a commercial liquid formula occurred

in the Umted States A drj ponder preparation

made from the same formula in the same plant

did not induce concl«iom< Tlie cause nas

traced to excc'^ne destruction of vitamin Bt m
the stenbzation of the liquid preparation Addi

tion of extra pjTidoxinc to tlie hquid formula

ehminated the trouble

VUtcr and his associates produced vitamin B*

deficiencj m patients hj gixing a p>ridoxine

analogue, desoxjpj’ridoxine, winch appears to

have antuitamm effects Some of tlie patients

de\ eloped skm lesions and xanous other effects

were noted that could be cured by giving pjri

doxine It is now generally accepted that vitamin

B| u essential for man
Tor the most part, the therapeutic use of

vitamin Bi has been empirical It has been of

no X alue in the treatment of tlic anemia« Mus
cular weakness has not responded and various

t^pes of nervous disorders and coiwxilsixc seitutea

haxe not been cured The nausea and vomiting

of pregnancy as well as that following A. ray

treatments xxcrc chimed to respond to 10 to 20

mg doses three or four times daily, but there

have been more failures than successes, where

benefit xeas noted It maj haxe been largely psy

chogeme Pyridoxme has been reported to be of

value in chei!o«i3 and post-adolescent ame tvl

garis

1 gram per kg being tolerated without obvious

effect by rats, rabbits and dogs In rats the LDso
oifkH> la 5 5 grams per kg , by subcutaneous injec

tion 3 7 grams per kg and intravenously 657 mg
per kg Tome convulsions precede death in mice

and rata Daily do^es larger than 1 gram per kg in

rats, rabbits and dogs caused impaired coordina

tion mtfain two or three dajs, progressing to se

vere tome convulsions and death in the stage of

paraljsis (Unna, 1910)

Pantothenic Acid

In 1901 the Belgian scientist, Wildiers recog

nized that jeast requires for optimal growth a
special factor in addition to the known nutrients

He called it 5tos and attempted to isolate it Pro
fessorLnsh Miller in Toronto wnthG H W Lucas

and others separated bios into several compo
nents—biOi I (later identified by Eastcott as

meso inositol) and bios 11 The latter was soon

shown lo be a mixture The component called bios

11a Oater louod lobe pantothenic acid) was shown
bj Miller to contain & alsmno which in itself is

sufficient for some yeasts

In I93S B J llilliams and associates isolated

from liver an acidic substance that had a marked
effect on the growth of yeast Because it is found
widely distributed m plant and animal tissues

Milliams suggested the name pantothenic acid

(meaning from everywhere) In the same year

Woolley and others in Elvehjem s laboratory iso

Ktcd the chick pellagra factor (filtrate factor} and
believed it to be identical with pantothenic acid

Within s few months this was confirmed by Jukes
and about a year later Williams and Major at the

Merck laboratories established the structure by
synthesis

CllEMI^BT

/?e5Wiremcn(s, Sources and Toxicihj

The pyTidoxinc rcquirtmtnta of man are not

known A figure of 1 5 to 2 mg per day has btin

suggested, b-osed on animal studies, but it is only

a guc«s Tlie xitamm occurs in the tissues of

plants and animals, often combined m protein

complexes

The richest natural sources of pjTidoxine nre

tho«c foods known to be good •ourccs of the

other members of the B complex, yeast, nec

poli«hings meats, liver, egg yolk whole grams

and gtnns of various cereal grams Cilery, lettuce

an<l green pcpiiers art excellent x egetable bourccs

No natural antagonist is known llic synthetic

antagonist, dc'oxy pyTidoxinc, is pliospliorylated

in the body, and as pliosphonc ester competes

with pyTidoxinc phosphate for the apoenzyme

I’yridoxinc has very low toxicity doses up to

HO cir,

cn, OH

^ CH CO NH CH, CH, COOH

u
Pantothenic Acid

Tins condensation product between pantoic acid

(a qf-dihydroxy 0 ^hmethylbutync acid) and

8 aiamne is a yellow ,
viscous oil soluble m w ater

and labile to acid, alkah and heat Tlie sodium

and calcium salts, which are soluble m water and

cryBtalUne, are considerably more stable

Acetti. COENZTME A (acettl-coA) A specific

functional role for pantothenic acid was soon dis

covered In 1SW2 a stimulatory effect of panto

theme acid upon pynivic oxidation had been ob

serveil in Prolevs morgant Then in ItyiG Lipmann

while studying the acetylation of sulfanilamide by

liver, found that & new coenzyme was involved
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which could not be replaced b> any of the coen

zymea known at the time Also in 1046, Fcldberg

and Mann in England and Nachmanaobn and

Behrman in the United States found that a new
stable cofactor ta necessary for the acetylation of

choline These and other observations on ncetylat

ing systems led to the isolation of a new cofactor,

called coenzjTne A (A for acetylation), and to the

finding of pantothenic acid in it The presence of

1 mole of adenosine, 3 moles of phosphoric acid

and 1 atom of sulfur per mole of pantothenic acid

was soon shown, and the following structure was
finally established by Hoagland and Kovclli

(1951)

phosphate

adenine—nbose—phosphate

phosphate

pantothenic acid

thioethanolaminc

(-NH CHt CHiSH)
CoensjTne A

Coenzytno A acts as an acetvi carrier It is

shown elsewhere that carbohydrate (via pyruvate)

and fat (via aeetoacetate) give ri«e in the body to a
metaboliealli active fragment cootaioiog two car

boo atoms The work of L>oea and Iletcbert lo

Germany, and of many others, culminated in

proof that the “active two carbon fragment’’

or “active acetate" is attached to the —SB group

Pantothenic Acid Deficiency

All species of animals tested (e g ,
rat, mouse,

dog, fox, monkey, pig, chick and others) require

pantothenic acid The effects of deficiency vary

considerably from species to species Deficiency

of this vitamin in the rat results in failure of

growth, achromotnchia (graying of the hair) m
black or brown strains, adrenal necrosis, hemor

rhagic lesions, “bloody whiskers” (porphyrin

caked), “spectacled eyes” (circumocular loss of

hair) and a sticky exudate on the fids, dermatitis,

a spastic gait, and, sporadically in some animals,

anemia and leucopema In chicks, dermatitis

(mouth and eyelids chiefly, feet slightly), poor

feathermg, poor growth with weight loss are

seen, followed by incoordination, paralysis and

death Turkeys, ducks and pigeons react sum
larly to lack of pantothenic acid In dogs, imta

biUty develops and sudden prostration occurs,

respiration and heart beat become rapid and

convulsions lead to death

In man, until recently, no defimte pathok^wd
lesions due to deficiency of pantothemc acid had

been described Perhaps the abundance of panto-

thenic acid m most foodstuffs accounts for this

There is no cndcnce to support extravagant

claims tliat graying or lo^ of hair in man is due
to lack of pantothenic acid One condition has

come to light, “burning feet syndrome," that

may be due to lack of pantothemc acid This

Qtidromc was observed in prisoner of war camps
in Japan and Burma and is common m parts of

India It docs not respond to thiamine, ribo

flavin or nicotinic acid, singly or together Gopa
Ian has reported striking improvement follow mg
daily injections of 20 to 40 mg calcium panto

thenate

RE<3UmEMENP«, SOTOCES AKD TOXICITY No
data on human rcquu-cmcnts for pantothemc

acid arc available The average mtake on differ

ent dietary regimens has been estimated Av erage

(American) diets probably provade between 3

and 12 mg daily
,
with a mean value about 9 mg

The highest excretion on normal diets was 5 3

mg per 24 hours Liver, kidney egg yolk and

fresh vegetables are the best dietary sources of

pantothemc acid Veast and royal jelly are also

good sources Milk, meat, grams, fruits and nuts

are fair to good, corn and nee are relatively poor

sources

The pantothemc acid in foods is reasonably

stable for periods of storage, up to one year,

under proper conditions, c g , eggs and meat in

cold storage, cereal grams, intact or ground, at

room temperature Usual cookmg procedures and

dehydration do not cau^c appreciable lo«s, but

holding products at high temperatures for long

periods (100 to 150® for 2 to 6 days) destroys

much of their pantothemc acid

Little 18 known concerning the pharmacology

of pantothenic acid Its toxicity la very low The
LDtt ,

orally
,
for mice is 10 grams per kg of body

weight, but rats given the same dosage survive

without showing any signs of toxicity Monkeys
weighing 4 to 5 kg

,
fed 1 0 gram daily over a pe

nod of 6 months, showed no abnormality Doses

of 100mg have been given toman, intravenously,

without toxic reactions, doses of from 10 to 20

grams given orally occasionally produced diar

rhea, and in a few patients, edema

Biotiv

The essentiality of biotin for man seems prov en

but whether it ever poses a problem in practical

human nutrition is questionable Biotm defi

meucy has been produced experimentally in

human volunteers Several spontaneous occur

lences have been reported, but because biotin
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occurs so widely distributed in Nature (m wheat

and most other seeds, in animal organs, in jeast,

etc ) endemic deficiencj is unknown

The compleK nature of tVildier s bioa was sug

gested in 1922 bj Fulmer and Nelson Bv 1924

Lash Miller in Toronto had separated bios into

three fractions, all of which were essentia! for

Saccharomyces cereinsiae The identities of bios 1

and of bios Ila (thought to be fi alanine but later

found to be pantothenic acid) have alrend} been

mentioned The third factor, bios Ilb, later given

the name biotin, proved to be identical with vita

min H, a factor that cures the strange condition

known as ‘egg white injury’

Skin lesions, loss of hair, progressive emacia

tion, nervous manifestations and death followed

the feeding of diets containing a large proportion

of raw or commercially dried egg white (Bateman,

1916, confirmed by others) Two women workers

have contributed much to this field M A Boas

Fixscn in 1927 observed that liver and yeast con

tain a ‘ protective factor \, and that cooked egg

white IS not toMC In 1933 Helen T Parsons and

E Kelly reported that small supplements of liver,

yeast or egg yolk to the diet neutralized the toxic

effect of the uncooked egg white The toxicil) of

raw egg white can be eliminated by digestion with

pepsin or with hydrochloric acid as well as by ade

quatc treatment with heat Attempts to isolate

sitnmm II (a name chosen by Gyorgy for this

vitamin because of its ability to alleviate the pe

euliar skin lesions, H for Haul > skin, in German)
from liver and yeut progressed slowly because

the animal assays were laborious and not very

sensitive Identification of biotin (the potent

growth factor for yeast, isolated from egg yolk by
KogI and Tonnis) with the curative factor (vita

min H) was made by Gyorgy, Melville, Burk and

duVigncaud in 1940 Its structure was published

’oy ciu Nigneaud in 1942 and its synVnesis was

accomplished in 1943 by Hams and his colleagues

CiTtMismi, feotmcEs and bequireuevts Bio-

tin, CiolInOj\}.S, IS an acid, sparingly soluble in

cold water and dilute acids, but freely soluble in

hot water and in dilute alkali It is practically

in.'oluhlc in organic solvents

O

A/ \
UN MI

Ili (!lll

11,1: i—(ciio.coon

Biotin (Ci.HuOiNiS)

Anumber ofhomologues (compounds with side-

chains of different length) and analogues (with

oxygen replacmg sulfur) have been prepared,

some of which can substitute for biotin and some
of which are inhibitory Oxv biotin can cure biotin

deficiency m rats and chicks, but larger doses

than of biotin are required Desthiobiotm stunu

lates the growth of yeast (Saccharomyces cere

vtsiae) m a biotm free medium, in contrast, it

acts as an antimctabolite with Lactobacillus

caset, blocking the utilization of biotin The most

potent inhibitors are biotm sulfone and dl homo
biotin (with five methylene groups (CHj) in the

Bide chain)

Biotm occurs in natural products mainly in

bound forms One of these, biocydin, is a peptide

with i^lysine Biocytiu, like biotm, is water

soluble and dialyzable, yet tissue biotin is not

dialyzable until after treatment with acid (pll 3)

or dilute sodium hydroxide The binding is per

haps a peptide linkage since pepsin frees biotm.

For the physiologist and nutritionist one of the

most inlercstmg bound forms of biotin is its

combination with aitdin, a special protein com
ponent of egg w hitc Av idm, so named because of

Iks avidity for biotm, by forming an insoluble

compound with biotm is responsible for the toxic

effect known as "egg white injury ” Avidm is

denatured by heat and thereby inactivated

Biotin bound to andm is not released by treat-

ment with acid or the combmed action of trypsin,

paocrcatm and papain Biotm bound to avidm
P'lsscs through the alimentary tract unchanged

Avidm has been found onlv m egg white (eggs of

hens, turkeys, gees* and ducks) and m the egg

jelly of frogs It appears to be a secretion from

tfrft,vwaww “if. V??a t/cAuiK

The attempks to isolate biotm containing co-

enzymes have not been succc^ful although a

number of enzyTmtic processes have been dis

covered m which biotin appears to play a part

directly or indirectly There is some evidence

tliat biotin-cocnzymes arc concerned m decar

boxylation and in carbon dioxide fixation as well

as m the deamination of aspartic acid, senne and

threonine

The biotiQ requirement of mvny microorganisms

is knowxi but that of man and higher aninuls is

less certain An intake of 150 to 300 iig per day
has been suggested for man Such figures can at

best be called a gueo* Balance studies in man hav e

shown a unnary excretion greater than the intake

in some cases, and the fecal output is often greatly

in excels of the intake This suggests that in man
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sjuthcsis b} intestinal bacteria ma> provide more

biotin than does the food

r iVsiisoBENzotc Acid (PAB\)

In 1935 a new red dje with sjiectncuKr proper

tics was desenbed hi Domagk It could kill hemo
Ijlic streptococci in mice although it lacked this

property tn eitro Tr^foutl and his associates m
France studied a senes of related aso djea and

noted that all the ones displacing this projierly

possess a sulfonamide group in the para position

to the nitrogen linkage Following this lead para

aminobenzene-sulfonamide was tested and found

to be highU active both in into and m ntro Dis

eoveryof the potent antibacterial activitj ofsulf

anilamide was not onlj a milestone »n medicine

causing a tremendous new interest in ehemothcr

ape but led to a new concept in metabolism mz
of antimetaholitcs Woods (1940) fractionated an
antiaulfamlamidc fraction of ^eaat e'clrnct and

obtained a material (with manj ol the properties

of PABV) that neutralized the antibacterial ac

tion of sulfanilamide WTien he tested PABA and

found that it did indeed nullify the antistrepto

eoccal actmty of sulfanilamide he suggested that

the action of the latter was the result of its com
peting with P kBA for no en2> me controlling meta
bolic reactions essential for bacterial growth

Lster Ilubbo and Gillespie (1940) isolated pure

PABA from >cast and showed that 1 mole of

PABA could antagonize 23 000 moles of sulfa

ntlamido Fddes (1940) expressed Hoods theorj

in more general terms by suggesting that PABA
IS an essrnltal » etaboUte although not necessarily

a growth factor for organisms inhibited bysuJf

amlaimde Ansbacher (1941) believed that PABA
is a vilainm necessary for the growth of chicks

and that it acts as an anti gray hair factor m the

rat There is no evidence to support the claim

that PABA prevents or cures the gra> mg of hu
man Iiatr The modern view is that PABA should

not be considered a vitaaiin since its essentiality

IS conSned to microorganisms it is not required

in the diet of animals

CnE\nsTRT

\Hi HCl

HCl ^SOjNHi

Pronto«il

p-aminobenzoic acid Sulfanilamide

PAB V IS a white crj-stalhnc solid that b
readdj soluble in alcohol and ether and ^hghtlv

soluble in water It occurs widelj distributed

throughout the plant and animal kingdom It is

found botli free and m combined forms One of

the better known conjugates is folic acid Thus

the Mcw expressed b> Hides that PABA is

an essential metabohtc cten though it maj not

be a diefcry essential has been sufetantiated

PABA 13 rclativelj nontoxic in either single

doses or on prolonged administration The acute

LDm for mice rats and dogs (oral administration)

IS about 3 C and 1 to 2 grams per kg respective!}

Large doses (20 to 30 grams per da> ) have been

administered to patients with lou<50 borne nckett

Bial diseases (tj phus and Bockj Mountain spotted

fever) without serious pathological changes being

caused bj the drug

Folic Acid (pTEitoYLGLcrtMic Acid PGA)

(Sec also ch 9)

Fiio different fields of work merged in the dis

cover} of folic acid Some groups were fractional

»ng liver extrsets id the search for a cure for per

mcious anemia others were looking for vitamin

M (needed b> taonke>8) and still others were tr}

ing (0 isolate vitamin Be a factor Deeded to pre

\ent hypcrchromic macroc>tie anemia in chicks

Meanwhile microbiologists had found that certain

bacteria e g LacCoixuillus eiuet t and Strepto

coccusfecaht B (formerl} called S laetis R) would

not grow on a mixture of salts sugars amino acids

and known vitairuns but that addition of extracts

of leaves liver or }east would initiate growth

Thus one of these latter groups of workers was
searching for the L caret factor and another for

the S lochs R factor A feature common to the

AsnJaijftD t\! jdJ ogvjUs (j fi far

tors comprising the folic acid complex) is that all

are adsorbed on charcoal and eluted more or less

quantiiatuely bj dilute ammonia Hence the

term nont eluafe factor was al«o applied to the

material before it was isolated asd identified

The isolation of an active agent from spinach

and its wide spread occurrence in green leaves led

to the came folic acid (Mitchell Snell and WU
hams 1941 1944) from /oft uni a leaf

Concentrates from different sources displajed

variable poteacj when tested in different species

For a short period the nature and relationships of

there several closel} related growth factors were
uncertain

Fermentation L easet factor was found to

contam (liree glutamic acid residues and yeast

vtlamtn Be conjugate containosetensuch residues

Pteroylglutamic acid pro luces partial and
sometimes even complete remission of pernicious

anenua and certain other macrocj tic anemias in

man Although folic acid promotes regeneration of

red blood cells it is unable to control the dtgener
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liver L eastt factor” » pteroylglutamic acid foIic acid.

ation of the spinal cord that occurs in pernieioua

anemia In some cases treatment with folic acid

hastens the degeneration Thus early hopes that

folic acid would prove to be the antipemicioiis

anemia factor of liver were dashed

Meanwhile the nutritional requirements of

Leueonosloc eilrotorum were being studied by
Sauberlich and Baumann (I&IS) and isolation of

another unknown factor, the so called ctlfovarum

factor (CF), also referred to as Uueoconn, was
attempted A relationship to pteroyl glutamic

acid was soon discovered The structure of this

now growth factor, now referred to as fottme aad,

18

to be essential m man when the proper test has

been made

Function of Folic Acid

nie primary biochemical role of fohe acid

appears to be concerned with the incorporation

of a one-carbon nmt into a \siiety of essential

metabohies punnes, pymnidines and certain

ammo acids The labile one-carbon unit haa been

referred to as “active formate” or “active form

aldehyde ” Formate precursors meJude the

methyl groups of choline, methionme, sarcosme

and dimetbylglycme, the beta carbon of senne,

{5-forrayl-5.6,7,8 telrahydropleroyl glutamic acid)

It 13 probable that in many biochemical eya

terns fohe acid is not active as such, but that it

must be converted to folinic acid which is (or is

closely related to) the citrovoruro factor (CF)
which seems to be the functional form of the com
pound or is closely related to a more labile inter

mediate (transformylating coenzyme)

Effects of Deficiency

The ptcrojlglutamates arc necessary for mon
keys, chicks, turkeys, dogs, foxes, mink, guinea

pigs anti for rats treated with sulfa drugs (see

ch 9) An experimental dehcicncy of fohe acid

has not been produced in man so it is not possi

ble to state with assurance that man requires it

On the other hand, the proven value of fohe acid

in sprue and the pernicious anemia of pregnancy,

and m megaloblastic anemia m infants, nutn
tional macrocytic anemia and related megalo-

blastic anemias makes it likely that it will prove

the methylene carbon of glycine, and histidine

and acetone Active formate or active formalde

byde appear to be compounds with tetrahydro-

fohe acid that aid m the transfer of one-carbon

umts, le, that act as transformylating coen

zyrocs

Although fohe acid and vitamin Bu have been

shown to play a role m hpotropic phenomena,

the details of the picture are olecure The hpo-

tropic effect 13 clear cut m rats fed certain diets,

on other diets these vitamins may produce no

alteration m liver fat or they may even exert an

antihpotropic effect Neither folic acid nor vata

mm Bi» 13 necessary for tranmethylaiwn Fohe

Bcid is needed for transformylation reactions and

vitamin Bn seems to be concerned in the reduc

tion of formate via formaldehyde to biologically

labile methyl
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The fohc •icifl antngonists nminaptenn (4

amirw) pterojlglulamxc acxd) and methoptenn

{4-{imina-W methyl plcrojlghitamtc acxd) inhibit

the mcorportion of radioictue carbon from

forroate into the nucleic acid punnea These and

other folic acid antagonists haic Ix^n used

therapouticallj m attempts to control leuktmia

in man Remissions ha%e been induced that arc

more frequent and of longer duration than those

common to the natural course of the disease, but

no cures ha\e been reported

SotmcEs AVD TOMcin Substances u-ith folic

acid actiMt\ as measured b\ microbiological

assaj ,
are widclj distnbutcd in nature Most of

the actnitj is present m bound forms (conju

gates) Liver has the highest actiiitj vegelabhs

and manj fruits are nch sources nuts dmd
beans and peas are good sources Folic acid la

sjTithesized bv mtostinal bacteria Tlie extent

to which this occurs affects the dietarj require

ment

Ptcrojlglutamic acid lias verj low acute and

chronic toxicitj

VlTAillN Bis C\A.SOCOBALAMl\

4mmaf ProUxn Factor (APF)

Several papers appeared during the period I0J4

to 1946 indicating that an active substance differ

ent from other knowm dictarv factors improved
the hatchabiht^ of hen s eggs and tncrcasiMl the

growth rate and survival time of chicks fed cereal

rations free from animal protein Because the

factor (or a related substance) was found lo prod

ucts as diverse as liver animal flesh gsb meals
condensed £sh solubles cbickcn clroppiOgs and
cow dung but notm plant materials it was called

the animal protein factor or APF In 1946 Carj
and associates desenbed a new factor \ neces

sarj for the growth of rats It occurred in crude
casein but could be leached out b> suitable treat

ment Factor X appeared to be the same as or

cJoselj related to the animal protein factor

In 19iS Marj Shorb reported that a certain

bacterium LaclobacxUui lactis Borner could be
used to test for and assaj the rat growth vitamin
APF Later work of Shorb Folkcrs and others

suggested that this new factor which they named
vitamin Bn was identical with the long sought
for antipernicious anemia principle The final

stages of the isolation of vilamm Bjj were greatlj

accelerated bv using this bacterial assav method
which m a few hours gave answers that bj animal

tests had taken weeks and months bj (he tedious

and costly clinical tests

Chemistry Vitamm Bn is a red crystallme

substance (mol wt about 13o0) which contains

a metal porphjTin nucleus similar to that of

heme or chlorophj 1! but with cobalt (4 5 per

cent) as the metal It has the most complex

•strutture of anj vntamm known Tlie base di

jncthjllionzimidizQle (which also occurs in nbo-

fln\m) was identified fairlj earlj later it was
shown to be Unkwl to nbo'^c phosphate a 2

ammopropano! unit later sliown to be Dg 1

ammo-2 propanol and a ejamde ion were also

identified The short name cobalamin was pro-

po«id for the active material

k search for other and possiblj richer sources

of tnlnmin Bu led to the discoverv tliat it occurs

in manj animal products but that plant matcnala

show no measurable activitj It now «y?em3 that

niithcr animals nor higher plants can make
vitamin Bu Certain nonphotosj-nthetic organ

isms serve as the primarj source It was from the

firmentation broth of a strain of Streplomyces

gnsens that the workers in the United States

isolated cr> stalling vntamin Bu

rermentatJon broths from other organisms pro

vided several clo«el> related compounda with

equal activitj m the trevtment of pernicious one

mia Thej are related coordination compounds of

cobnll m which the CN ion is replaced by a hj

droxvl group or water molecule The three com
pounds are therefore called ejaaocobalamis

(Bu) hvdroxocobalamio (Bub) and aquacobala

min respectiveU Analogous compounds are

kaonn in which unsatura) nucleotide bases

have lieen introduced bj biosjnthetic means or

m which halogens tbiocjanate or mtnte ions

hive replaced the cjaaide ion

Sexvs wwe to eJivwsJaJe .fir

rangemenl of the recognized fragments in the

antipernicious aneznis vitamin It is of great scien

lific interest that a new tool was used with

outstanding success m solving this problem

The structure of the formidably large and com
plex vitamin Bu molecule was deduced largely

from crj'Btallographic evidence supplied by X ray

reflections (Hodgkin el al ) Using automatic

computers a senes of calculations of succe®«ive

degrees of approximstion to the correct electron

density distribution provided a solution to the

chemical structure of the nucleotide free hexa

carbojtylic acid (CuHiaOiiN tCoCI 2HiO) that

was obtained from vitamin Bu bv alkaline hj

droljsis Elucidation of the structure of such a

molecule from \ ray data represents a great tn

umph for crystallography This information in

conjunction with the chemical evidence accumu

lated during the seven years enabled Todd and
Smith and their associates to propose the formula

CwH«^itN uFCo and the probable structure
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OccuimrvcE Accurate figures for the occur

rence of vitamin Bu ncrc not easily obtained,

microbioiogical a«sa}8, animal tests and clinical

trials frequently gave inconsistent data Man>
values in the earlier literature arc therefore

suspect Plant matenaU show no measurable

activity, animal ti«sue8 and secretions usually

show some, but extremely variable, potency

Rxtracta of human livers and of livers of 26

species of mammals and 3 «pccies of fish were

active in pernicious anemia Estimates of the

amount of vntamm Bn in various foodstuffs

(pg per 100 grams) are mammaban muscle

(horsemeat, beef, porh, mutton) 1 to 5, different

organs showed considerable variability (beef

kidney and liver 15 to 20), egg j oik, I to 3, milk,

traces, cheese, milk powder and crude casern, I to

3 Concentrates of cobalt-containing pigments

from cow-dung and from certain mould cultures

are inactive m pernicious anemia but become

active after digestion with gastric mucosa or

pancreatic ensjTncs

Effecte of Deficiency

The greatest interest in vntamin Bj* concerns

its effectiveness m the treatment of pernicious

anemia Doses as small as 1 to 3 |ig per daj cure

both the hematological and neurological defects

Vitamin Bu is more effective in patients b> in

jection than by mouth Oral dcsos 30 to CO times

the effective parenteral do«e may cause a slow

response m some patients Vitamin Bu has other

physiological effects besides the stimulation of

hematopoiesis It promotes the grow th of animals

fed diets low m the animal protein factor, i e

,

consisting mainl> of protein from plant sources

There appears to be a relationship between Bu
and thjToid activitj but this needs further studj

In vitamin Bu deficiency, rats develop en
larged ktdncjs and elevated blood urea levels

Deficient chicks also show an elevated blood

NPN A nutritional edema preventable bj vita

mm Bu (and also by choline) has been described

m dogs and rats Vitamin Bu, m conjunction

with folic acid, is concerned m the metabolism

of the one carbon fragment including the bio-

synthesis of methyl groups This vitamin is not

involved in transmethylation reactions but it

does seem to be concerned m the reduction of

active formate (5-formyItctrahydrofolic acid) to

active formaldehyde (^hydroxymethyl tetrahy

drofobc acid) with ultimate formation of a

biologically labile methyl group

Inositol

Inositol has been known since 1860 when
Scherer isolated it from muscle and called it

“muscle sugar ’ It was shown b> Maquenne in

1887 to be a hexahydroxy cyclohexane In 1928

Edna V Eastcott first demonstrated its biologi

cal importance when she showed mcsoino'itol to

be the growth factor for yeast called bios I AI

though inositol is essential for the growth of

yeasts and some other microorganisms, its role

m mammalian nutntion is less clear

la 15MO D W B oolley found uiositol to be an
essential dietary factor for a mammal—attempts

to rear mice on a purified diet lacking it, results

in failure to grow and loss of hair Production of

alopecia m mice and rats fed diets lacking inosi

tol has been confirmed by a number of workers

Inositol improves the growth rate of chicks,

guinea pigs and hamsters

Inositol plays some role in fat metabolism al

though the mechanism is not known In fat free

diets lacking cbolme it exerts a small but clear

cut lipotropic effect It exerts a definite supple

mentary lipotropic action in diets containing

choline The presence of fat m the diet tends to

block the lipotropic action of inositol This fact

and Its inability to protect weanling rats from de

vcloping hemorrhagic kidney lesions when fed

hypolipotropic diets showv that it is not a lipo

tropic agent m the usually accepted sense Many
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tCTt books have misinterpreted the data <mi the

hpotropism of jnositoJ (see Best el al

,

1950, 1951)

The 80 called "lipotropic eficct of inositcd under

conditions as here choline is incfleclive” is really a

synergistic lipotropic elTect of inositol in a ration

alreadi containing much more than a maximally

effective dose of choline in the basal diet More
choline obviouslj could have no furtlicr effect

The failure to appreciate that the basal diet con

tamed so much chohno led to the erroneous belief

that inositol possesses some unique hpotropic

properties

CutMiSTRY Inositol, C»HijOi, IS a hexahj

droxycyclobcxane

(A) (B)

Formula A attempts to show the spatial arrange

mont of the hjdrogen atoms and hjdroxyl groups

with respect to the plane m which the carbon

atoms of the ring he Formula B is an abbre

viated but very useful representation m which

the short xcrtical lines represent the position of

the hydroxyl groups As the formula suggests,

nine stereoisomers are possible Tlio tsomer which

IS most frequently encountered m nature, and
which IS important m the nutrition of animals

and some bacteria, was ongioall} cahcci "muscle

sugar,’ but because it is optically inactive it has

also been called t-ino«itol or vieso inositol These

names are mappropnate because there ate six

other optically inactive isomers Lardy has

su^sted that the<e chemically incorrect and
confusing terms be replaced by myo inositol

Inositol IS present in combined forms in yeast

and other microorganisms, in heart muscle,

thyroid, kidney, spleen and testes

REQuraesiEjifT ayd sources No !e«ion due to

lack of inositol is known on man and no role can

be assigned to it in human nutntion or metabo
bsm No estimate can be made of the human
requirement Williams has estimated that the

average mixed diet (2500 Cal ) providea about

1 gram of inositol

Inositol occurs in leaves and seeds It is found

combined xnth phosphoric acid in esters (monD-,

tn and hexaphosphoric) The latter ester (phy'tie

acid) occurs in cereals as a mixed calcium mag

nesium salt called phyttn This compound immo-
bilucs calcium in a nonavailable form and is the

compound responsible for the rachitogenic effect

of oatmeal Inositol has been found m the phos

phatides isolated from soya beans, brain and

livers

Choline and the Ltpolroptc Agente

ChoUnc and the dietary components that

serve as precursors are known as hpotropic

agents (sec ch 49)

The word hpotropic was corned to describe

dietary factors that prex ent the accumulation of

fat in the livers of experimental animals fed

high fat, low protein diets Later it w as show n
that no fat whatever m the food is needed to

produce fatty livers, provided that the ration is

made relatively low in hpotropic agents The
nutritional importance of cbohne was not dis-

covered until 1932 Some workers doubt whether

cholmc should be included with the other B
vntamms The amount required is large (6 to 30

mg per day for a rat) compared with that of

other recogniicd members of the B group whose

requirement is often measured m micrograms,

furthermore, choline is used for structural pur

poses in nervous tissue

In 1924 Allan et al and Usher noted inde

pendcntly that depancreatized dogs mamtamod
with uisulin developed large, fatty hvers Feeding

raw pancreas prevented this Several years later

Hershey showed that commercial egg yolk

lecithin also prevented the development of these

Isttj kiers 2a IPSS Best, Seivhey sad Saats

inan identified choline as the protective agent

Betaine was soon found to possess similar activ

ity

The nature of the protem used m the prepara

tion of rations low m hpotropic action, affects the

amount of fat deposited m the liver Ihe varuble

lipotropic effect of protein seemed to be ex

plained when methionine was found to possess

hpotropic properties Choline, betame and me
thionine are the three hpotropic agents found in

common foodstuffs Sulfur analogues of betaine

CH,
\

CH,—N—CH.CHtOH
CH.'^OH

Choline

CH,

Cri,—N—CH,C=0

CH,^Lo—

!

Betaine

CH, S CHiCHjCH—COOH

NH,
Methionine
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occur in small amounts m some plants The<w

so-called iAe/irts are strongly lipotropic, but

their distribution is limited, and probablj they

plaj a negligible bpotropic role m normal diets

Dietary choline is necessary for normal growth

and continued health in species as varied as rats,

mice, dogs, rabbits, chicks, turkejs, trout, cock

roaches, and mosquito larvae Fatty livers due to

lack of choline have been observed in rats, mice,

dogs, rabbits, hamsters, guinea pigs, calves, pi^,
monkeys and ducklings (It should be kept id

mind that fatty In era may develop from other

causes, such as infections, toxic chemicals, hepatic

anoxia or other deficiencies that interfere with

hepatic function Choline cannot prevent damage
occurring from these conditions ) A prolonged

lack of choline lends to the appearance of fibrotic

changes in the liver, with the eventual develop

ment of cirrhosis Choline deficiencj leads to a
number of other abnormalities Bradjeardia has

been observed in choline deficient rats Sure has

shown that it is needed for normal lactation in the

rat Ucanling rats, calves and pige develop a

hemorrhagic renal lesion that is often fatal and
rabbits develop a nonhemorrhagic renal lesion

preventable by choline Muscular weakness has

been noted in rats and pigs, and muscular dys

troph) in rabbits fed cholmo deficient rations

Bab\ chicks turkey poults and ducklings fail to

grow on diets poor m choline and develop perosis

(a par ilvzmg slipped tendon disease) Many other

defects due to choline deficiency have been de

scribed but cannot be listed here

Besides the well known accumulation of glyc

endes and concomitant increase of eholesteryl

esters in the liver, several other biochemical

changes arc caused b> lack of choline The turn

over of hepatic phospholipids is decreased in cho

line deficiency The prompt increase in the turn

over of liver phospholipid P caused by feeding or

injecting choline is nonspecific, however for a

similar pfTect may be produced by methionine,

c>8tmc or ethanolamine Plasma phospholipids of

rats are decreased m choline deficiency and there

IS a marked reduction in the lowr dcn«itj lipopro

tein fraction of the serum As the liver damage in

rats and dogs progresses to cirrhosis, with pro

longed choline deficiency the concentration of

eholesteryl esters in the blood scrum falls to very

low levels

Ascorbic Acid O'^n'ASfiv C)

As recounted earlier scurvy in man has been

known for centuries and the protective value of

fresh vegetables and fnivts (especially lemons and
limes) was discovered, forgotten and rediscovered

several times IMien Holst and Frolich in 1907

found that guinea pigs develop an analogous scor

butic state progress m the isolation of the cun

tive principle became possible Zilva and associ

atca in Britain, Szent Gj orgj i (192S) in Hungary
and Waugh and King (1932) in the United States

made the major contributions to the isolation of

the “heturonic acid” with unusual reducing prop
erties which was soon identified with vitamin C
The configuration was established in 1933 in Ha
worth’s laboratory m England and within a few
months the synthesis was achieved almost simul

taneouslyby Rcichstcin and associates in Switzer

land and by Haworth’s group

CuEUiSTSY A«cDrbic acid, C«H80i ,
is an

encdiol of the hetone of L-gulonie acid

uo-{!;-n Boka

iniOH iHiOH
Ascorbic Dehyrdroascorbie

acid acid

Vilamm C is a moderately strong acid (pK -
4 21) which IS stable tn the crystalline state but

m solution js readily oxidized by atmospheric

oxygen The product of this reaction, dehydro

ascorbic acid, is also produced quantitatit ely

when iodine or the dye 2,6-dicbloropbenolindo-

phenol acts upon vitamin C These reagents are

u«ed for its determination The dchydro com
pound is readily reduced to reform ascorbic acid

This property of easily reversible oxidation and
reduction is bound up with its apparent function

ID the tissue namely
,
transport of hydrogen

Vitamin C is one of the few \ntamins that

occurs m nature as a smgle active compound,

nr L-ascorbic acid and its re\Dr3ib!y oxidized

form (c/ xntamiiis Aj and At, the scieral active

carotenoid pigments, the iwveral forms of vita

nuns D, E, K, etc ) % itamin C has not been

found m any coenzyme complex, nor has any

"combmed form” been isolated It is one of the

few wafer soluble vitamins for which no accepta

ble microbiological method of assay has been

found Some fruits and vegetables, notably

bananas and cauliflower, contain aicorbtc oxtdase,

an enzvmc which can cause rapid oxidative loss

of vitamin C when the foodstuff is cut or crushed

during preparation for the table

Little was known until recently about the

pretunora of vitamin C, but now evidence

points to the sequence of changes d glucose -*
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D-glucurono y lactone — i<-gulono-7 lactone —

»

i/-ascorfaic acid d Galactose can also function as

procup'or b} a corresponding senes of changes

ITS i> galactoronic acid and i/-ea]actono y-

lactone The change from the i>- to the L-senes at

the second step is remarkable, and it u thought

that the fevs species requmng ^ itamin C do so

because they lack the enzjme needed for this

change

Ascorfcic Actd Deficiency

All species of animals studied haio shono a

need for ascorbic acid m their m«£afcoft»m, but

most species ha\e the abilitj to meet this re

quirement bj bioajTithesis from carboh>drat<!

precursors The quinca pig and primates (includ

ing man) are the on!> ammala Lnomi to requue

vitamin C m the diet Earlj studies were com
plicated bj the failure to realize that this dictarj

pecuhanty 13 limited to a few species Once it

was recognized that the guinea pig is bighl>

susceptible to lack of \ntamin C, and that the

resultmg legions are similar to tho^ seen in

man, experimental studies enabled the sequence

of changes due to N*itamm C deficienc) to be

elucidated

An outstanding feature of \’itan]ui C deficiency

13 the failure to deposit uitcrccUular cement

substances (collagen, osteoid and dentine) Tins

explains the petechial hemorrhages and ecchymo*

scs (related to fragility of the tissues), the pains

m bones and jomts the weakened bones and
badly formed teeth (in children) and loosened

teeth in adults with scur>y There is no corrcla

tion, however, between the intake of Mtamin C
and the incidence of human cartes Although

the final lesions can be attributed to an impair

ment m the funetionmg of the formatnc cells,

the underlying biochemical defect is still not

known The nell known lubiLty to infection, in

both quinea pigs and man, during vitanim C-
deficiencj suggests that the lowered resistance

to infection may be due to unpairment m the

disease resisting mechanisms

Ascorbic acid has been shoiin, both in ruo

and tn ciA-o, to promote the oxidation of tyroaoe

and pbenjlalanme Because other substances,

without antiscorbutic actnity, can also stunu

late tjTOsme oxidation, it is doubtful whether

this interestmg property of ascorbic acid accounts

for its pre\’ention of scurvy

The findmg that ascorbic acid is needed by
the system concerned xntb the con\er«ion of

fohe acid to ctirovorum fachr (fohmc acid} may

fcad to a better understanding of the unclear

relationship between scurvy and anemia

RFQtriBLMEVT Improwmcnts ID food handling

(collection, transportation, storage and process-

ing) ba\e largely eliminated scura’y It is still

occasionally seen, howe\er, on this continent, m
Bntsin and elsewhere among both mfants and

adults

TTie amount of \ntamm C needed to pre\cnt

scurvy, known as the "minimum protecti\e

dose,” appears to be m the region of 10 mg per

day, as established by a carefully controlled

experiment on adult \olunteers at Sheffield,

England (1948) Howc\er, the amount needed

for abundant good health is not known The
uncertainty has led to considerable contro%er=y

The Accessory Food Factors Subcommittee of

the Bntish Medical Research Council concluded

that there is no endence that mtakes exceeding

30 mg per day confer any extra benefit Others

contend that such evndcnce does exist The Food

end Nutrition Board of the National Research

Council, United States (1953) recommends (but

without sound experimental data to support the

values) daily intakes of 75 mg for adults, with

100 to 150 mg dunng pregnancy and lactation

They suggest that children up to 12 yeors of age

should get 30 to 75 tng daily

Hams and his colleagues in Britain attempted

to assc^ the nutritional status of patients with

respect to vitamm C by doing so-called loadmg

or saturation tests which were supposed to reveal

the extent of the rceenes Persons whose diets

have been nch in vitamin C pre'uimably have

their tissues saturated with the vntamm, tho«e

with lower mtakes are pre<mniably m a lower

state of «oturation In partial support of this

concept, a lower urinary excretion of ascorbic

acid 13 usually observed with lower mtakes of

vitamm C This resting level of excretion did not

provide a reliable measure of nutritional status,

however \ better assessment was obtamed by

admmistermg a large test dose of the pure vita-

min each day, for a period, and measuring the

excretion dunng each 24 hours

If the previous diet had been adequate with

respect to vitamin C, the tissues did appear to

be relatively saturated with it because most of

the extra vntanun C m the loading dose was

excreted promptly m the unne The number of

days required to reach a high level of excretion

was found to be related to the previous mtake,

with higher mtakes (75 mg or more per day)

the peak foUoned the first dose, an mtake of 30
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TABLE 1

Typical iitamin content of some common foods

Food * Tbia Ribo-
davin

Niro-

Aevi

Akot
bw
Acid

W/lOB
IB* ter iOO gtamt

Cereals

Corn, maize,

meal bolted 410 0 30 0 OS 1 9 0

Rice

Brown, raw Q 0 32 0 05 4 6 0

While,

milled C 0 07 0 03 1 6 0

Wheat, whole 0 0 55 0 12 4 3 0

Flour (80%) 0 0 26 0 07 2 0 0

Germ 0 2 05 0 80 4 6 0

Dairy products

Butter 3,300
1

trace 0 01 0 1
1

^
Cheese, ched

dar 1,400 0 02 0 42 trace 0
Eggs, whole 1,140 0 10 0 29 0 1 0
Alilk, cow
whole 160 0 04 0 17 0 1 1

Fish, flesh

Cod, raw 0 0 06 0 00
,

22 2

Halibut, raw 440 0 07 0 00 ' 9 2

Salmon sock

eye,

canned 230' 0 04 0 16 7 3 0

Fruit

Apples 90 0 O'! 0 03 02 5

Apricots 2 790 0 03 1 0 03 0 8 7

Bananas 430 0 Oi 0 03 0 7 10

Orange juice 190 0 OS 0 03 0 2 49

Peaches 8S0 0 02 3 Or 0 9 8

Plums 350 0 06 '

0 Ot' 0 5 5

Fowl
Chicken 0 0 OS 5 16 10 2 0

Meat
Beef, lean c 0 OS 0 17 4 7 0

Kidney 1,150 0 37 2 S3 6 4 13

Liver 43,900 0 20 3 33 13 7 31

PQck.raediurti 0 0 58 Q 14 3 1 0

Kidney 13C 0 58 1 74 9 8 13

Liver 14,200 0 40 2 9S 16 7 23

Nuts
Almonds e 0 25 0 67 4 6 trace

Peanuts,

roasted c 0 30 0 13 16 2 0

Vegetables

Beans, dried f 0 67 0 23 2 2 2
Cabbage sc 0 06 0 03 0 3 50

Carrots 12,000 0 06 0 oc 0 5

Kale 7,5tC Q to 0 20 2 0 115

Potatoes 20 0 11 0 CM 1 2 17

Spinach 9,420 0 U 0 20 0 6 59

Tomatoes 1,100 0 00 0 04 0 5 23

TABLE Continued

Food A
,

Thi*
Nico- .

Acid
j

Acid

Yeaat, com
^

pressed
I

lU/IOO
s pf' lOO Iran

28 2
I

Baker a 0 0 45 2 0?'
0

Values for pj ndoxine, pantothenic acid biotin

and folic acid are not given as man^ data nov, in

the literature are known to be unreliable

Taken from United States Department of Agn
culture Handbook No $ 1950

mg per day led to peak excretion after 1 or 2

da}8, patients ill with scurvy required dosing for

7 to 10 days to reach peak excretion values

Similar loading or saturation tests have sub-

sc<iuently been u«ed m studying the mitntional

status of patients v. ith respect to other vitannns

Tlie signiiieance of the findings has not alnays

been clear Tlierc is controversy over tlic value

of some loading test^

Attempts have been made to measure the

vitamin C status of patients by determining the

amount of ascorbic acid m their blood In human
blood plasma, ascorbic acid is normally found in

the range 0 7 to 1 2 mg per 100 ml
,
values

between 0 4 and 0 7 are believed to indicate a

miW deficiency and below 0 4 mg per 100 ml a

severe deficiency There « some evidence that

the ascorbic acid content of the white cells may
have ^atcr diagnostic value than tliat of the

plasma

Di'TTOBUTIov Some fruits and vegetables are

nch sources ol v itamin C (currants, str iwberncs,

citrvis fruits, kale parsley spinach, tomatoes

cress and green peppers) whik others provide a

negligible amount (apples, cherries, jiears, plums,

lettuce, radish, celery ,
beets) Germinating grains

and pubes contain vitamin C Cow’s milk has

very little, 0 to 2 mg per 100 ml (calves do not

need it) Human milk contains about G mg per

100 ml Foods devoid of ascorbic acid include

yeast, e^^is, meat, fish nuts, cereals, bread, dried

peas, beans aiwl com (maize)

*k»ME OTlIlin ACCESSORY FACTORS In lOW ‘'zcnt

Gydrgyi and his colleagues noted that guinea pigs

raised on scorbutic diets did not get as much pro

tection from pure ascorbic acid as they did from

an etimvalent amount of vitamin C provided in

natural food sources, such as citrus fruits and pep

pers The difference was attributed to a new agent
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>\hicb Szent 0>orgji calJed vitamin P because it

occurs in paprika and lemon peel and w as believed

to he concerned muIi capillarj permeabihtj and
fragililN Ollur uorkers have been unable to con

firm the role of vitamin P in capillarj fragility

but it does appcir to improve utilization and/or

storage of vitamin C A number of pure compounds
possess vitamin P activitj These are flavone glu

co«ides rultn (from tobacco and buckwheat),

hespiridin and crtodirtm (from lemon peel) and
escnlin (from horse chestnuts) The pure flavonc

glucosides are much less active than crude concen

trates Thus neither can properly he called vita

min P
Joint stilTncas has been observed m gumca pigs

fed diets rich m mdk (Wulzcn and Bnhra) The
condition has been confirmed in several labora

tones rxtcnsive calcification of the loints, bod>
TV all and cavity occurs, and profound changes have
been noted in (he skull and teeth Difnciiltics in

assaying the protcctiie principle have interfered

With its isolation and identification A number of

steroids possess some antistiflness potency The
subject IS alill m an unsatisfnctorj slstc

As an oiitgroiitli of studies on rhcumaiic fever

(Coburn, IdtS, 1051), U iias found that an active

fraction from egg jolk niH inhibit expcnmental

anaphylactic arthritis in guinea pigs Certain

other hpid rich mitenaU were found to posses',

anti mfiaiamatory activit> , e g ,
peanut (arachis)

oil and soybean lecithin The active principle has

been isolated from the tatter source and identified

as (2 hjdroxjethil) psimitacnide

AkTIMETABOUTES AN'D ANTIVlTAillNS

It has long been knowTi that when a small

alteration occurs in the molecuhr structure of a

metabolite, some (and often all) of its activity is

lost In some cases the new compound may
actually antagomze the biological action of llie

metabolite, it is then called an antiractabobte

About fiftj years ago chemists found that en

zyme action is often inhibited by substances

whose molecular structure resembles that of the

substrate Innumerable examples have since come
to light* Kinetic studies have indicated that

these effects are due to combination of the un

natural substance with the enzyme to form a

* Malonic acid, for example, is a competitive
inhibitor of succmic dehj drogenase

COOH

in.
I

COOH

Malonic acid

COOH

in.

in.
I

COOH
Succinic acid

more stable compound, thus blocking normal

functioning of the enzyme In some cases the

union is so firm that tlie combination is cla'«ed

as MTcvcraible, m such a case the reaction is

essentially a complete blocking, or poisoning, of

t!ic enzjTne In others, a large excess of the

natural substrate can displace tbe unnatural

substance from its union with the enzyme This

latter situation is spoken of as compehhie inhihi

lion AntiMtamms arc compounds (antimctabo

Iites) tiiat antagomze the action of vitamins,

they often function as competitive inlubitors of

vital processes

Antivitamin action was probably first observed

m 103S by Woolley, Strong, Madden and Elveh

jem Dogs suffering from nicotinic acid deficiency

were given two analogous compounds, pyridine

3 sulfonic acid (II) and 3 scetylpyridine (HI) to

see whether these structures retained any protee

live properties Surprisingly
,
the condition of the

dogs was made wor'P

l^^ooon l^^SO.H I^^OOCH,

I n III

About two years later Woods showed (hatPABA
neutralizes the antibacterial action of sulfaml

amide, and ho suggested that this effect is due to

competitive inhibition of some essential motabolte

reaction Fildcs (1010) suggested that a senes of

useful new chemotherapeutic agents might be

produced by synthesizing compounds closely re

sembhng vitamins or eosential metabolites, but
with some small structural change Within a few

months Mcllwam show ed that py ndine 3 sulfonic

acid (II) does inhibit several bacteria that require

nicotime acid, and that growth was resumed when
a large excess of nicotinic acid was added to the

medium Since that time a large number of “anti

vitamins that work m bacterial cultures have

been found Only a few of these have been shown
to exert their effects m animals A few of Ihc'se

have powerful chemotherapeutic effects and are

used in medical practice, eg p aminosalicylic

acid in tuberculosis, pyrimethamine m malaria

and A roethoptenn in leukemia

Several better known exomples of anlivitamins

will be mentioned Pynthiamine (thiamine with

the thiazole ring replaced by pyridine), produces a

characteristic thiamine deficiency in mice Oav
thiamine (in which the ammo group of the py nmi
dine nng is replaced by hydroxyl) also causes

death, but without the signs of polyneuritis pro

duced by the pyridine compound Oxyfhiamine

prevents tbe Jormahon of cocarboxyjase, its di

phosphate prevents utilization of this coenzyme
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Powerful antiriboflaviD activity id mice 19 dis

plaj ed by an analog in which the pynmidine nng
IS replaced by a 2 4 dinitrobenzcne nng Deeoxy
pyridovine (in which the —CIIiOH group on posi

tion 4 IS replaced by CII»l produces signs o£ pyn
doxine deficiency in chicks, rats and man Recent
evidence suggests that the analogueis inactive un
til it IS phosphorylated m the body , the resulting

<‘stcr combines with the apoenzyme and prevents

the normal union of pyndoxal phosphate with the

proteiD(8) to form the ammo acid decarboxyl

i8e(») Methoxypyndoxme (in which the same
—ClIjOlI group IS changed to —CHjOCU*) is an
antivitsmm in chicks, but rats and mice are able

to convert it to pyndoxine
The antituberculosis drug, isontazid, causes

signs of pyndoxal deficiency in man, but not by
competitive inhibition, the vitarrun aldehyde re

acts with Ibe drug to form the inert isonicotinyl

hydrazone of pyndoxal

Fantoyltaunne, in which the carboxyl group of

pantothenic acid is replaced by a sulfonic acid

(SOiIl) group displays competitive inhibition of

the vitamin in a number of bacteria but is not in

hibitory in animals Although pyridine-3 sulfonic

acid inhibits growth of some bacteria it does not

produce nicotinamide deficiency in vertebrates

However, 3 aeetylpyridme does compete in verte

brates, and either nicotimc acid or its amide can

reverse the inhibition, but it is not an antivitamm
for bacteria A targe number of antagonists of folic

acid have been described, two of the more potent

are 4 ammo pteroylglutamie acid, commonly
called aminoptenn and A methopCerin (4 ammo
N'* methylpteroylglutamic acid) From tbe obser

vation that substances containing the 2 4 dia

mioopynmidine nucleus are antagonists of folic

acid ID certain microorganisms, but possess low

toxicity for mammals, has come a powerful anti

malarial drug, pyrimethamine •• Oarsprim A
whole family of hydroxy coumanns substituted id

the 3 position display antivitamm K properties

Even salicycUc acid has anticoagulant action that

is reversible by vitamin K
The combination of avidin with biotm to form

an inactive compound and the interference of pby
tin (m cereals) with the absorption of calcium,

which indirectly affects the requirement for vita

mm D, are examples of vitamin anagonists that

do not act as competitive inhibitors

An enzyme, tbiaminase, occurs in several spe

cics of fresh and salt water fish and other manne
creatures IMien these lake or sea foods are fed

raw to foxes or other animals a form of paralysis

(Cbastek) develops that can be cured by giving

extra thiamine

Antagonists of amino acids, purmes, pyrmu-
dines, of hormones and of other metabolites are

known but cannot be discussed here An interest

mg compound which blocks the citric acid cycle u

fluoroacetic acid It is accepted by cells as if it

were acetic acid and appears to cause no damage
until It becomes fluorocitric acid Here it competes
with citric acid and quickly causes death of the

cell Some plants, by concentrating fluondes from
the soil (when an excess is present) become toxic

to cattle, the seeds of ratsbane contain a poisonous

fluonnated fatty acid which exerts its lethal effect

ID this way Many of the insecticides and herbi-

cides now available act by competitive inhibition

of some vital function of the insect or plant being

conlicAled SVoolley has published a book on anti

metabolites and Albert has recently renewed the

subject
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DIETARY REQUIREMENTS

In planning a diet the following requiremopts

must be taken into account

1 The total caloric value

2 The proportiona of the different foodstuffs

—

carbolij (Irate, fats and protein

3 'llu mineral constituents

} The \itarain content

In order that the body shall not be forced to

con*-ume its o«n tissues for fuel the caloric value

of the ingested food for 24 hours must balance the

energj (nork plus heat) output by the individual

during the same period Tlio basal metabolic rate

IS obtained b> direct dctcriniDation (ch 44) or by

calculation from the subject s height and weight

Tlie average evtra caloric allowances for differ

ent grades of muscular actiMty are given m table

S5d (p 047)

Sample Calculation of Caloric Requirement

T1 0 approximate basal metabolism of an aver

age size man (20 to 40 ) cars of age) may be calcu

latcd ns follows the energy output per square

meter is 40 Calories j or hour (p 764), the average

surface area of I S square meters corresponds to 72

Calones per hour tthile the subject is asleep (8

hours) tl e metabolism is about 00 per cent of this

value during this period about S20 Calones arc

required Tl c basal requirement for 16 wskiog
hours (16 X 72) is about another 1150 Calones The
hourly vrork increment of those in sedentary oc

ciipaliOTis vanes from 20 Calories for wnling to 45

for tailoring while in the more strenuous oecupa

tions It varies from 180 (heavy carpentrj) to S'*©

Esltmaltd 4aJj
Calatt* r<4Hi

«

mrat
Clerk U Her

Mctabolismof sleep (8 hours) 520 620

Basal metabolism (16 hours) 1150 1160

Nonwork allowance (8 hours) 400 400

Work allowance (S hours) 300 3010

Subtotal 2370 5110

10 per cent for BjycciGc di namic ac

tioD 210 510

2610 5620

(mining lumbering) or more To the total so esti

mated 10 per cent is added to cover the increased

metabolism (spcciSe dynamic action) due to the

food Itself

For more precise calculation of the caloric re

quirements other factors must be taken into ac

count e g the body weight and the temperature

at which the work IS performed An allowance or

a deduction of 3 per centis made respectively for

each 10 degrees F rise or fall from the average

temperature (TOT ) Thus if the total metabo
lism as calculated above is 5620 Calories but the

temperature IS 60T the diet is planned for a total

energy expenditure of (5620 + 170) - 5700 Cal

ones In performing certain types of work such as

walking ascending stairs or any work which cn

tails lifting the body or its heavier parts the en

ergy expenditure is more nearly proportional to

the body weight raised to the power 0 7 than to

the surface area

Tlie Relation of Age and Sex to tlie Caloric

Requirement

Women have a somewhat lower basal meta
bolic rate than men and generally speaking

they expend less energy in muscular work, their

food requirement la proportionately less approxi

ma'idij “iii per cerfe di a man s or a’Dout IfyWi to

3000 Calorus per day The calorie intake should

be about 20 per cent greater during the latter

part of pregnancy, and about 30 per cent greater

dunng bctatioD tlian at ordinary tunes

Children require wcight-for weight a greater

food allowance than the average adult for three

reasons (a) Their basal metabolic rate is con

sidcrably higher especially at the j oungcr ages

(b) A proportion of the food materia! is utilized

for building body tissue (c) Children as a rule

expend more energy in muscular activity than the

average adult For example, a boy of 10 years of

age, of average physique and taking an active

part in games, requires a daily energy intake equal

to that of a man—from 3000 to 4000 Calones or

from 60 to 70 Calories per kilogram of body

weijdit per day (average adult requirement, 4C

Calonea per kilogram)

912

Total
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Dunng the first 3 months of hfo the dietary

requirement is about 120 Calories per kilogram

From 4 to 9 months the requirement falls to about

110, and during the ages 10 to 13 months it is

about 100 Calories per kilogram Since a child I

jearof age usual]} neiglis about 9 to 11 kg, its

dietarj energy requirement is about 900 to 1100

Calories Data for other age poups arc shofm m
table 55 1

The Protein Altowanee

A great deal of control ersj has centered around

the question of the protein requirement of the

adult Chittenden, some jears ago, made a study

of the subject in a renes of experiments upon him

self and groups of students, soldiers, and athletes

He showed tliat nitrogen equilibrium could be

maintained upon a total dailj intake of 25 grams

or less of first class protein * Upon an ordinary

mixed diet containing proteins of \ arying biologi

cal 1 alucs, nitrogen equilibrium was establi«hed

on an allowance of between 40 and 50 grams for

a man of average weight (70 kg ) Hus is from

0 6 to 0 7 grams of protein per kilogram Glut

fenden claimed that the larger protein intake rec

onimcndcd b} prevnous observers, (e g , 120 grains

bj Volt) was unnceessarj
,
if not actuall) delcten

ous to health It was contended that the renal

work entailed in the excretionof largcquaotitiesof

nitrogen was conducive to kidney disease Many
other ills were ascribed to the excessive consump>

tion of protein He also reduced the total energy

intake to around 2000 Calories and stated that

the more hberal diets were dictated by appetite

rather than by physiological necessity His sub

jects, he claimed, could carry out their usual ac

tivities just as well upon such a diet and enjojed

better health than they had prevnou^ly upon their

customary fare

Since nitrogen cquihbnum can be established

upon a protein intake ofaround 40 grains per day,

it wendd <5eem unnecessary to give more ITie ex

cess amount must obviously be catabolized to

furnish energy, winch can be furnished more eco-

nomically by non mtrogenous food* or be simply

stored as carbohydrate or fat The weak point la

this argument is, as many cntics of the low pro

* The daily urinary excretion of N on a nitrogen
free diet but of adequate calorie value is around 3
grams Tins represents the catabolism of J8 75
grams (3X 6 25) of tissue protein

» Calories futni’<hed by protein are by far the
most expensive It has been calculated that 1 000
000 Calories derived from cane sugar require for

their production 0 15 acre aa compared with 17

acres necessary to produce the same amount of

energy as represented by beef protein

TABLE 55 1

Efecl of age and sex an estimated

calone requirements

(Recommended daily allowances—F A O
,
1957)*

A;e STcup
j

CaloT es per Day

ttale and
Females Males Females

ytsn

1 1150
'

2 1300 1

3 ' 1450

4 to 6
1 1700

1

7 to 9 2100

10 to 12 2500

13 to 15 ' 3100 2600

!6 to 19 ' 3600 2100

20 to 30 ' 3200 ! 2300

3i to 40 3100 1 2250

41 to 50 3000 1 2150

51 to GO 2S00

61 to 70 2550 1800

Over 70 2200 1600

* Allowances are estimated for individuals en
gaged IB moderate physical activity They are ex

cessive for those id sedentary occupations and low
for laborers

tern dietary have pointed out, that the ability of

the body to adapt itself for a fen months to a

restricted protein intake is not proof that such

constitutes the physiological optimum It has

also been pointed out that custom has dictated

for persons in temperate climates a higher protein

intake than Chittenden s standard The daily pro

tcin mtakc per person in the Umted States is be

tnecn 90 and 120 grams Even the diets of the

Japanese and of the hardier races of India, accord

mg to ftIcCay, contain a greater quantity of pro-

tein than that recommended by Chittenden

Tnbes in India who are accustomed to diets mth
the higher protein contest are healthier and of

betterphysique than thosesubsistinguponamore

restricted protein intake The value of a gener

ous protein allowance is also illustrated by the

report of Ore and Gilks concerning two Afncan

tribeswho, though Jiving side by side eat quite dif

ferent diets The members of the meat-eatingMa
sal tribe are some 5 mches taller and 50 pounds

heavier than the vegetarian Akikuyni, and thew

muscular power is about 60 per cent greater The
Masai are comparatively free from disease,

whereas bone deformities dental canes, anemia,

pulmonary diseases and tropical ulcer are preva

lent among the Akikuyu Arthritis, however, was
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found to be much more common amoi^ the

Masai

Protein probablj plaj-s an important part

which 13 not re%eal(Kl by short term experiments

ba®cd upon the studj of nitrogen balances There

are indications that ph) sical fitness and resistance

to disease arc associated mth tlie higher protein

intakes There is little cMdencc, on the other

hand, tliat a high consumption of protein causes

renal or other diseases Thomas records that the

Greenland Eskimos are almost cxclusn ely camiv

orous, consuming enormous quantities o! meat
(and up to 300 grams of fat per clay), jet renal

and cardio\a«cubr disca'yj is not common among
them The ^krctic explorers Stefanson and Ander

son showed no ill effects, cither upon blood pres

sure or renal function, after Imng for 12 months

upon a diet composed entirely of meat (reported

b-v Licb) The effect of a high protein diet upon
established renal disease la another matter

It now appears than the true protein require

ment for the a\crage man lies about mtdna> be

tween the two extremes of Chittenden and the

older observers A generous allowance is from 70
to 100 grams (somewhat more than 1 gram per

kilogram of bod} weight) and about 15 per cent

le«3 than this for women
Because of the largo differences m the nutritive

value of individual proteins any quantitative

statement on protein requirement must be related

specific proteins or t}*po^ of protein Milk, eggs,

and meat have long been regarded as of excellent

quality, and their superior v alue for human beings

lias been confirmed b} re«earch on infanta and

adults The F A 0 Committee on Protein He
quircment (1957) decided to express requirements

in teiTPS of a rejereiice proiein which they dehned

as of “high nutntne value,” citing the proteins

of milk, eggs, and meat as examples Later, from

a "tudy of human requirements for individual

essentia! ammo acids, a provTsional amtno and
pattern was put forward Whereas neither milk

nor egg proteins correspond prcciselj in coinposi

tion with tlus “ideal” pattern, tliej are similar

It is assumed that a hjTWthetical protein con

taming ammo acids m there ratios would be of

high biological value, falling into the categor> of

a reference protein

The FA O Committee emphasizing the pro-

vasional nature of their recommendations, tenfa-

ti\ ely «uggested 0 35 gram per Kilogram of boily

weight as the average tninimtim requirement of

adults for fiiffk protein Tlie requirement

M greater m children and increases to a maximum
in uifancv Unfortunately, the data are least re

liable m this highlj critical period of maximum
rate of growth Possiblj it is as high as 2 3 grams

per kilogram for suckling infants during the first

few weeks, falling to about 1 5 b} 6 montlis, to

1 0 gram per kilogram at about 3 vears of age,

and levels off between 0 6 and 0 7 grams per kilo-

gram of bod} weight from 6 to 11 jears Just be-

fore pubertj, a short-lived but acute spurt in

growth occurs (in girls at 10 to 14 jears, m bo3‘S

at 13 to IG jTars of age) during which the require

ment for high quality protein is tcmporarilj in

creased, being not lower than 08 gram per kilo-

gram Following this period the requirement falls

slowlj to the adult value of 0 35 gram per kilo

gram of bod} weight

During pregnancy an additional 10 grams of

high quality protein should be added per dav to

the value calculated u«ing the adult factor (0 35),

and during lactation the recommended dail) in

cremcnl is 30 grams In man} pathological states

and during convalescence the protein requirement

IS increased, but it is impossible to give data of

general applicability Exfrcmel} henv} work

Onmbtnng, rmning, harvesting, and the like,

without meclianical aid») caures an increase in

muscle mass and a substantial locrcare in protein

requirement

The empliosis todav is being placed on the

dietar} suppl} of essential ammo acids and total

utilizable nitrogen rather than on the protein con

lent of a foodstuff or ration Knowledge of the

average requirement of human, infants, children,

and adults, for each of tlie essential ammo acids

IS still fragmentary but is becoming increasing!}

available largel} from the laboratories of \\ C
Rore, Ruth M Leverton, L E Holt, Jr

, H II

kWetwW, Maiaii E Bweiwi'^vd, awiM S Duim,
and tbeir associate"' Man} others have made im
portant contributions Onl} eight ammo acids

appear to be frential in the diet to maintain

mtrogen equilibrium m adults Hiatidmc is esren

tial for the growing child Tentative values are

shown m table 55 2 \Miercas the adequacy of the

essential ammo acids determines the nutritional

quaUty of a protein, the pattern of the noncssen

tia! ammo acids is important for several reasons

(a) t}TOsine can spare phen}Ialanine, (b) C}stine

can spare methionine, and (c) unless an ample

8uppl} of nonesscnlial amino acids (or other forms

of utilizable nitrogen) is provided, the need for

essential ammo acids will Ix" incrcared bccaure

the} will be iired to make none<scntial ammo
ftfuU that are inadequate!} supplied !» the ra

tioa

It must be remembered that if one diet is higher
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TABLE 632

Suggested aierage m\nimat requirements for essential ammo aads

(milligrams per kilogram body weight)

ItolcuciDe
1 w 1

SaUuf-msUiDing Acids

Trypto-
ph«n Vtline

1

cyu.. Tout

Infants DO 1 ? 90 90* 85 1 0 1 S5 CO 30 85

1
1

C5
1

Present
i

—
1

Men 10 4 9 9 8 8 4 3* 1 5 11 6
1

13 1
1

6 5 2 9 S 8

,

13 3t 13 2 0 13 2

tv omen 6 2 7 1 3 3 ' 3 1* 4 7 0 5 ' 5 2 ' 3 5 ^ 2 1 9 2
1

1 3 8 2 2 i 6 0 1 1

t

3 4 3 4
1

C S
1

t

3 0 4 2 72
1

• Tjrosrne present (Taken from F A 0 Bulletin No 15 19e7 )

t T\ rosinc absenl

m protein content than another, it is not neces

garily Bupenor, since the biological \alue depends

upon the completeness of the essential amino

acids proa idcd In a erj kv. couotnes is it possible

for the bulk of the popubtion to Inc pnncjpally

on foodstuffs containing high qualitv proteins

In many regions nhcat, rje or millet, nee, pota

toes, maize, pulscs, or cassaa a proaadc the major

proportion of the food eaten None of these eup

plies all of the essential ammo acids m proper ratio

or in adcciaate amount Aa nas pointed out b}

Osborne and Mendel many years ago, certain

combinations of these a-egetable proteins may
supplement each other with marked improacmcnt

of nutntiae properties Tor example, the maize

protein (which is very poor in tryptophane and

lysine), the naa’y bean protein (deficient in methi

omne and tryptophane) and sesame seed protein

(deficient in hsine and >3line) when combined

m the ratio 40 30 30 offer a product that is much
improved nutntionally

The Indispensabxhtij of Fat

Since body fat can be denied from carbohj

drate food it might be thought that dietary fat

could be dispensed with However, this does not

seem to be so Fats provide fat soluble vitamins

and certain fatty acids (hnoleic, linolemc, and

arachidomc) that are essential for health which

cannot be syiit}ie«iaed (at least not at an adequate

rate) by the body If punfied fat soluble vitamina

and essential fatty aads are made av ailable, there

IS no evidence that fats (glycerides) are essential

components of the diet

Although glycendts may not be dietary essen

tials, they increase palatabiLty of the food and

decrease the bulk necessary to provide adequate

calorics

Tile essential fatty acids arc prov idcd pnnci

pally by plant oils lard egg yolk fat, and butter

fat Highly unsaturated fatty acids are abundant

mfisli liver oils but they arc of different structure

from the animal oils and their value as essential

fatty acids is doubtful

Id 1929 Mendel and his colleagues noted that

the grow lli of rats on a fat-cleficient ration is poor,

and m tbe same year, Burr and Burr dewiM s

new deficiency disease (in rats) caused by the

etimmation of all fat from the diet After about 3

months a scaly condition of the skm developed,

bter the tail became inflamed and swollen, and

eventually the tip became necrotic The feet aUo

became swollen and sore TTie hair fell out about

the face, throat, and back, and “ores often ap-

pcareil on the body Kidney lesions led to death

Later, Burr and his associates showed that very

small amounts of either hnoleic acid (CuHrOi
with two double bonds) or Imolemc (CitHsoOi

with three) produced beneficial effects in rats

More recently certain other polyunsaturated

fatty acids (c g , arachidomc, CmHjjO* , with four

double bonds) have been found to po«ses3 ®unilar

activity, although the several members are not

entirely equivalent in protective effect Some re

store growth and cure skin lesions, others only

restore growth Lmoleic acid is the only legetahle

acid that meets all the requirements of the animal

for essential fatty acids Arachidomc acid (found

only in animal lipids) abo restores growth and

cures the ®kiii defects It appears to be from 2 to

6 times as effective as hnoleic acid, depending on

the methods of makmg the comparison Probably
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arachidonic acid is the functional compound and

Imoleic and Imolenic acids are dietary precursors

It has been suggested that conversion (in the

animal) of some of the dietary linoleic acid of

plant origin to arachidonic acid explains the

disappearance of all the signs of deficiency Lino

lemc acid, in contrast, is converted principally to

a SIX double bonded acid which is unable to cure

the sfan lesions but which docs stimulate growth

and fat synthesis The wide spread occurrence in

V egetable oils of glycerides containing bnolcic acid

(soybean oil 50 to 60 per cent, cottonseed oil 40

to 48 per cent, and com oil 34 to 42 per cent)

and the presence m animal fats of arachidomc

acid (lard 0 4 per cent, and butterfat, a trace)

makes it unlikely that deficiency of essential fatty

acids will occur in man or ammals eating a good

variety of natural foods

No data arc available to mdicatc the magnitude

of the human requirement for linoleic or arachi

dome acids Some workers even doubt whether

the essential fatty acids are of importance m hu
man nutrition

There la some evidence, however, that certain

eczematous conditions m the human subject are

due to fatty acid deficiency These subjects show

a loiv content of unsaturated fatty acids in the

blood lipids Babies kept for several months upon

a diet very low in fat often developed a general

ized eczema which was corrected when the fat of

the diet was restored During the period of low

fat feeding, the iodine number of the serum hpida

of these infanta was depressed (Sec Burr and as

eociates ) Fat pork, beans, and peas (vegetables

relatively rich m fat) are prominent items in the

diet of Canadian lumbermen and construction

'J.'kVrk, TbA'dajJ.'y

the former workers may run to 8000 Calories

Another advantage of fat is its supenor "staying

power ” Its digestion and absorption are extended

over a much longer period than those of carbohy

drates Hunger, "emptmess,” and fatigue are ex

pcnenccd much sooner upon a diet high in carbo-

hydrate than upon one containmg a Iibcrsl

allowance of fat The actual efficiency of fat as a

fuel for muscular w ork as show n by Krogh and

Lindhard (p 881) and by Murlin and Marsh is

from 10 to 12 per cent less than that of carbohy

drate It is often recommended that children

be given a larger proportion of fat in the

diet (30 to 35 per cent of the calone mtake) than

13 suggested for adults, 20 to 25 per cent Actually,

V cry little, if any, information is av ailable on the

fat requirement of man It appears that fat and

carbohydnte can replace each other, withm wide

lumts, as a source of energy

Much has been written on the comparative

nutntive value of different fats Better growth of

rata was reported when diets contamtng butterfat

were fed than when corn, cottonseed, coconut, or

soybean oils were u«ed Later it appeared that

this supenonty depended upon the nature of the

carbohydrate m the diet The subject has been

eontrovereial, if there are any differences they are

small

Discovery of a statistical correlation between

the concentration of cholesterol esters in the blood

serum and the incidence of cardiovascular disease,

led to the proposal that the incidence of athero

sclerosis in adults is connected withthecholcsterol

content of the diet More carefully controlled

studies on patients, human volunteers, and am
mala revealed that dietary cholesterol has only a
limited effect on the level of cholesterol esters in

the scrum Epidemiological and experimental

studies sliowed that the fat content of the diet is

the dominant factor Seme workers believe that

animal fats (especially butter) are more deleten

ou3 than vegetable oils The effects of diet on the

walls of the blood vessels and on blood-clotting

are currently being studied with great vigor A
number of dietary factors appear to be involved

m the enigma of atherosclerosis—the kind and
amount of fat, cholesterol, protein, sulfur contain

mg ammo acids, carbohydrate, choline, pyndox
me and possibly other Mtamina, and magnesium,
exercise (or lack of it) and energy bakince are

possibly contributmg factors Much experimental

work is stiU necessary before proper dietary ad
vice can be giv en on this subject The preferential

'!»» «it vagp-tahlft cola, vw Visa kfiiVi. ’Kssm,

mended Hie data currently available do not war
rant any drastic alteration m menus, such as

eompkU elimination of eggs, bacon, and butter,

as advised by some clinicians Reduction of the

mtake of ammal fat to minimal amounts provod

ing palatability and variety may be desirable

HftnereU ConstituerUs {See pp 72, 1003, and 1055)

The mmunal daily requirements of calcium,

phosphorus and iron for the average adult (70

kg m weight) are

Calcium 0 8 gram
Phoaphonia 1 2 gram
Iron 15-20 mg

In childhood and in pregnancy (especially in the

later months) and m lactation the calcium re

quirement is higher tluin that given above For
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TABLE 553

^ccommendecf dutarti aHovancei {reused 1958)*

(Food and Nutrition Board, National Research Council of the USA)

. C»lQn« c*'"™
!

Iron
V lUmin
At (Bil

Nil fin

(\icou
me Acii)

Ascorbic
Acid

1

Vitamin D

/Mini / ems tut lU i fit
1

fit flit / V

Man (70 kg

)

Sedentan
1 2o00

i
70 0 s 10 SOOO 13 1 8

'

IS 75 ~
Moderately active 3200

i

70 0 8 10 SOOO
i

1 6 1 S 21 ! 75
1 S

^ erv active

R Oman (5S kg )

4500
1

'0

1

0 S 10 5000 12 3'

1

1

1 8
'

30 '

1

75

Sedentarv
1

2100
1

58
1

0 S 12 5000 111 1 S 1 15
1

70 —
Moderately active

|

2500 5S 0 S
1

12 SOOO
1

1 3 1 1 6 17
1

70 §

Very active
I

SOOO 58
1

08
1

12 5000
1

15. 1 5 20
1

70 ' —
Pregnancy (latter (+300) (+20) ,

IS 15 cooo
1

2 0 (+3)
1

100 ' 400 to SOO

half)

I-actation (+1000) (+40) 20 SOOO Le| 2 5 (+2)

1

1 150 1 400 to SOO

Children up to 12 1 1

1

'

1

years

Under 1?! 100 per
'

3 to 4 per 1 0 G 1 1500 i 0 4
'

0 6 7 30 400 to SOO

kg ' kg
1

1

1

1 to 311 1300 40 1 0 7 1 2000
i
0 7 '

1 0 8 i 35 s

4 to 6 1700 50 1 0 S 2300 1 0 0 . I 3 11
1 so

' —
7to0 2100 GO 1 0 10 I 3o00 , 1 1 1 5 14

1 GO —
10 to 13

Children over 13 y ears

2500 70 1 2 12 4300 3 1’® ' 75 —

Curls 13 to IS 2S00 ?0 1 3 IS 5000 I 4
1

2 0 SO i

Girls 16 to 30 2400 75 1 3 15 5000 1 2 1 9 1C
'

80 —
Bovs 13 to 15 3100 S5 1 4 IS 1 5000 1 6 2 1 21 '

00
1

s

Bovs 16 to 20 3000 too 1 4 IS 5000 ! S
,

25 ' 100
1
,

-

* Tentative goal toward nhich to amt m planning practical dietanes, can be met b> a good diet of

natural food Such a diet mil atao provide other minerala and vitamina, therequircatenta for irbich are

less well known
t Requirements maj be less if provided as vitamin A, greater if provided chiefly ns the provitamin

carotene

1 1 mg of thiamin equals 333 I U , 1 mg of ascorbic acid equals 20 I U
§ \it3min D IS undoubted!) necessarj for older children and adults tVhen not a\atUble from sun

shine, it should be provided, probably up to the minimum amounts recommended for infants

V Needs of infants increase from month to month The amounts given are for approximateli 6 to S

months The amounts of protein and calcium needed are less if denved from human milk

!j
Allowances are based on needs for the middle year ID each group (as 2 5 8 etc ) and for moderate

activity

Furlher Reeovimendations

The requirement for iodine IS small, probably about 0 002 to 0 DOl mg a day for each kilogram of

body weight (about 0 15 to 0 30 mg daily for tbe adidt) Tins need is easily met by the regular use of

iodized salt, its u^e is especially important m adolescence and pregnancy

The requirement for copper for adults la tn tbe neighborhood of 1 0 to 2 0 mg a day Infants and
children require approximately 0 05 mg per kilogram of body weight The requirement for copper is

approximately one tenth of that for iron

Fatty foods because of their high energy content, are preferred bv men performing heavy work,

especially m cold climates Not only do fats provide 9 Calones per gram, as compared with 4 for carbo

by drates and protein but fat rich foodstuffs are much lower in water content than are carbohydrate-

rich foods (e g ,
butter contains only 15 per cent iwter, bread contains 35 to 40 per cent) Thus, on a

bulk or weight basis, fatty foods are up to four tunes as nch in energy as those low in fat
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infnnts and children up to 12 3 ears the rnuumuio

IS placed at I 0 to 1 2 grams per daj
,
and from 13

to 20 jears at 1 4 for bojs or from 1 3 to 1 0 for

girls In the later montlis of pregnanej
,
when from

20 to 30 grams of the mineral are being deposited

in the fetus, daily allowance should be at least

1 5 grams, 2 grams should be the daily allow-

ance during lactation The best source of calcium

for the gromng child la milk, which contains

about 1 3 grams per quart Other dairy products,

e g , cheese and ice cream, are excellent sources

of calcium Cereals also are rich m calcium

though much of it is not absorbed and retained,

meat contains insignificant amounts of this ele-

ment (sec table 53 3) (p 947)

It is uimcceesary, as a rule, to pay attention to

the phosphorus content of the diet provided that

the protein and calcium of the diet arc adequate,

for protein is relatively nch m phosphorus, and

the latter is associated with calcium m milk, eggs,

cereals, legumes, and several other foods

The <kily requuement of children for uon is,

on a weight basis, higher than for adults, milk

ftd infants, therefore, tend to develop anemia

(ch 0) after the fourth month or so unless giien

iron in inorganic form because milk is \ery poor

in this element Egg yolk, meat, liicr and kid

ney, fruits, and nuts are the mam sources of uxm

The l»sic elements, sodium, pota&sium, and
magnesium, are domed chiefly from cereal«,

fruits, and legetables Sodium chloride is also

added dunng cooking and at the table Tlie aier

^ daily intake is from 10 to 12 grams Many
preparatums of table salt are also sources of 10

dme, since it has become the custom of the manu
fiicturcr to add minute quantities of potassium

iodide to his product The daily iodine require

meat of adults « from 100 to 150 pg Other ele

ments (trace elements), e g , copper, cobalt (for

erythropoie^is), fluorine (for tooth and bone stnic

turc), zinc (for the action of carbonic anhydrase

and insulin), and niangane<m (for erythropoiesis

and the action of phosphatase) are essential, but

arc present naturally in the diet m adequate

amounts

The dietary allowances recommended by the

food and nutrition board of the National Re
search Council, ^\ashlngton, are given m table

$53

The PnorER Proportion or tub Three
Foodstuffs in an Adult Diet

From data given in table 5o 4 one may calcu

late the proportions of the different nutrients con

sumed by the average American citizen to be as

follows

TABLE 65 4

Per eaptla eonsumption of lome major foodt

(United Stales i9W

Lb per

Dairy products (excluding butter) 429

Fats (including butter) 65

Eggs 46

Meats poultry, fish 159

Potatoes (and sweet potatoes) 116

Gram products 173

Dry peas, beans and nuts 16

Citrus fruits and tomatoes 98

Leafy green and y ellow vegetables 111

Other vegetables and fruits 235

Sugars and syrups ! 106

These foods provided average amounts of etr

tain nutnents per day, estimated to be as follows

Energy 3250 Calories

Protein 94 grams

Fat 141 grams

Carbohydrate 403 grams

Calcium 1 05 grams

\ itamin A SSOOIU

CriiHi Calenti

Protein 94 376

Fat 141 1269

Carbohydrate 403 1612

Total 3257

There is no evidence that these calone ratios (ap-

proximately 10 40 50) are proper According to

many authonties both the protein and fat intakes

arc greater than necessary Stare and his asso

ciatcs, at the Harvard School of Public Health,

found the protein requirement (for a 70 kg man)
to be met by 30 to 40 grams of mixed proteins

(50 per cent from white bread), a range of values

consistent with that found by Bnckcr, Mitchell,

and Kinsman Increa'iing the fat content of the

diet can influence protein utilization, when both

are fed at low levels, and there is other evidence

that the nature of the nonprotem calones may
affect the utJization of protein, 1 e , different car

bifliydrates are not slncUij xnlerehangeahU

llie dally dietary allowances recommended by

the Food and Nutrition Board of the National

Research Council (USA, 195S) call for 1 gram

of average mixed protem per kilogram of body
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weight (i e , 70 grams for the a\ erage man or 58

grains for the average ^\oman) These values ap

pear to be generous Tins figure will bo usetl m
the following calculation

Data gi\cn in flccommerKfcd Daily Dietary Al-

hicances (lOiS) support the recommendations of

the British Medical Association Committee on

Nutrition that 20 to 25 per cent of the caloncs

should 1x5 provided ns fat, with slightl) larger

proportions for verj active persons (laborers,

children, and adolescents) Tlicsc proposals would

result m calorie ratios of npproximateli 10 20

70, as mihcatod below

CaUr,„

Protein 70 2S0 9
Fat 67 COO 20

Carhohy drate

Total

530 2120

3000

71

Present knon ledge does not permit us to state

mth exactness the optimal amount of fat com
patible with health, nor the proper proportions

in which the three major fooiUtuffs should be

consumed Balanced nutrition sliould supply suffi

cient caloncs (raainlj as carbohj drate and fat)

hut should avoid c\cc«s, it should provide mm
erals, vitamins, c«sentuil ammo acicL, and utiliz

able nitrogen m adequate amounts and in proper

ratios to calorie intake and to each other
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SECTION SEVEN

The Ductless Glands or Endocrines

(The Endocrine Function of the Pancreas is Dealt
With in Chapter 48)

Introduction

EvoLTJTrov Two methods are u«cd bj the

organism for transmitting messages from one

organ to another First, the nen ous sjstcm forms

an interconnecting mechanism by means of which

rapid communication between different regions is

established And second, chemical sutetancea

called hormones are liberated into the blood from

particular glands, and earned humorall> to exert

specific effects on distant structures These latter

act more slowly, and may ha\ e a more prolonged

effect, than those messages sent by the nervous

stem Tliej arc also of more ancient lineage, for

it has been found that plants, in which no nervous

sj'stcm exists, use various honnoncs (auxins and

others) to influence budding, growth, flowering,

and possibl} other functions In the last 20 ) ears

much work has been dev oted to the study of hor

moncs in the invertebrates Endocrine sjstems

have been described in worms, crustaceans, in

sects, mollusks, and tumcates Particular atten

tion has been paid to the mechanisms controlling

color changes m crustaceans and growth, differ

entiation, and mouUmg m insects It is of special

mterest that m manj of these forms the brain

seems to plaj a dominant role as an organ of

internal secretion Tlic process of elaboration of a

hormone by the nervous 8>stcm has received the

term neurosecrelton Such a process in higher

forms IS discussed more fuUj below The homo!

ogj between higher invertebrate and lower

invertebrate glands is, m many cases, uncertain

Histort The science of endocrinology began

with the observ’ations of Berthold in 1S19, that

removal of the testes in cocks resulted m chan^
m the birds so that the> approached the build

and behavior of the hen, and tliat these changes

could be avoided bj grafting the testes to the

gut Tlie evidence was verj strong then that the

testes liberated some substance into the blood

stream that was responsible for the masculine

features and behavior of the normal cock Claude

Bernard is usuallj regarded as the originator of

present vnews regardmg internal secretion, though

his discovery that the liver liberates glucose into

the blood cannot now be included as an endocrine

phenomenon It was from clinical studies that

modern views of endocnnologj first became clan

fied Semon(l8S3) suggested, and Horslej (18S8)

showed, that mysedemo and cretinism were duo

to failure of thiToid secretion, and Murra> (1801)

reported the benefit accruing to a case of mjx
edema from admmistration of thjroid extract

Later clinical studies suggested that v arious dis

ease states might result from over secretion of

endocrine glands (Greenfield, 1893, Graves’ dis

case, Tamburini, 1894, and Benda, 1900, aero

megaly) The phjsiologieal evidence on endocrine

organs ma> 1^ said to date from the classical

studies of OIiv er and Schafer (1894) on the pressor

principle of the adrenal medulla Oliver and
Schafer (1895) and Dale (1909) on the pressor

and oxjtocie actions of posterior pituitarj ex

tracts, and Marshall and Jollj (1907, 1908) on

the activity of ovarian transplants Bayltss and

Starling (1904) first establi'^hcd that a chemical

substance could be secreted by one organ (in their

case, secretin from the intestinal mucosa) and

carried by the blood stream to exert a specific

effect on distant structures Thej also proposed

thetenn‘Aermonc’(from(fpp«a'—I arouse toactiv

ity) Great impetus was given to the subject Ivy

the studies of H M Evans and hts group on the

effects of hypophj 'cctomy and replacement

therapy m the rat (P E Smith, 1927), on the

estrous ejcle and vaginal smear technique m the

rat (Long and Evans, 1922), on vitamin E and

Its relation to reproductive phenomena (Evans

and Scott, 1922), and on the purification of van

ous antenor pituitary hormones

Structure In the vertebrates the following

organs arc now well establi«hed as endocrine

glands anterior pituitary (adcnohvpophv

PQgtcnor pituitary (neuroh>p»pb>pn),—nvnn.

950
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testis t}i)Toid. adrenal cortet. adrenal medulla,

parathyroids
,
islcte of Langerhansmthenanerpns,

and -various parts of the intestinal mucosa * All

these organs have certain anatomical features in

common Ftrsf, they are typical glanda jcxccpt

the neurobyT^opliy^is w bicli belongs to a special

class of neurosecretory organs) m that they are

composed of masses of sorrrtorv cells arranged

usually m columns or clumps These cells may
occasionally^ as in the case of the thjTOid, .bo

arranged in nUeoh or acini n ith their secretory

product stored mjthe lumen More commonly,

howev cr, the hormones or tlicir parent substances

are stored as granules in the cells Set&nd, al

thwch clgndular_in nature, no duets arc present

Third, *ince tUc blood stream functions os a
"duct” and carries off the secretory products,

they are all nchlv vascularized And fourth, the

passage of the hormones into the vascular stream

is facilitated by the replacement of thicL col

lagcnous connectne tissue fibers by fine reticular

fibers and by the nature of the blood ^csscU

which arc tUm walled sinusoids

Chemistoy The hormones fall into several

chemical groups The ^tuitarv hormones are

proteins or Doh-pepti<le<. the gonadal and grlreno.

corfacal hormones arc steroid*, whereas the thy

roid and adrenomodullary hormones arc composed

of sigipler and smaller molecules. These com
pounds to be surprisingly uniform m their

nature and biological activity throughout the

vertebrates Extracts of sheep thyroid, for e*

ample, are active in amphibia and pitmtanes

from amphibians, reptiles, and mammals acceler

ate sexual development m fish ffowever, it

may be mentioned that antenor pituitary inter

stitial cell etimulatmg hormone from sheep has

a lower molecular weight than the same hormone
obtained from swine, that the vasopressor hor

mone extracted from beef and swine material has

a slightly different ammo acid constitution, and
that growth hormone obtained from subprunate

forms does not appear to be active in man
The HORMONES AJ^3THEIIlnJ^cno^s In order

to study the endoerme glands in detail, it is ad

vantageous to have a general picture of the sys-

tem as a whole first

The pituitary gland or hypophysis is connected

to the 5^ ot the brain by tbepituitary stalk

The anUrtOT pituitary glam^is usually thought to

secrete six hormones The^mes of these, their

* It 13 possible that the pineal and thymus arc
endocrine glands, but little is known ns to their

function at the present time

synonyms, and abbreviations (theirsite of action

being given in parentheses) are as follows

Antenor pituitary hormones

Gonadotrophic hormones

1 Follicle stimulating hormone, FSH
(ovary and testis)

2 Luteinizing hormone, LH, or mterstial

cell stimulating hormone ICSH (ovary

and testLs)

3 Lutcotrophic hormone, LTIL or pro

lactm, or lactogenic hormone (ovary

(m some species) and mammary glands)

4J/ThyTotrophic hormone, TSH (thyroid)

-5p<^Adrcnocortitotropluc hormone, ACTH
(adrenal cortex)

Grow th hormone, or somatotrophic hor

mone STH (body tissues (stimulates

growth))

Prom this outline it may be seen that the an

tenor pituitary has a wide field of action In

addition to exerting a major influence over body

growth (growth hormone) and over milk sccre

tion m mammary tissue (lactogenic hormone),

Its hormones are largely if not solely, responsible

for mamtaiEURg and regulating the functions of

the thyToid, adrenal cortex, ovary, and testes In

the absence of the antenor pituitary these latter

four glands undergo atrophy and a great dimmu
tion in activity

The thyroid gland secretes fhvTnxinp- and small

amounts of tri lodothvronine . hormones which

are responsible for mamtauung oxidative proc

crises m bodily tissues m general The ctfrencf

cortfcr. Me the thyroid
, has no specific target

organ upon which its homones act but by means

of steroidal compounds it exerts a major influence

over carbohydrate, protein, and electrolyse me-
tabolism Ibe gonads also secrete steroidal hor

mones, estrogens and prQj;esterone_in the case of

the oiari/j and androgens m the case of the

iesiea They act both upon tissues in general (as

may~be seen from the changes produced under

their influence at puberty), and upon specific

target organs such aa the breast, uterus vagina,

«eininal vesicles, prostate, and penis

The posterior ptluitary gfawd secretes one or two

hormones Two physiologically active polypep

tides have been extracted from the gland and

obtained in a highly punfied state They have

also been synthesized The aniidiuretie or vaso-,

pressor hormone exerts a regulating action on the

volume of unne, and amount of chloride, excreted

by the kidney In large doses this hormone has a
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pressor action, increases intestinal motility, and

raises the blood sugar The oxytocic hormone

caii'K'S contraction of uterine muscle and of mam
marj tissue It thus aids m the expulsion of the

fi tus from the uterus and of milk from the breast

The adrenal medulla, a gland in se\ eral irajs com
parable with the posterior pituitary, secretes

adrenaline and noradrenaline in amounts nhich

\arj in proportion in different species and prob-

ably in different individuals within a species

The«e tno hormones are secreted dunng times of

emergenej or stress Under conditions of fright,

rage, pam, and similar states, the adrenal medulla

IS activated In general it ma> be said that its

hormones tend to reinforce the action of the sjm
pathetic nervous sjstem and evert widespread

effects, such as increasing the general blood pres

sure, dilating the vessels of skeletal and cardiac

muscle, and raising the blood sugar, which equip

the animal as a more efficient machine for “figlit

or flight
’’

The parathyroid glands secrete a hormone,

often referred to as paralhormone, which has an

important influence over calcium and phosphorus

metabolism

Requlatiov or endocrive activitv—toe

NEUROEVnOCniVB hierarchy and the feed

Fif. 50 1 The relationship between the nerv
ous svstem and endocrine ’sjstem , nerve
pathwav. vascular pathwaj Note that two
glands, the adrenal medulla and neuroh>pophjBi9
are regulated by a direct nerve supply whereas
the activilv of the other glands is controlled by
humoral or hormonal agents carried lo the blood
stream

BACK MECnANisvt The adjustment of endocrine

function to meet the varjang needs of an organ

ismman unstable environment is clearlj a matter

of some importance, but it is onlj in the last few

years that data has become available on this sub-

ject

A few of the glands may be dealt with briefly

at this point The regulation of insulin secretion

by the islet tissue of the pancreas is dealt with

elsewhere (eh 48) Little is known regarding the

control of parathjTOid function It appears un
likely that the parathyTOids are under the control

of cither a secretomotor innervation or of a

trophic hormone from the pituitary Available

evidence mdicatcs that their activity is directly

affected by the blood concentration of calcium

Figure 56 1 depicts various relationships in

volved m the control of the major part of the

ewdoenne system Tlic function of two of the

glands IS dependent upon, and regulated by, a

direct secretomotor nerve supply The neuro-

hypopliysis is controlled by the supraopticohy

pophysial tract from the hypothalamus This

same part of the dienccplialon also regulates

adrenomcdullary actmty by means of nervous

pathways descending m the brain stem and spinal

cord, with outflows to the gland through the

sympathetic chain and splanchnic nerves It is

of interest that the posterior pituitary and adre

nal medulla ore among the most rapidly reacting

endocrine glands and that they are under the dir

ect control of the nervous system with its well

known high speed of response

There can be little doubt that various parts of

the central nervous system (such as the reticular

formation of the brain stem, the temporal lobes

and amy^Ulnirl nuclei., the. fenoLaL Inhea, ami
other regioas), actmg through the hypothalamus,

influence the secretory activity' of the anterior

pituitary which m turn controls the ovary, testis,

thyroid, and adrenal cortex The hypothalamo-

hy pophysial unit may, in general terms, be looktd

upon as a bottle neck between the two great «ys

terns, the nervous and the endocrine The neuro

endoerme hierarchy, central nervous system, and

hypothalamus - anterior pituitary -» target

glands, may be analy zed m terms of tlirce “levels

of actmty ”

1 Intnnsic or autonomic activity of the target

glands This 18 revealed lo thehypophyscctomized

animal In the absence of the pituitary the gonads

how no sign of endoenne function, but the thy-

roid and adrenal cortex still secrete, though at a

very low rate

2 Intrinsic activity of the anterior pituitary
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If the pituitarj gland is disconnected from the

b^Tiotlmlamus, bj section of the pituit*ir\ stalk

and insertion of a plate between the cut ends, or

b} transplantation of the gland to a distant sitem
the bodv, it a?«o shows «ome low level intrinsic

activity As far as can be seen with prc«ent tests,

secretion of FSH and LII coaxes, though LTU,
TSH, and ACTH are still released into the blood

at low rale® Thus, in the pituitarj «talk sectioned

animal the ovane® appear totally inactive (ex-

cept that any corpora lutea prc'-ent at the time of

operation maj lie maintained) whereas the th>-

roid and adrenal cortex show some function The
level of function in the®e latter two glands is

greater than that seen in the bjpophj'ectomitcd

animal, since to the autonomous function of the

target glands is added the autonomous relea«e of

TSH and ACTII b> the anterior pituitary

3 Normal aclivitj The full activitj of the

anterior pitmtnrj target gland s> «tcm is onl> seen

when the centra! nervous sjstem maintains ond
regulates anterior pituitary function through in

tact connection® between the hj poihalamus and
adenohvpophjsis The connections concerned are

the h>poph>«ial porta! vessels of the pituitary

stalk

The hiTOthahmus, then, occupies a kej po^i

tion la rrprd to the endocrine system Not onlj

does it regulate the activ itj of the adrenal roc

dulla and neurohypopbj'sia through direct nerve

suppbes to these glands, but through its influence

over the anterior pituitarj it also reguLates the

&ctt\ itics of the ot ary, testis, th^Toid, and adrenal

cortex The effects exerted bj the ccotral nervous

sjstera over the®e endocrine organs may be sum
manzed as follows

1 It maintama their function at a normal level

In the absence of neural control, the activity of

®ome glands ceases entirely (posterior pituitary

gland) and in the others falls to low levels

2 It is responsible for maintaining rhythmic
activity, such as that of the ovary during normal
sexual cycles

3 It acts as an intermediary between the vaiy
mg external enviromnent and the endocrine sys

tem environmental stimuli, acting through the

central nervous sy'tem, evoke changes in endo
erme activity appropriate to the situation

4 It possibly acts as part of the central tnech

anism involved in the "feed back" action of the

target gland bonaones The anterior pituitary and
Its target glands act in reciprocity For example,

if the blood concentration of tliywoid hormone is

increased, then by some central action the rale of

®ecretion of TSH isreduced so that thyroid activity

and the blood level of thyroid hormone is also re

duced If the blood concentration of thyroid hor

mone falls, the reverse situation is brought abont

Similar reaction® occur with change® in the blood

concentration of gonadal or adrenal cortical hor

niones It is uncertain whether alteration® in the

blood level of tbe target gland hormones elicit

the«e change® in pituitary activity by exerting

fl direct action on anterior pituitary cells, or

whether the hypothalamus is sensitive to changes

in blood concentration of these hormones and in

turn regulate® anterior pituitary activity appro

priately This feed back mechanism whereby tbe

anterior pituitary and its target glands form a

self balancing system, probably acts to stabilize

endocrine activity under basal renting conditions,

rather than to regul ite activity under conditions

calling (or increased or deercaeed function This

phenomenon become® a matter of practical im
portance in con«!dcring transplantation of endo

crineglands JIahted manv years ago, pointed out

that most endocnnetran®pIants take more readily

if a state of deficiency m the host exists for the

particuiar gland concerned This statement has

been verified many limes and has become known
aa IlaUled a PnneipU of Defiaenei/ As an example
of this principle, U mav be «aid that ovarian trans

plants survive better in an ovariectomized animal

than in a normal animal Tlii® is probabh because

tbe ovanectoniized animal has a higher level of

circulating gonadotrophic hormone than has the

normal

In euroroary, then it may be said that the

mam factor xnamtainmg cmloennc actmtj at a

normal level and concerned with regulating this

activity under \ arjTng envnronmental conditions,

the influence exerted by the central nervous

system The feed back mechanism probably

operates as a stabilizing system whereby eodo-

enne luncfion is mainfainerf at a preset /eve/

under constant conditions

The nature of horuoves anti their trans-

port The term hormOTie refers es-entially to a

chemical messenger m the blood stream In the

ca’se of ®oine glands tbe liormone has been identi

fled in the venous blood from the gland or in the

general systemic circulation, but in other cases

data as to the nature of the hormone has licen

surmised from studies on material extractable

from the gland it®elf This latter approach may
be fallacious For example, it is known that the

thyroid stores thy roglobulin, and that this sub-

stance IS degraded before the hormone itself is

hberated into the blood Therefore, material ex

tractable from a gland may represent a precursor

of the hormone rather than the hormone itself

However, in the case of «ome glands, such as the

anterior pituitary, the only mformation availafile

IS denved from studies of glandular extracts Six

punSed and pharmacologically active extracts
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liave been obtained from adenobj pophysial tis-

sue, and although it is convement and customary

to speak of the«e pituitary pnnciples as separate

hormones, there is no means of knowing whether

the actne materials obtained bj rather drastic

methods of extraction are actually secreted as

separate entities by the living gland It may be

that the extraction products of the antenor lobe

represent, as Riddle suggests, “hormone frag

ments” or as Colhp expresses it, ‘ chemically dis

sected” parts which represent prosthetic groups

spht off from a smaller number of larger hormone

molecules The only unequivocal test is the idenli

fication of the hormones, individually and sepa-

rately, m pituitary venous blood The position 13

further compheated by the fact that some hor

mones, such as thyTOXine, become bound to

plasma proteins during transport in the blood,

and by the possibility, not yet established, that a

hormone may need to be chemically changed m
the tissues ticforc it is able to exert its charae

tenstie action

Celluiar actiov avp excbetiov of bob
MOVES It 13 not possible at the present tune to

state the precise nature of hormone action at a

cellular level Two general views are that hor

mones act at cell surfaces or boundanes to affect

cellular excitability or metabolism, or that they

form part of an enzyme system mthin the ceU

It IS too early to m^e a definite statement but

studies such os tho«« of Csapo, on the relation

ship between estrogens and the actomyosin con

tent of utenne muscle and his finding that proges

terone alters the balance of extracelluhr and

mtracellular sodium and potassium os well as the

excitability of utenne muscle, may point the way
to further elucidation of fins difBcuit problem

For detailed discussions of this topic the reviewa

of Hechter (1955) and Levine (1957) may be

consulted

The rate of maclivation or excretion of some

hormones is very rapid For example, ACTH is

quickly lost from the blood fin seconds minutes),

as are the postenor pituitary and adrenomodul

lary hormones Some mformation is available as

to the tissues which inactivate and/or excrete

certain of these substances ThyTOtropbic hor

mone appears to bo inactivated by thyroid and

lymphatic tissue Ihtrogens are conjugated in the

liver and excreted to some extent in the bile

ThyTOxmc is also partly excreted in the bile and

feces Many hormones appear to be partially de-

graded and excreted in the urme («ome anterior

pituitary and placental hormones, ovarian and
' cortico] steroids)

Horsiokes and bebavior Attention has been

drawn abova to the regulatmg effects the central

nervous ay stem exerts on endocrine function The
reciprocal picture also exists It 13 clear that

various hormones act on the central nervous sys-

tem to determme the behavioral response of the

organism to environmental stimuh A simple

example may be taken from the field of reproduc

tive physiology A female cat with a low blood

concentration of estrogen reacts to the attentions

of a male cat with signs of displeasure (spitting

stnkmg with the forepaws) and avoidance,

whereas a female cat with a high blood concen

tration of estrogen reacts with a compheated but

stereotyped pattern of courtship and mating

activities In the climcal field, a sinking differ

ence m mental state is seen m the extreme nerv

ousne&s and irritabihty of patients suffenng from

hyperthyroidism (Graves’ disease) as compared

with the mental apathy and slu^jshne&s of cases

of hypothyroidism (myxedema) Although it

seems almost certain that the«e behavioral

changes are brought about by a direct action of

the hormones on the central nervous system, very

little information is avaibble as to what regions

of the nerv ous system are affected by the different

hormones or indeed to what extent the hor

mones are able to cross the ‘ blood brain barrier
'

Methods of rtudt Studies on an endocrine

organ fall into two groups, those necessary to

demonstrate that a particular organ is a gland of

internal secretion and those dealingm detail with

Its regulation hormones, and mode of action

To establish that an organ is an endocrine

gland several or all of the following critena

should be fulfilled

1 A typical syndrome is induced by its de

stniction by disease or experimental re

moval The initial observations have, m
many cases been made on the human At
tention waa first drawn to endocrine defi

ciencies resulting from castration, tubercular

destruction of the adrenal glands and re

moval of the thyioid from obsenations on

man
2 Substitution therapy The deficiency state

mduced by removal or destruction of the

gland should be reparable by admmistration

of suitable extracts of the gland or by graft-

ing the removed gland into a distant site

m the body The preparation of a suitable

extract may present many difficulties In the

case of the thyrroid gland it was early shown

that a sunple glycerine extract of the cheep’s

gland was curative m cases of myxedema
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Howe-vcr, the tliyroid offered favoraUc cu-

cumstanccs for this demonstration jn that

it stores Large quantities of acti\e matcml
which IS effective wlicn administered bj

mouth Such is not the case for the oUicr

glands, for which delicate methods of chcmi

cal extraction maj have to be developed

before a suitable extract is obtained Ibe
repair of a dcficicno state tran«planla

tion of an endocrine gland to a distant site

in t)ie bod> is a classical procedure in endo

enne studies, and demonstrates that the

organ concerned produces its effects by
secretion into the blood stream, and also

that its activit} is dependent on some hu

moral agent carried in the general circula

tion There is no evidence that the neuro-

hjpophjsis or adreml mcdulLa lias ever

been transplanted and shown normal func

tion This is due to the fact that these glamb

arc dependent on a nerve supply for norma!

function, and cannot be tiLcn as evidence

relaltd to their mode of action In trans

plantation studies attention must be paid

to the source of the material Tissue remov ed

from and transplanted back into the same
animal (aulolransplanl) lias the Ust cliancc

of ‘taking’ and remairung viable Tissue re

moved from a donor anunal and trans

planted into a clo«cly related member of the

same species (homolransplani} often ‘takes,

remains viable for a few weeks and then

undergoes lymphoc>tic infiltration and

absorption Tissue removed from a donor

animal and grafted into a recipient of an

other species {heUrotransplant) is usually

absorbed within a few dajs For this reason,

it is unlikelj that endocrine transplantation

will ever form a useful therapeutic proce

dure The beneficial results occasionally

claimed following the transplantation of

animal material into human cases may m
part be due to absorption of hormone stored

in the transplanted material or to the p&y

chological effects of the procedure

3 Administration of large doses of a glandular

extract should produce signs of overdosage

and a state that is often comparable to dis

ease states, in which a secreting tumor of

an endoenne gland results m the discharge

of excessive amounts of liormone into the

circulation For example, excessive dosage

with thyroid or adrenocortical iiorroonea m
the human produces states similar in many

way’s to Graves’ disease and Cushing’s syn

drome, respectively

After on organ has become established as a
gland of internal ^cretion the following maior
points require investigation

1 Tlic factors regulating the activity of the

gland A change m the external environ

mental conditions exerts a powerful influ

cnee on the activity of many endocrine

glands Thus, the gonads of many seasonal

breeding forms are activated by increased

l^nods of illumination, a fall in environ

mental temperature leads to increased func

lion of the thyroid gland stresses and condi

tions of emergency excite adrenal cortical

and medullary activity, and so on The
physiological mechanisms by which such

factors influence endocrine function still re

quire further inv estigation In order to study

these factors it is advantageous to have a

simple and quick measure of glandular activ

ity From the point of view of the organism

os a whole, the most exact definition of such

activity IS, the amount of hormone secreted

into the blood in umt time In order to ob

tain this estimate it is necessary to know
the rate of blood flow through the gland and

the hormone content of the artcnal blood

entering, and the venous blood leaving, the

o^an Ideally
,
it is desirable to be able to

make such ob'icrvations m the unancsthe

tired animal At the present tune this is

barely possible, bo that indirect measures of

glandular activity are generally u'ied, such

as obscrvmg the effect the hormone exerts

on some process or target organ (e g ,
vaginal

epithelium m the case of the ov anan hor

mones, basal metabohe rate for the thjTOid

hormones), or observing the concentration

of the hormone in the general systemic cir

culation or the rate of excretion of the

hormone or its degradation products in the

unne

2 The analysis of the biochemical processes

occurring m the gland Sunple substances

(glucose, ammo acids, inorganic salts) are

extracted by the gland from the blood, con

verted into more complex compounds (ster

Olds, polypeptides) and secreted back into

the blood A rudimentary knowledge of the

chemical changes involved has been ob-

tamed in some cases Radioactive iodine has

been a valuable tool m analy zing such proc

esses m the thyroid, and the use of the arti
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ficially perfused gland with blood containing

C** labeled substrates has aided materuUly

m work on the adrenal cortex In the case

of other glands, such as the anterior and

postenor pituitarj, ^cry little data exist

Such information maj be of much practical

use In cases of hjperthjTOidisra it is possi

ble to administer antithjroid compounds

which block the organic binding of lodme

hj the gland and so pre\ ent the secretion of

excessive amounts of hormone

3 The camago and fate of hormones in the

blood Knowledge as to the carriage of hor

mones m the blood (le
,
whether as a com

plex with plasma proteins), the metabolic

changes undergone m the tissues, and the

processes of mactivation and excretion of

the hormones are largely dependent on the

development of reliable a'j^ay methods for

the hormones in body fluids

4 The mechanism of action of the hormones

at an. organ, cellular and organelle lex el iVs

mentioned above, very little know ledge has

80 far been obtamed on this topic
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THE PITUITARY GLAND OR HYPOPHYSIS CEREBRI

Oripin anil Structure

The average weight of the human hjpophysis

IS about 0 5 gram It is slightly heavier in females,

e‘’peciall> m those who have borne children, than

inmale** Itsaveragedimen^oosare 10mm (eagit

tal) b> 13 rom (transverse) b> 6 mm (vertical)

ft hes within the email cavity formed bj the setla

furcico of the sphenoid bone which is clo‘'ed above

b> a thin membrane, dia'phragina tellae, except

where it is pierced bj the pituitary etftlh The
stalk Connects the pitmtary gland below to the

hypothalamus of the brain above
The pituitarj bod> consists of an anterior and

posterior part readily separable along a natural

ime of cleavage, which represents the original,

embrjomc eavitj of Rathke’s pouch (see below)

Until recently the two parts of the pituitary were

generally referred to as the ontertor and posterior

lobes, and the stalk as the tn/undibufum Tltougb

these terms are still u*ed somewhat loosely, it is

preferred, for more precise description of the

bypopby sis, to employ a someaclaturo ba«ed upon
the origins of its different parts The pituitary has

a dual ongm m the embryo—from the ectoderm in

the roof of the primitive mouth (stomodeuoi) ju*t

in front of the buccopharyngeal membrane as well

as from the b3«e of the brain In the early embryo
a pouch extends from the stomodeum to meet
a corresponding hollow diverticulum prolonged

downward from the Boor of the third ventricle

The evagination from the primitive mouth is

called Ratkke's pouch Through pressure upon its

posterior wall by the downgrowth of nervous tis

sue, this wall of Rathke’s pouch is approximated
to the anterior wall and the cavity reduced to a
cleft or (in the human) to a row of vesicles The
Original stalklike connection of Rathke's pouch

With the stomodeum, known as the erantopha

ryngeal canal, also becomes largely obliterated,

though a remnant may remain as a "pharyngeal

pituitary" (embedded in the muco«4 on the dorsal

wall of the phary nx) and other fragments may id

later life give n“e to tumors situated m the an
tenor wall of the sella turcica The original cavity

of the neural element of the pituitary disappears

completely in man, so that the pituitary stalk

becomes solid, though in some adult animals, such

as the cat, this cavity persists and communicates

with the third ventricle It should be mentioned

that bilateral diverticula of Rathke’s pouch, the

tttUrat lobes, climb upward to surround the upper
end of the stalk and give rise to the pars tuberalis

The part of the pituitary which originates from
Rathke’s pouch has a glandular structure and is,

therefore, called the adenohypophysts The portion

developed from the brain is knorrn as the neuro

hypophysis Each division of the hypophysis is

subdiiidedintotbreeparts Thu«,the neurohypo

physis consists of the expanded distal portion, the

tn/undi6ul<ir process or neural lobe, the nervous

part of the stalk, known as the infundibular stem

or neural stalk, and the expanded upper end of the

stalk, which IS the median eminence ol the tuber

cinereum Jt is importaat to realize that all three

parts of the ceurohypophyiis are glandular and
may liberate hormone into the blood stream The
tissue of the neural stalk and median eminence

constitutes about 13 per cent of the total neuroby

pophyaial tissue The adenohy popbysis consists of

the pars tuberahs (a thin strip of tissue surround

log the median eminence and the upper part of the

neural stalk), the pars intermedia (that portion

posterior to the cleft and in contact with the

neural lobe), and the pars disiahs or anterior lobe

(the mayor secrotery part of the gland lying an

tenor to the cleft) The development and different

parts of the gland are summarized la figure 56 2

and table 50 1

The neural stalk, together with its sheath, the

pars tuberahs, is known as the hypophysial or

pituitary stalk *

Tbe pars distalis is richly vascular, showing

numerous blood sinuses between cords of cells

The cells fall into two mam groups, (a) ehromo

pAobe or reserte cells which possess no granules,

slam lightly
,
and apparently do not secrete, and

(b) chromophil cells which contain large numbers
of granules which stain readily (they are believed

to elaborate the secretions of the anterior lobe)

On a basis of the character of the granules, the

chromophil cells are grouped again into two

varieties (a) acidophil (or a) cells which stain

more readily with and dyes, and (b) basophil (or

p) cells, which have a greater affinity for basic

*The spelling ‘hypophysial’’ is correct The
alternative "hypophyssal” became current as the
result of a inispnatm one of Dr Harvey Cushing’s
monographs
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staios The three t> i>ce of cells (chromophobe and

the t«o types of chromophil cell) are scattered

indiscnminatelj throughout the pars distalia The
proportions found in man by Ra»mu''sen, acre

around 50 per cent chromophobes, 35 per cent

acidophils, and 15 per cent basophils It now ap
pears that the chromophobes represent mother
cells and, by development, give nse to either acid

Fio 66 2 The embrjological development of

the different parts ol the pituitary The neuro
hypophysis consists of three parts, the median
eminence infundibular stem, and infundibular

process, and the odenohypophjsis also of three
parts, the pars t-abtra\rt, pits mteimedva, and
pars distalis In some forms (such as the whale
and elephant) a thick connective tissue septum
extends upward between the infundibular process

and pars intermedia, to merge with the connective
tissue wedge illustrated in the diagram Bowcver,
mall forms the pars tuberalis encircles the median
emiMnee and forms the bed of a vascular path
linking the median eminence and the pars distalis

opbils or basophils Catchpolc (1947) first stained

glycoproteins in anterior pituitarj ba«ophil cells,

u«iDg the periodic acid SchifC method (PAS) Since

then two subdivisions of the basophils have been

distiDguisbcd in the rat gland by the use of special

stains Halmi refers to these as 0 and S cells,

whereas Purves and Gnesbach, who u«ed the PAS
method, termed them gonadotrophs and thyro

tropha on the ground that they believe them to

secrete gonadotrophic and thyrotrophic hormones,

respectively Dawson and Fnedgood have de

scribed two classes of acidophils on the basis of a
special azocarmioe stain The ordinary acidophil

cell stains orange, whereas the “carmine tell,”

which they believe to secrete luteinizing hormone,

stains a bright red It is of interest that the gona

dotrophs, thyrotrophs, and carmine cells have

their own distinctive distribution m the pars

distalis Under special physiological conditions

variations of the above cell tjpes become di«cem
ible After castration certain basophils undergo

enlargement and vacuolization, with displacement

oi the nucleus to one side of the cell They thus

have the appearance of a signet ring, and are

termed “signet ring ’ or ' castration cells ” Other
cell types described are “thyroidectomy cells

'

and ‘pregnancy cells ’’ The pars intermedia is the

least vascular part of the pituitary In «ome forms

(cat, rabbit) it forms a well marked, thick layer

but ID the human it consists of only a few cells

It is common to find cysts of v&nous sizes, con
taming a hyaline or colloid material, in the region

of the pars intermedia The pars tuberalis resem
bles the pars distalis in being constituted of cords

of celts separated by blood sinuses The cells,

however, are nongranular

The three parts of the neurohypophysis—the
median eminence, infundibular stem, and process

—are composed of similar tissue which is different

from that of the hypothalamus proper in vital

staining properties, vascular supply, and cytology

Naked eye inspection of the region would lead

one to draw the line of demarcation between the

neurohypophyBiB and hypothalamus at the level

of the infundibular stem whereas it is in reality

at a con'tderably higher level This fact has im
portant implications when considering various ex

TABLE 56 1

Orijin Prunsrr Subdixisions

From primitive buccal

cavity

1

Adenohypophysis 1 Pars distalis (anterior lobe)

2 Pars tuberalis

3 Para inlermedu
|

> (Posterior

From floor of third ven- '

tncle

Neuiobypophysis 1 Infundibular process neural lobej lobe)

2 Infundibular stemK,
, , ,,

„ . >J»eoral stalk
3 Median eminence

J
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pcnmental findings concerning the neuroh>poph

J 818 The tissues of the neurohjpophysis consist

of (a) a profusion of unmjclinntetl nerve fibers,

(b) fusiform cells with several pr£)ce««ea and con
taming granules of a brow n pigment in their cyto

pla«m (the ptfutejifes of Buej), and (e) numerous
Wood ve««el<, neurological cells, mast cells, and
hyaline bodies The hyaline bodies arc of histone

interCiit, m that Herring (lOOS) put forward the

vicir that theactjve matcrjal in the posterior lobe

IS derived from bn«ophil cells of the para inter

media migrating posteriorly into the neurohy

pophysis, and becoming transformed into hyaline

ma«®es Thc«e hyaline m.a"«es, ho supposed, were
traveling up the pituitary stalk to be liberated

into tbe cerebrospinal fluid in the third ventnclc

and there to evert their action on the nerve cen
ters in the hypothalamus This view was current

for many y ears and had the support of such au
thorities as Harvey Cushing However, it now
seems clear that tbe neurokypophyeta pa^'cs its

secretion directly into the blood stream

The evtent to which the adenohypophj sis makes
contact with the neural lobe vanes considerably

It may almost entirely surround the latter (cat),

or in some forma (elephant, cetacea armadillo) is

separated from the neural lobe by a connective

tissue septum However, lo all forms examined the

pars tuberalis establishes contact with the neural

stalk

yTlIP BLOOD 8DPPLT Of THE UTPOPriTSlS (fig

56 3) The vascular territory of tbe neural lobe is

separated from that of the median eminenco and
adenohypophysis It is supplied by posterior or

inferior hypophysial arteries and drains by short

veins into the surrounding venous einu«cs

Tbe blood supply of tbe pars distaiis may be
compared with that of the liver in that itpossesoes

a systemic artenal supply a portal supply . and a
venous drainage The tenoua drainage is similar to

that of the neural lobe m that it pas-es by short

wide veins into adjacent venous sinuses The arte

rial supply vanes in difiereot forms The rabbit

pituitary is supplied by a branch of one internal

carotid, usually the left, arising and penetrating

the gland at a level below tbe ibaphragma -ellae

However, Daniel and coworiers claim that tbe

pars distalis of the human, and some other forms,

lacks a direct artenal supply The portal supply of

the pars distalis was first deaenbed by Fopa and
Fielding (1930) in the human, and their anatomical

findings confirmed by Wi'locki and others m many
lower forms Tbe general arrangement of the ays

tern 13 as follows Small arterial twigs from the

circle of Wilhs supply a vascular plexus situated

in thepars tuberalis, which in turn supplies a mul
titude of capillary loops or tufts situated in the

nervous tissue of tbe median eminence and in

fundibular stem These capUlanes are known as

the primary pfarus of the hypophysial portal tesaelt

FiQ 56 3 Diagram of a sagittal section through
the pituitary gland (below) and hypothalamus
(above) of a rabbit, showing the blood supply of
the gland The anterior and posterior hypophysial
arteries (a and 5) are derived from the internal
carotid artencs The arterial twigs (c) to the pars
tuberalis and the primary plexus of tbe portal
ve««el3 in the median cnunence are derived from
the internal carotid and posterior communicating
arteries The venous drainage (d) p3«ses to sur
rounding veoous sinures in the dura mater or in
the basisphenoid bone In many forms the arte
nal supply to the pars distalis (a) is reduced or
appears to be absent In these cases the portal
vessels may form tbe sole blood supply to tbe
anterior pituitary gland (From Bams )

They dram by means of large vascular trunks

which pa^s down the pituitary stalk to distribute

their blood into the sinusoids of tbe pars di*tal>s

These ves<>els, therefore, start as capillaries in

tbe median eminence and end as sinusoids in tbe

pars distalis (fig 56 4) Since tbe median eminence

18 part of the neurohypophysis the entire extent

of the portal vessels is contained within the by

pophysis and they should be referred to as the Ay

pophysial portal cetteU and not aa tbe hy'pothal

amo hypophysial portal vessels When it became
apparent that these vessels might form an im
portant part of the functionaf fink between the

central nervous system and the pars di«talis of

the pituitary, and be involved in some neuro

bumornl mechanism whereby tbe nervous sy stem

controls snlenor pituitary activity, they were re

investigated in detail and the follow ing significant

points established (a) They are present in all the

major clasces of vertebrates (Green, 1951), (b) the

direction of blood fiow la these portal vessels is

from the median eminence down to tbe pituitary

(this was observed by microscopic examination of

the ves'>els in living amphibians, rats, mice, and
dogs), and (e) after cutting the pituitary stalk

they have marked powers of regeneration so that

investigations on the effects of pituitary stalk sec

tion must be earned out on animals in which a

plate or some impervious barrier is placed between

the stalk ends

The nerve scpplt or the htpophtsis (fig

56 5) The adenohypophysis receives a very scanty

innervation, if any at ell From time to time it baa

been suggested that the pars distalis might be
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Fio 66 4 Photograph of anterior aspect of
pituitary etalk of man The blood vessela have
been injected i^ith neoprene latc'c Note the prom
inent trunks of the portal vessels These vessels

start as capillaries in the median eminence (HS)
of the tuber einereum and neural st ilk and carr}

blood downirard into the sinusoids of the anlenor
lobe {PD) (From \tiereb Prichard and Daoiel

)

Fio 56 5 Diagram of a sagittal section through
the pilnitary gland show lOg the large nerve tract

derived from the supraoptic and paraventricular

nuclei and other nuclei of the hv potbalamus,
which innervates the ncurohjpophjsis A few
nerve fibers penetrate into the pars intermedia

(From Hams

)

innervated from one or more of three sources (a)

b> nervefibers from the hypothalamo hjpophjsial

tract in the pituitary stalk, (b) by the carotid

sympathetic plexus, and (cl by a parasympathetic

innervation derived from the greater superficial

petrosal nerves However, the most careful histo

logical studies (Rasmussen 193S, Green 1951)

have failed to reveal any innervation of the secre

tory cells The scanty nerve fillers seen in the

anterior lobe are (as seems to be the case with

some other endocrine glands, such as the thj roid

and adrenal cortex) in all probability vasomotor

in nature Such a view is supported Viy recent

studies with the electron microscope

The Beiirohj/popAysi* 18 richly innervated by the

kypotkalamo hypophysial tract from the hypothal

amus These fibers originate in the supraoptic and

paraventricular nuclei in the hvpothalamus and

probably from other as yet undetermined nuclei

The number of fibers in this tract has been esti

mated at 10 000 (rat) 50 000 (dog monkey) and

100 000 (man) They are fine unmyelinated fibers

they may be stained with one of the silverimpreg

nation methods or with the Gomori chrome alum
haematoxylin method Their origin has been dc

(crroioed by microanatomical studies and liy the

fact that the supraoptic and paraventricular

nuclei undergo retrograde degeneration and lose

some 00 per cent of their cell« if the nerve tract

IS cut above the median eminence Their termina

tion IS in close proximity to blood vessels in all

three parts of the neuroby pophy sis This has been

clearly established by such studies as those of

Bodian (1051) on the neurohypophysis of the opos

sum In this animal a more orderly architecture

prevails in the neural lobe than in most other am
mals In recent years great interest has centered

around the neurosecretory potentialities of this

nerve tract (see below)

Tlie Pliysiology of the Vdenohypophysis

The aclenohy pophy SH is the master gland of

the endocrine system Many difTcrint types of

effects liave been identified with this part of the

pituitary Most of these actions can be produced

by one of the "ix purified extracts that have been

obtained from anterior lobe ti».sue The«e extracts

are, by common usage, referretl to as hormont^

and are known as (a) the groiclh or somalotrophic

hormone (STII), (b) the thyrotrophxc or Viijroid

stimulating hormone (TSII), (c) the adreno

corficofrop/iic hormone ( \CT1I) (d) and (e) the

tfonado/ropAic hormones {follicle stimidaling hor

mono (FSH), and lulcininng hormone (LII)), and

(Oprofoefm or foefopenw hormone (in somcspicii s

also gonadotrophic, and known as luleotrophic

hormone (LTH)) ’

*The Third International Conference on the
Standardization of Hormones has recommended
that the suffix tropic in the adjective qualifying

the hormones of the anterior pituitary be replaced

by trophic (see Collip), and that the termination

Irophin be used in forming the name of the hor
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Tie eSccU 0/ hypophxjscctonvj Tlic results of

earU \\orkonh3’popbj'!cctoin> ncro complicated

b} tbc fact that the operation m\oI\(d n trans

temporal intracranial approach to the gland, with

the n«k. of concurrent damage to the hj*polhaIa

mus It was at fir«t thought that rcmoial of the

pituitarj was f ital within a few cla^•s The dead
opment of the parapharjngcal operation b\ P E
Smith, m which hjpothalamic mjurj is aaonlcd

ehowed that hipophi-Jcctomizcd animals tnaj

sur\i\c for long pcriocU, though their life span

la ultimatel} shortened In this operation the

gland is rcmoicd tlirough a trephine hole m the

base of the skull Tlie diaphragma sellae rrmanw
intact, and the infundibular stem and metlian

emmenco (of the nourohj'pophj-'sis) and the pars

tuberahs (of the adenohj pophj sis) arc left tn sttn

These remnants maj be •sufficient to preaent signs

of ncurohjTlophj «ul tleficiencj (•'ce below) but

important abnormalities result from the Icxss of

anterior lobe horraoacs T!ic‘*e are (a) arrested

growth, (b) atrophj of the gonads and, mdirpct!>,

of the accessor) organs of sex, (c) «aipprcssion of

milk secretion and inaolution of the mammary
glands, (d) atrophy of the thyTOid and adrenal

cortex, (e) lowered metabolic rate, (0 a tcndenc)

to hypoglycemia, and an increased sensituaty

to insulm and reduction m In cr and mu^'cle gjy co

gen, and (g) dcpre«.«ion of spontaneous actnaty,

and duntnished resistance to infections and «hock

With the ad^ ent of hj pophj'scctomj as a thcra

pcutic procedure for mammarj caremoma and

other conditions, many of these ctTccts lia\c been

observed m the human, though the position Iicre

Js usually complicated by the ncceasarj replace

incnt therapy with IhjTOxine and cortisone

It may be mentioned that m some fish and in

amphibia the lo«8 of the pars intermedia hormone

(intermedin) results in a siUcry, albino appear

ance This is due to contraction of the melano

phores of the skin No deficit due to Joss of this

hormone js known in mammals

The GtowIH or SomatolrophK Hormone (STH)

The first indication that the pituitarj gland

exerted an effect on bodj growth came from the

observations that human cases of acromegaly and

mone (e g thyrotrophin) Tlie suffix tropic la

from the Greek trepein to turn, and in this sense
has been used m such terms as hehotropic geo
tropic etc The suffix trophic is derived from
the Greek word Crophein to nourish or nurture
and 13 therefore more appropriate as an ending
for those pituilarj hormones which affect the
development and growth of other endoennes The
tropic ending is also accepted usage

giganiism commonly haxc pituitarj tumors, and

that hypophy'scctomized dogs (Crowe, Cushing,

md Homans, 1910) tadpoles (Smith, 1910, Allen,

1016), and rats (Smitli, 1930) show reduced body

growth In 1921, Eians and Long showed that

injection of an extract of ox pituitary resulted

in gigantism m rats

Punfietl preparations of growth hormone have

been prcixircd from both ox and pig pituitary

tissue Such preparations have been reported free

from other active contaminants and to behave as

a homogeneous substance to various phj'uco

chemical tests Tlic data mdjcates tliat the mate

ml IS a protein, with amolccuhir weight of 45 000

to 50,0(K) It IS compnrativcl) insoluble m water

and lias an isoelectric pomt at pH 6 85 It is des

trojed bj pcp«m and trypun It is not active

when given b> mouth After injection it remains

m tbc circulation some 9 hours

The source of grow th hormone appears to be

tbc acjdopljil cells of the anterior pituitary The

evidence is that acromegaly and gigantism m man
arc o«30cu»ted with ovcnccrcting tumors (adeno*

mata) of this cell type and that pituitarics of

dwarf mice arc lacking m acidophils

Tlic lo«s of growth hormone resulting from

hjpophjscctomj results in two raam deficits m
the organism—a rcxiuction in the rate of body

growth (fig 5G C) and disturbances in metaboli«m,

espcciallj of proteins and carbohydrates Growth

does not always cease m the hy pophy «ectomucd

animal but may continue at a greatly reduced

rate, perhaps 50 per cent of the normal The fact

that in the absence of the pituitary, nutotic

figures appear in the mammary glands of partu

nent rate and that hyTiertrophy of the remammg
kidney follows unilateral nephrectomy ,

al«o dem
onslrates tiiat STII is not the sole factor controll

mg growth Growth of the hy pophy 'cctomized

animat is fav ored, at least transiently
,
by the

provisian of a nutritious diet by insulm admmis-

Fiq 5G6 Hypophyscctomized puppy (nebt)
and litter male control (left) 3 montlis after re

moral of the hypophy sis when 3 w eeks old (From
Dandy and lUckeit

)
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tratiOD, or by androgen therapy Further, bypo-

physectomy affects the growth of gome tissues

more than others Thus rats hypophy^ctomised

at 6 days of age die at about 75 days, smce growth

of the skull fails to keep pace with that of the

bram Removal of the pituitary results in a sink-

ing mcreaso in sensitivity to insuhn In some

animals, such as rabbits, this results m a certain

mortabty from hypoglycemia during the first few

days after operation If placed on a restneted diet,

hypophyscctomized rats show a greater loss of

body weight and a greater loss of body protein,

but lc«3 of fat, than the controls The deposition

of protein is clearly an essential part of growth

processes The fasted hyiiophysectoratred animal

rapidly develops hypogly cemia and shows abnor

mally low h\cr and muscle glycogen stores

Tlie effect of anterior pituitary extracts on

growth was first demonstrated by Eians and

Long These workers found that an alkaline or

saline extract of the gland when gi\en daily by

mtrapentoneal injection (but not by mouth) ex-

tended the growth period beyond the normal

limit Some of these animals finally attained a

sue larger, by 100 per cent or more, than that of

their untreated litter mates (fig 66 7) The effect

was usually greater m the female Similar results

have been obtained m dogs Gigantism, acromeg

aly (p 989), and splanchnomegaly have been

produced in bulldogs by Putnam, ^nedict, and

Teel ikiredalcs Boston terners, and dachshunds

ha\e been shown by others to respond to such

an extract (fig 56 6) Adimnistration of growth

hormone to adult rats produces more uniform

body growth than m adult dogs This is because

the epiphysial cartilages of rats do not fuse so that

the limbs retain the potentiality of growth in

length (cf the effect of acidophil adenomata m
the immature and adult human) The width of

the epiphysial cartilage is reduced after hypophy-

acetomy Grow th hormone exerts a specific stimu

lating effect upon such a cartilage The cartilage

tells become enlarged, actiie osteoblasts appear,

the whole plate becomes thicker, and a zone of

newly formed bony trabeculae develops Studies

with radioactive calcium show that the rate of

deposition of calcium in the cartilage is acceler-

ated 1:^ STH As might be expected, the stimulus

to growth 13 accompanied by an increase in the

body stores of protein and o positive nitrogen

balance The extra mtrogen stored under the m
fluence of grow th hormone is deposited as protem,

mamly in the muscles Some muscles of the rat

have shown an increase of mtrogen content of as

much as 60 per cent under these conditions These

changes are imtiated quickly Within a few hours

after admuustration of STH to a fasted animal,

the concentration of free ammo acids m the blood

and tissues decreases That this is due to protein

anabolism is shown by the simultaneous decrease

m urea formation and excretion

The anterior pituitary gland is related to carbo-

hydrate metabolism m many ways Houssay first

showed that dogs made diabetic by pancrea

tectomy showed a marked aOiehoration of the

diabetes if subjected to hypophysectomy Such a

preparation, known as the Hovtsay deg, may live

for long periods without msulm They are, bow
ex er, in a state of unstable cquihbnum and easily

become diabetic or hypoglycemic if subjected to

adverse conditions These observations show the

antagonistic infiuences the pituitary and pan

ereatic secretions exert over carbohydrate metab-

olism Tlus fact was again emphasized by the

classical work of Young, who ^owed that ad

ministration of antenor pituitary extracts to adult

dogs and cats for period of several weeks might

result m a permanent state of diabetes mellitus

Such anmials show severe damage of the pan

crcalic islet tissue This early study, performed

with cnide pituitary extracts raised several ques

tions, 13 the diabctogemc activity a property of a

known pituitary hormone or not? and, why are

immature dogs and cats, us well as adult animals

of some other species such as the rat, resistant

to the diabetogeme activity of pituitary extracts’

With the advent of purified extracts it became

clear that diabetogenic effects are assoewted w ith

the growth hormone Diabctogemc action can be

demonstrated even with the most highly purified
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preparation and is apparently a property of the

growth homiono mokcule itself In replj to the

second question, it has been suggested that the

%anabilit> of the diabetogenic activit> of STH
in the j oung as opposed to the adult dog, and
in different species, is due to \anation in the

capacity of the pancreas to sccrtto insulin Ad
ministration of growth hormone results in eerlain

metabolic efftcts which elicit increased secretion

of msuhn If the pancreatic response is adequate

then protein deposition and growth ensuw In the

adult dog and cat, ho\ve\cr, the pancreatic rc

spouse fails, “exliaustion atrophj" of the islet

ti«sue occurs, and a state of diabetes suponcncs

In tlu3 context it ma\ be noted tliat rata, which

are resistant to the diabetogenic action of pitui

tarj extracts, maj respond to such extracts m
the fasting states with a hjpogl>ccmui, h>pcr

trophj of pancreatic tissue maj also occur Ad
ministration of VC fll or adrciul cortical steroids

results, m *omc respects in effects ‘>inuhr to those

induced by grow th hormone 1 hus adrenal corti

cal hormones mcrea<c gluconeogcnests and reduce

the rate of glucose oxidation If given to the fast

mg hypophjscctomized animal the danger of

hlTioglyccmia is reduced Turther, the effect of

adrenalectomy on the carbohydrate metabolism

of pancreatectomized animaU may be very similar

to that of hjpophyoettomy Thus, in considering

the oNerall relationship of the endocrine glands

to carbohydrate metabolism, the pituitary gland,

through its secretion of STH and ACTH, exerts

opposing actions to tho«e of insulm ACTH acts

through the intermediation of the adrenal cortex,

although STH acts directly and not through the

intermediation of other glands

In the early days when only crude anterior

pituitary extracts were a\ailable, a number of

actions of these extracts were ascribed to specific

“factors “ These, and their actions, may be enu

merated as follows (a) Hi/pergli/ccmtc factor,

causes an immediate increase in blood su^ir, (b)

kypoglycermc or pancreatropkic factor, decreases

blood sugar from stimulation of the islet tissue

of the pancreas, (c) glycotropic factor, inhibits the

action of small doses of insuhn, (d) fflycostatie

factor, maintains the muscle glycogen of fasting,

hypophysectomized animals, (e) kelogentc factor,

increases the ketosis of a fastmg state, and (1)

fat JTiobihzing factor, mcrea'ses liver fat and the

metabolism of fat, at the expense of depot fats

It is probable, though, that these actions are not

due to ‘ factors” separate from the usually ac

credited pituitary hormones, but may be attn

bulcd to the actions of either STH or ACTH, or

both

Uotd recently, growth hormone preparations

derived from ox or pig tissue were disappointmg

in their effects on the primate It now seems very

likely tliat this hormone is species specific, since

extracts of primate origin have been found cap

able of causing marked nitrogen retention and

the typical clianges in carbohydrate metabolism

jn primates, whereas bovine and porcine prepara

tions arc inert in this regard The effect of pnroate

grow til hormone on growth has recently been

demonstrated by Knobil and his colleagues u'sing

the histological changes m the costochondral

junction of hyTiophyxcctomized monkeys as a

test object Treatment of a pituitary dwarf with

gomatotrophm prepared from human glands has

been found to result m increased body growth

(Raben)

Tlie bioassay of pituitary growth hormone is

best performed on the hypophysectomized rat

Tlic ability of the hormone to increase the body

weight or to increase the width of the tibial

epiphysial cartilage, may be utilized The tibial

cartilage a<isay is a specif and sensitive test, and

may detect as little as 6 pg of an active extract

'fhe factors controlling secretion of STH arc

unknown It is indeed, debatable as to bow ac

lively tlus hormone is secretedm adult life Young

(1045) has suggested that growth hormone is

secreted during conditions of stanation This

voew 13 based on the fact that the metabohe pat-

tern of an adult animal consuming a normal ration

of food, but given anterior pituitary extract, is

sumlar to that of a starving animal The frag

mentary data available 'suggests that secretion of

STH is under hypothalamic control, since trans

plantation of the pituitary to a site remote from

the sella turcica leads to marked retardation of

body growth, and since hypothalamic lesions may
be followed by signs of interference with carbo-

hydrate metabolism which may be rectified by

administration of growth hormone

The Thyrotrophic Jforynone, Thyrolropkin,

Thyroid Simulating Hormone {TSH)

A functional relationship between the pituitary

gland and thyroid was suspected during the last

century after it had been found that thyroidee-

tomy results in hKtological changes in the pars

distahs Tlie effect ofhypophysectomy la prei ent

log metamorphosis of the tadpole was ascribed

by Adler (1914) to the associated atrophy of the

thyroid Smith showed clearly that replacement
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therapy (pituitary implants) would repair the

atrophic thyroid gland of the hj’pophj^ctomized

rat An acid extract of the antenor pituitarywas

then prepared (Loeb and Bassett Aron) which

a as found to ha\ e Ihj roid stimulating properties

on injection

Tlie cells of ongm of TSU in the anterior pitui

tary arc basophilic and stain with the periodic

acid-Schiff technique Tliej are centrally situated

in the pars distalis of the rat and are angular and

pol} hcdral in shape

Several procedures are available for obtaining

TBH in a highly purified state, though it has not

}et been established that the preparations are

entirely free from other pituitary hormones or

that the} are chemically homogenous The data

indicates that TSH is a protein or polypeptide

with a molecular weight of about 10 000 and that

the molecule probably contains a earboh}drate

moiety It is inactnated by proteolj'tic ensymes

and must be administered by injection

The thjTOtrophic hormone exerts a powerful

controlling mSuence oxer the activity of the th}

roid gland and has also been implicated as hsMDg
a direct action m the development of exoph

thalmos m certain pathological states The thy

roid gland extracts iodide ions from the blood

stream combines these organically and stores its

hormonal activit} as a protein known as thyro

Fia 56 8 Photomicrographs of sections

through the thyroid gland of a normal dog (above)
and a dog which ha 1 received seven daily iigec

tion^ of aotenor pituitary extract containing
tl yrotrophin (below) (I rom Ham )

globulm From this protein thyroxine and tn

lodothyromne are liberated into the blood stream

to stimulate the metabolism of nearly every tissue

m the body Hypophyscctomy docs not abolish

ttiyroid function completely but greatly reduces

it Inman hypophjsectomy results within some

weeks in a condition of thyroid deficiency known
as myxedema The thyroidal changes resulting

from removal of the pituitary may be summanzed
as follows (a) Reduction in size weight (-and

vasculanzntion (b) histological changes notably

a reduction m the height of the epitl elial cells

of the acini and an increased amount of acinar

colloid (fig 56 8) and (c) a reduction m all the

chemical processes of iodine metabolism in the

gland The uptake of iodide ions from the blood

conveniently measured as a thyroid serum (T S)

ratio (ch 57) maj be reduced in the rat from

values of about a 100 to about 2 The orgamc

binding of iodine in the gland and the liberation

of iodine containing hormones from the gland axe

also marked!} depressed by h}T»ph3 sectomj

These changes arc all reversible bj the admmis
tration of an exogenous T8II extract Not only

may the state and function of the gland of the

h}pophy8ectomi2ed anunal be returned to nor

mal but injection of excessive doses of TSH re

suit in a h}'pcrplastic thyroid and signs of hyper

th}Toidism The gland enlarges and becomes

hypervascular The acinar cells show h}'pcrtrophy

and hyperplasia with a reversal m the polantj of

the mitochondria and Golgi apparatus The col

loid undergoes a peripheral vacuolization a

change m its staining properties so that it appears

basophilic instead of eovmophihc and becomes
reduced in amount as the stored hormone is

Uberated into tha bloodm in/itoasad amounta As
the blood concentration of th}Toid hormones rises

signs of th}T0toxicosi3 ensue An increased meta-

bolic rate sweating nervousness tremor and
cardiac irregulantios have been reported in the

human The above changes do not occur sunul

taneously after administration of TSH Wthin
half an hour of TSH injection there is m the

experimental animal an increase of proteolytic

enz}ine in the follicles and an increased release

of thyroidal hormone as detected by examination

of thyroid v’Cin blood Some 8 hours or «o later an

increase in the rate of uptake of iodine from the

blood occurs The different time relationships of

these processes are shown m figure 5C 9 The en

largcment of the gland and the signs of hyper

thyroidism take longer to develop

Thyrotrophic hormone acts directly on the

thyroid gland and probably on intraorbital tis-
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sues Patients %\ ith a diffuse enlargomenl of the

tlijTOid gland and signs of thjrotoxico^Ls often

show exophthalmos Tlus protrusion of the ejes

IS characterized bj edema and a lymphocjtjc and
fatt> infiltration with fibrosis of the retrobulbar

tissues A similar state of thfi eics has been pro

duced m normal and thjroidectomircd guinea

pigs bj injection of extracts rich jn TSH, and on
these grounds it lias been suggested that in

Grwes' disease both the thyroiiil disturbance

and the exophthalmos are due to direct actions

of TSn Since in these cases blockage of thi^oid

actuity bj thjroid inhibiting drugs, or thjToid

cctoraj (procedures wluch increase TSH Bocrclion

m the normal animal) arc often followed by an

increase in the sc%eritj of the exophthalmos, and
since administration of large doaes of adrenal

corticoids or pituitary stalk section (procedures

which decrease the secretion of TSH in the normal

animal) hai'c been reported to decrease or abolish

the exophthalmos, indirect support for this view

is forthcoming Ilowexcr, McCuIlagh, who has

criticall> examined the evidence, points out that

thjToidcctomy or mj’xedcma in prevnouslj normal

subjects does not lead to the deielopmcnt of

exophthalmos A possible explanation of the pitui

tarj relationship to exophthalmos comes from the

Tiork of Dobjns and his collaborators U lias

preMousl> been found that a marked exoph

thalmic state dex eloped in Fundulus, the common
Atlantic “minnoTV,” following administration of

small amounts of anterior pituitary extract Unog
this animal as a test for exophthalmic producing

Substance (EPS), Dobyns found it possible to

separate 'ISff and CPS’ in pituitary extracts by
means of their different solubilities m tnchlor

acetic acid TSH was obtained free from EPS,

although the EPS fraction still contained some
'KH activity The evidence is suggestive then

that an exophthalmos produemg principle is

often, though not always Uberated m association

vnth TSH Another observation which may help

to explain the increase m the exophthalmos seen

after thyroidectomy is that thyroid tissue shces

tn ntro have been found to mactixate both the

th^Toid stimulatmg and exophthalmic produemg

actions of TSH extracts

Species differences exast m the quantity ofTSH
stored in the pituitary gland and in the sensitivity

of the thyroid gland to a given do«e of THH Hie
anterior pituitary content of thyrotrophic bm-
mone of seieral forms has been given, in ascend

mg order, as follows guinea pig, chick, cat, rabbit,

man, ox, sheep, pig, dog mouse, and rat The

guinea pig and chick thus have a low TSH cot

Flo 50 9 Showing the percentile lo'ts of radio

iodine from and the delated increase in radioio

dmeinthe thyroid under influence ofTSH tFrom
Rawsoo )

tent in their antenor pituitancs and also less ac

tiTc thyroids than the other forms Tliej are,

therefore, ammals of choice for assay of TSH
preparations On the other hand, the rat, which

normally has a more active thyroid, is le«s *ensi

tive to administration of TSH
A refractory stole to the action of TSH dei el

ops after repeated administration of thyTotropluc

extracts This state has been afiown by Coflip ancf

Andeison to be due to the formation of some

inhibiting substance (antihormone, see p 979)

which they have found m the serum of the treated

animals Friedgood also found that though gumca

pigs responded at first to an extract of the antenor

lobe of the pituitary by thywoid by-perplasia and

a nse m the basal metabohe rate, the animals

later became refractory The responsive penod

was followed by one durii^ which the BMR fell

to normal or to a subnormal level (though the

injections were continued), the thyroid hyper

plasia, however, persisted Eventually the tbywoid

returned to its normal size and histological ap

pearance, m spite of the unmterrupted admims

tration of the extract Slight prommence of the

eyeballs appeared toward the end of the re«pon

give phase, but the most pronounced exoph

tbalmoq DCCUTrcd dunng the refractory pliase

The production of the effect on the eyTs apjwared

from this study also, to be independent of tlic
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effect on the th3TOid gland and the BMR As
mentioned al)o\e («cc ch 44), exophthalmos has

been induced bj the administration of anterior

pituitarj extract to thyroidectomized animils

Manj assay methods are available for measuring

tbeTSlI content of materials rich in Ihyrotrophic

nctmt} Few of these methods hov ever vrill detect

or measure the amounts of TSII norraany present

in body fiuids The increase in weight of the thy

roid gland in immature male guinea pigs the in

crease in mean cell height of the thj roidal epithe

liumoffesv day old chicks the increase in uptake

of 1“' by the thyroid gland« of joung rats (m
w hich thyroidal activity has been depressed below

normal by previous feeding with lodinated ca«ein)

and other criteria of thyrolrophic aetivity have
been utilized as a basis for assay methods The
“stasis tadpole method of D Angelo is among the

most sensitive The starved tadpole develops thy
roid atrophy and a consequent arrest of meta
morphosis Injection of TSH in about I lOOththe
amount detectable m the young guinea pig pro

duces histological changes in the thjroid gland
Other, recently published methods for which high

degrees of sensitivity are claimed involve the re

lease of radioactive hormone from the thyroid

gland of the guinea pig or mou<c and the I"‘

turnover m the guinea pig thyroid cultured tn

iilfo An assay method that would accurately de
termioe TSII levels in body fluids would be of

great value in the study of the faetore determining

the rate of TSH release in the normal animal and
would throw light on the etiology and changes oc

curring in hvpo and hyporthyroid states in man
It should be emphasized that the thyrotrophic

activity of any given sample is best expressed in

terms of the recently established (1955) Interna

tional Unit (I U ) The International Unit is ap
proximately equal to the pre-existing national

CC^f^ Unit and is delfneif as tfic activity of iSS
mg of an international standard powdered prep

arntion

TSII IS rapidly inactivnted and excreted from

the body U«ing the stasis tadpole technique

D Angelo calculated that only 3 per cent of an
injected dose was present in the blood of a rat

at the end of 1 hour, and 1 per cent at 5 hours

The fate of the hormone is uncertain Since it

disappears from the blood of thyToideeforaized

animals more slowly tlian intact animals, and

since vn n£ro tests show that thyroid (and lym-

phatic and thymic) tissue inactivates thyro-

trophin, it 13 possible that it is inactivated by its

own targit gland

Tlie regulation of the release of TSH from the

anterior pituitary gland is influenced two chief

factors, (a) the blood concentration of thyroid

hormone, and (b) nervous influences from the

hypothalamus As desenbed earher, the blood

concentration of hormones from the pitm

taiy target glands determines, within limits, the

rate of secretion of the appropriate pituitary

trophic hormone Thus a rise in concentration of

thyroid hormone m the blood depresses the secre

tion of TSII, and a fall m concentration increases

TSH release This homeostatic or feed back mech
anism may be illustrated m several ways A faU

in level of thyTOid hormone in the blood may be

brought about by adminustration of a goitrogemc

drug (which blocks the synthesis of thyTOid hor

mone in the gland) Under these conditions the

thyroid becomes depleted of colloid, shows hy'per

trophy and goiter formation and all the signs of

thyTOtrophic activation Such does not occur if

the drug is administered to the hypophysec

tomized animal or to an animal receiving large

doses of thyroxine Dempsey and Astwood (1943)

u«ed these observations to study the rate of re

lea«e of thyroid hormone at vanous environ

mental temperatures Thiouracil treated rats

were exposed to temperatures of 1®, 25®, and

3o®C , and the least amount of thyroxine to mam
tain a normal thyioid histology was estimated

It was found that the daily dose required was 9 5

*<g at 1®, 5 2 Jig at 2o®, and 1 7 pg at 35®C These

experiments demonstrate the amount of exogc

nous thyroxine required to mamtain the pitui

tary thyioid cquihbnum under varying environ

mental conditioas The decreased secretion of

TSH which follows a nsc in blood level of thyTOid

hormone is shown by the thyioidal inhibition

which follows admimstration of thyroxine to the

normal animal This has been clearly observed in

the rabbit, in which the rate of release of radio

active hormone from the thyroid was studied It

was found that the release of thyroid hormone was

inhibited within 2 hours by mjcction of thyroxine,

and that a dose of about 15 /ig per day was re

quired to suppress thyroid function Tins amount

of thyroxine then appears to be the equivalent of

the daily secretion of the thyroid in this species

The hypothalamus regulates the pituitary

secretion of thyrotrophic hormone through a

mccham»m mvolvung the liypophv'ial portal

vesseb of the pituitary stalk If the pituitary

stalk is cut, or if the pituitary gland is trans

planted to a distant site m the body
,
tlie actmtv

of the thvTOid is decreased, and various environ

mental influences which previously modified thy

roid function are now without effect The hypo-

tl^lamus appears to exert a tonic influence in

mnintaiTung the basal lev el of thyrotrophic secre-
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tion and bj means of non ous reflexes, to modify

TbH release in accord w ith the requirements of

the environment Thus stress stimuli of an emo
tional or ner\0U3 tjT>e which normally inhibit

TSH relea«!e and the stimulus of a cold environ

meat which normally excites TSH release no

longer do so after the pituitary is disconnected

from the central nerv ous sj stem The influence of

tlic hypothalamus on TSH secretion or thjroii

nctivitj has recently been m\cstigatcd with re

gard to the effects produced bj locahzed hjpo*

thalamic lesions and electrical stimulation It has

been found that lesions m the anteiior hypo
thalamus m the region of the supraopticohj

pophj«iial tract result in reduced thj roid function

whereas stimulation of approximately the same
site results m an increase in thjTOid actixily

Smee the supraopticohj'pophj'sial tract is knovm
to regulate the release of posterior pituitarj hor

moncs it has been suggested that the regulation

of TSH secretion bj the hypothalamus is medi

ated through the release of the«e hormones mto
thepituitarj portal vessels which supply the pars

distalis

Two questions arise from the above discussion

First whether the feed back effects of tbyroid

hormone act tlvrough the intermediation of the

hypotlialamus and second whether feed back or

neural influences take priority m the normal

animal The evidence relating to the former prob-

lem IS indeterminate The effect of the blood level

of thyroxine in regulating TSH output is still

apparent in the pituitary stalk cut or pituitary

transplanted animal Howexer hypothalamic

Jaswm? ihs gensitiiitj 4/ tbe ss^Ji to

the goitrogemc action of propylthiouracil (Greer)

or to the effects of bemilhyroidectoray (Reichhn)

It may be that the feed back sj-stem operates at

both a hypothalamic and pituitary level and that

m the norma! animal the hj pothniamus forms the

more sensitive receptor mechanism. The answer

to the second question is more certam Presently

available evidence indicates that the feed back

8} stem acts to stabihze thyroid function at a
particular level and that the nervous 8}Ttem

superimposes its action on this baseline Thus as

Brown Grant lias shown emotional stress in the

rabbit is associated with a decrease m thyroid

activity al the same time as there occurs a fall in

thyroid hormone m the blood Conversely Hams
and Woods have found that electrical stimulation

of the hypothalamus results m a marked and

maintained mcrease m thyroid activitj in spite

of a nse of blood concentration of thyroid hor

mone

T/c AdTenocariicolTophic Hormone
(dCT/f) (JorticolTophxn

Since the cnrlj work of Smith it has become

firmlj established that the adrenal cortex is under

the control of a hormone secreted the antenor

pituitary gland Smith found that atrophj of the

adrenal cortex occurredm the hj^poph} «cctomized

rat and that repair took place under the influence

of pituitarj implants

It IS uncertain which tells of the anterior pitui

tary secrete \CTII The observations of Cushing

that a certam climcal entitj characterized by

adrenal cortical hypertrophy and oieractmty

was associated vnth a basophil adenoma of the

pituitary letl many workers to cite a basophil

origin of this hormone Recent studies of the

human gland liave indicated tliat under acute

conditions of stress in which it is known tliat

ACTH 13 secreted in increased amounts a ba o-

plul degranulat on occurs with recovery under

chrome conditions However -otl er studies on the

cytology of tl e rat pituitary underawidevanety

of experimental conditions have not succeeded

in establishing a correlation between ACTH se-

cretion and any particubr cell lyyie

Colhp and his rolleagues (1933) were the first

to prepare an extract from the anterior pituitary

which acted specifically upon the adrenal cortex

This extract was highly effective in restoring to

normal the atrophied adrenal cortex of hypophy

sectomizod animals A protein with high cortico-

trophic activity was isolated by Li and his osso-

ciatesinlD42 and by Sayers and his colleaguesm
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1043 Thosce^racts were found to havcamolccu

hr weight of around 20 000 The technique of

Astwood and his colleagues, who employed ra>

cellulose to adsorb and purify adrenocortico

trophin, cnablts a poh-pcptide of a molecular

weight of about 4000 to be extracted from the«e

original preparations This polj peptide retains

all the phj'siological actintj and is about 100

times a» actnc as the starting protein extract

The ammo acid components of ACIH are being

elucidated and a proposed structure for one of

the lughlj purified extracts corticotrophm) has

been propo«ed ACTH ls fairlj resistant to pepsin

but dcstrojed by trj-psm It is almost inactne

when gi\en b\ mouth Tlie most cffcctiie route

of administration isbj slow intravenous infusion

If injected subcutaneously or mtramuscuhrly the

effect of a given dose is increased if the extract

IS mixed with a diluent that slows absorption,

such as beeswax and oil or gelatin

The physiological activities of ACTH may be

divided into those indirect functions which are

dependent on stimulation o! the target gland and
those direct activities which possibly occur m the

absence of the adrenal cortex

Adrenal aetivitife Hypophyscctomy results lo

adrenal cortical atrophy althougli the different

2onea of the cortex atrophy to different degrees

Creep and Deane emphasize that the zona glomer

ulosa of the rat remains well developed after

hypophyscctomv, and other workers have re

ported somewhat similar findings m the dog
Creep correlates this fact with the relatively m
tact electrolyte metabolism found in the hypo-

phy scctomized, but not adrcnaicctomized, animal

and suggests that the zona glomerulosa is respoo

siblc for secreting aldosterone (see p 1036) and that

this function is largely free from pituitary control

It has recently been shown by in ntro methods

that the outer zone of the adrenal cortex syn

thesizes aldosterone at a higher rate than other

parts The zona fasciculata shows marked thin

ning after hyTiophy sectomy ,
lo*e8 much of its

lipoid material and develops a charactenstic

suibnophobic zone These changes are all revcrsi

ble by administration ofACTH The injection of

ACTH into the InTJophyscctomized or lunmal

animal or the exposure of the normal animal to

stressful or noxious stimuh (known to evoke

ACTH discharge from the pituitary) results in

the reverse changes Thus administration of

VCTH mduct's (a) mcreased size of the adrenal

which may be detectable within a few hours (b)

a depletion of the a«corbic acid content of thi.

adrenal within 15 to 30 minutes (the exact phys

lolc^tcal significance of this respoasc is unknown
but it forms the basis of the mo«t widely used

assay method for ACTH), (c) a fall m concentra

tion of adrenal cholesterol and stainable hpoid

(it IS now known that cholesterol is a precursor

of the adrenal steroids, so that the fall in adrenal

cholesterol presumably reflects increased hor

monal synthesis), and (d) an increased release of

adrenal steroids as detected by assay of adrenal

vein blood (this is a rapid response, occurring

within a few minutes, and is associated w ith an
increased blood flow through the gland) In gen

eral it may be said that the adrenal cortex sc

cretes three groups of steroids glucocorticoids

mineralocorticoids, and androgenic steroids It

B of interest that administration of ACTH may
affect the type of glucocorticoid secreted in a

particular species Thus the rabbit which nor

mally secretes corticosterone releases predomi

nantly hydrocortisone after chronic treatment

with corticotrophm There has been much discus

Sion as to the control the pituitarv exerts over

aldosterone secretion It seems established that

aldosterone release is )c*s dependent on pituitary

adrenocorticotrophin than is the release of the

glucocorticoids Aldosterone output is reduced

but not to such a marked degree as that of the

glucocorticoids by hypophyscctomy in the dog

or cat and the effect of administration of ACTH
on aldosterone secretion is reported as inconstant

or small in comparL«on with the effect on gluco

coriicoid secretion Little is known about the

regulation of secretion of adrenal androgens 17

kclo«tcroids have been found in the adrenal vein

blood of the dog and man but their phy biological

role is uncertain In certain pathological states of

vxnlism m young girU the androgenic secretion

of the adrenal cortex seems to be maintained by

pituibiry ACTH, since 4\ilkins has found that

administration of cortisone (w hich inhibitsACTH
release through the feed back mechanism) may
control the disease

The quantitative aspects of \CTH control of

glucocorticoid secretion has been studied most

carefully in the dog Hj pophysectomv lowers the

amount of 17 hvdroxv corticosterone (F) m adre

nal vein bloorl whereas injection of a brgt intra

venous do=i ofACTH (20 to 40 units), or surgical

trauma raises the 17 hydroxycorticosferone se-

cretion from a resting figure of alxiut 7 jig per

kilogram per hour to nliout 50 jig per kilogram

p<T hour It should be pointed out that under

certain conditions the adrenal corttx is relatiVTly
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rpsL5t'int to tlie ictioo of \CTII Tlio atrophic

adreml consequent to hjpophisectom\, a hjpo-

pjtuitarj stite or to clironic blockade o! ACTiH
rek'ise bj cortj«one, is inscn'itne to \CTH and

maj require w^eral (la}’s of corticotropliin ad

mmislntion before normal scnsitmtv is regained

States of adrenal cortical deficienc} maj be en

countered clinic ill} ifcorti«onctbtrap) isstoppcd

too suddenl5

Certain e\tn adrenal actnities of ACTH ha\e

lxH?n descnliod from time to time It is now known
that manj of tlie«e were due to unpuntus m the

e’ctratts u«ed IIowe\er, it appears likclj that

ACTH does lia\e melinophon stimulating ac

tioRs a'f an intrinsic proport} of its molecule Tins

mij be due to the fact that a certain amino acid

wqueme m the polvTwptide chains is common to

Ijoth fi-cortiootrophin and niolanophorc stimulat

mg hormone OISH) The present knorni prepara

tions ofACTH al«o ®eem to po«se«.s fat-mobihzing

(arbpokinctic) actnit^ and kttogcnic actmt)

'Hie phj*^iological actions ob«ene<l after ad

ministration of ACTH arc ^erj largeJ> tho«e

mediated bj the adrenal cortex, and chapter 58

n>a> bo consulted for an account of the«e Minor

diffirenccs m tbe cfTcets ob®cricd after ACTH
or hjdrocortHone administration in the human
haxe been reported ACTH therap> is said to be

followed bj a greater degree of salt and water

retention, and bj a greater incidence of Mnhxing
manifestations Tbe«e effects raaj be doe to the

stimulation of «ecretion of aldosterone and andro-

genic steroids, as well as of 17 h>drox>cortic03

terone by ACTH

TLg a^say of ACTH is dependent on biological

methods The'e may be divided into tbo«e employ
ing intact or hipophyseetomized animals al

though in iiira procedures have been newly pro
posed It IS probably inadvieable to rely upon
methods using intact animals in view of tbe ease

in which endogenous ACTH can be discharged by
such trivial stress stimuli as those a««ociated w ith

handling or with injection However the u=e of

animals in which the release of ^CTfl has been

blocked with DOCA has been propo«ed as an al

ternitive tohypophysectomj (Buttle and Hodges)

The more important methods include (a) Aworfrtc

QCitl deptclion tc*I (Sayers te«t) in which the left

adrenals of male rats (120 to 180 grams) are re

moved 24 hours after liypophy'iectomj The bor

mone preparation is then given intravenously and

the right adrenal removed I hour later Both adl

renals are anal>zed for ascorbic acid and the re

sf on«e IS calculated s'* the difference in ascorbic

aci 1 between the right and left glands As little

as 0 2 milliumts of the international standard can

be detected b) this method (b) The repuir /es/ in

this ca'e the quantity ofACTH required in a 4 day
period to restore the normal bi"tological appear
nnce of the adrenal cortex of 28 da\ -old female rats

h>pophj5ectomized 14 da>s previouslj is deter

mined (c) The maintenance feel a unit of ACTH
ns dc&ned by this test is the amount required over

a period of 15 dajs to maintain the preoporative

weight of Jijpophjsectomized 40 daj old male
rats (d) Corficoiferoitf release hypophj=ecto
mized dogs are maintained on ACTH until about

16 hours before the a»'3j For tbe a«»a3 the ad
renal vein is cannulated samples of adrenal vein

blood arc collected at intervals and the corticos

Icroid content determined bx the Porter Silber

reaction The effect of ACTH preparations may
then be directlj compared with a standard by
means of the increa«c m corticosteroid output

induced (NeWon and Hume) (e) Releate of corlt

coiUrotiit in iifro rat adrenal glands arc cut into

pieces and the fragments incubated with ACTH
preparation* in a llarburg apparatus The sfer

Olds reJea«cd are extracted from the medium and

os«a>ed by chemical means It has been *uggested

that since the results obtained by the adrenal

weight method and the Sayers method do not give

parallel findings for some pituitary extracts that

there are two corticotrophins an adrenal weight

(actor and an adrenal a*corbiG acid depletion

factor The different results obtained by the two
method* are perhaps more easily exphined by the

different routes of adminMtratiOD of the extracts

u«ed IQ the two assay a Amounts of ACTH «houId

be expressed quantitatively in terms of the inter

national standard The International Unit is the

activity of 1 mg of the international standard

powder (La 1 A)

ITie tnachiaiion of ACTH occurs very rapidly

m the body It is not excreted m the urine though

appreciable amounts ofan admini®tercd do®e may
be recovered from kidney tissue The half life of

the hormone in the blood of the rat is about I

mmute
Tfte regulation of the sccrehon of ACTH by the

aotenor pituitary has been mtensnelj inxesti

gated since it became realized that re!ea-*e of the

borznone at increased rates was one of the organ

ism s defease reactions to stress or tmuma, and

that ACTH gixen in large pharmacological do«es

was of use in rheumatoid arthritis in other so-

called Collagen diseases, and m xarious allergic

disorders As wath most other pituitary trophic

hormones tbe secretion of ACTH apjiears to be

controHcd by two mam factors the feed back of

its target gland hormones (the adrenal *tcroid>)

and by an influence from the central ncrxous

^stem no the hypothalamus In the followmg
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discussion tno points should be borne in mind
Fir«t the adrenal cortex of the hypophysectomized

aninml still secretes sufficient steroids to maintam

life under optima! conditions, and second the

pituitarv gland remoied from the influence of

the central nervous 8>stem still secretes basal

amounts of \CTH Thus both the adrenal cortex

and anterior pituitary possess some autonomous

etcretorj actnitj and it is against this back

ground that the factors regulating ACTH secre

tion hav e to be studied It was at one time claimed

that the feed back mechanism of the adrenal

cortical hormones was sufficient to regulate the

output of ACTH under resting conditions and
al 0 under conditions of stress (starvation, cold

exposure infection, tissue damage, emotional

excitement etc ) in wlueh corticotrophin eecre

tion is greatlj increased It ivasargued thatstress

ful stimuli increased the tis<nie utiluation of

adrenal cortical hormones, that the blood concen

tration of the<e hormones was thereby decreased,

and that m the feed back action the liberation

of ACTH i\aa augmented leading to mcreased

adrenal cortical activnt> There can be no doubt
tliat an increased blood level of adrenal steroids

tends to suppress ACTH release and rtce tvraa

Arguments against this iiew are the lack of evi

dence that noxious influences do lo fact increase

the tissue utiliration of adrenal corttcoids, and
that if this mechanism holds true then it would
seem impossible for the organism to mamtam an
increased blood concentration of adrenal steroids

for any length of time That tlus hj^iothesis docs

not repre«ent the whole story was shown most
connncingly bj Sj dnor and Sayers (1954) Tbesc

workers developed a method for assaying the

Wood level of ACTH id rats It was /ousd that

adrtnalectomizcd rats had a higher level than

that of normal rats (which was undetectable by

the method) and that stress stimuh (ether anaes

thosia scalding, bleeding) had a rapid and dra

matic effect in increa«ing the blood ACTH con

ccntrution m both normal and adrcnalectomiscd

animals It is clear that the stress stimuli could

not have affected ACTH «ecretion by a feed back

action in the adrenalectomized rats It is likely

that the serv o mechanism acts rather as a stabiliz

mg Bi'stom to maintain a constancy of adrenal

cortical function at anj set level The most potent

influence m mamtaining the normal rate ofACTH
secretion, and m increasing this rate under condi

tions of stre"^, appears to be derived from the

hj"pothalamus Reasons for this statement are as

follows (a) Separation of the pituitary fron the

hypothalamus by section of the pituitary stalk

and the placement of a plate between the stalk

ends, or by pituitary transplantation, results in

adrenal cortical atrophy (though the ultimate

size of the gland is somewhat greater than that

of the hypophyscctomized animal), (b) hypo-

thalamic lesions have been found to result m a

diminution of ACTH concentration m sy stemic

blood, a diminution of 17 hydroxy corticosteroids

in adrenal vein blood, a loss of the compensatory

hyivertrophy which follows umlateral adrenal

ectomy, and abolition of the adrenal cortical re

sponse to stress stimuli, (c) administration of

morphine has been found to blockade the ACTH
relea‘«e evoked by such stress stimuli as injection

of histamine or umlateral adrenalectomy (it seems

likely that morphmc exerts this effect by an action

on the nervous system), and (d) clectncalstimula

tion of the hypothalamus results m increased

corlicoids in adrenal vein blood and in signs of

increased adrenal cortical activity (lymphopenia,

eoainopetiia, decreased adrenal ascorbic and and

histological changes m the eudanophilic material

of the adrenal cortex) The pathway by which the

hypothalamus affects the activity of the pars

distahs IS a vascular one the portal v essels of the

pituitary stalk The exact mechaoLsm is unknown

although evidence is accumulating that it mv olv es

the transmission of a humoral agent from the

tuber cinereum to the antenot pituitary

One corollary to the above di^ussion should be

added Stressful stimuli which involve ti«isu8

damage or metabolic disturbance still evoke

ACTH discharge even when the pituitary gland

IS separated from the nervous system On these

grounds, Fortier onginally divnded stresses mto
two types neural (emotional excitement uncom
fortabte noise, pam, fnght), acting on the antenor

pituitary solely through the nervous system, and

systemic (involving surgical trauma and changes

in the composition of the circulating systemic

Hood), which can act directly on antenor pitui

taiy ceUs without the mediation of the nirvous

system In the intact ammal the neural compo-

nent probably plays a part m the re«pon«e to both

types of stimuli As pointed out by Fortier, and

later by Sayers, this distinction may involve not

a difference of modality, but one of intensity, of

the stresses used in the onginal expenments

Thus, a pituitary stalk cut ammal may liberate

enough * humoral transmitter” from the tuber

cmereum, in response to a severe stress, to be

earned around the general circulation to affect

corticotrophm release by the pituitary gbnd
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Gonadotrophic Hormones, Gonadolrophim {FcUltde-

Slvnulatinf) Hormone, FSH, Jutetnmru;

Hormone, hll, or ZnlcrsWtal Celt

Stmidalxng Hormone, 7CS//)

Se\crjl oWnations in the past ha^c pointed

to e\trio\ snnn factors as rrpilators of o\amn
aetmt} After remoial of one ovarj the sjbh?

numlKr of follicles <!eieIop in the remaining

ovnrj as in the original pair (Ian of follicular

coastaaci) Tlie fact that oiaries from immature

animals grafted into the adult, or o\anes from

Fio 56 II Ovarv of adutt mouse mjectcil with
alkaline extract of aatcrior lobe of pituitari
Large numbers of comora lutea arc pre<ent and
few follicles (From Parkes, The Internal Seere
fiorts of the Oiary, by permission of Longmans,
Green A Co )

adult anitnala grafted into the immature, bo

have according to the age of the recipient ho«t,

indicated that o\anan function was controlled

humorally b\ some substance external to the

ovary itself Tins hiTJothetical substance ’ll as

termed “gcncratixc ferment” bj Heape, and “X
substance” bj other early workers The gradual

atrophy and suppro'ssioa of sex functions which

occurs with diseases of the antenor pituitary m
man (acromegaly

,
Frohlich’s syndrome) and the

atrophy of the gonads after hypophysectomy m
animals, indicated the pituitary as the source of

this substance A firm ba«is for this belief was

established by the following observations (a)

C\ans and his associates found that a crude saline

extract of the antenor lobe caused luteinization

of o%arian follicles (fig 5611), (b) Smith and

Engle observed that when fresh mammaban an

tenor lobe tissue was implanted daily’ mto imma
turc female rats or mice, e«trus was precipitated

and oxTilation followed The o^a^es and uterus

showed cnbrgcment to about 5 to 10 times nor

mnl site (fig 56 12), the oi-anes discharged an

cxcc«suc number of o\a (superox-ulation) and the

solid xagmal canal (typical of the immature rat

or mouse) developed a lumen In immature male

animals, the testes, seminal vesicles, and perns

were etunulated to increased growth Further,

the gonadal atrophy which followed hypophy«ec

tomv was prevented by anterior lobe implants,

(c) Ascheim and Zondek first found that injcc

Fig 56 12 Showing effect of anterior pituitary upon ovaries On left (below), ovsnes of rat after 12

implantations of fresh rat pituitarj gland, (above) ovanes of litter mate control rat (From Collip ) On
ngnl (below), follicular maturation induced tn immature rat on 29th da% by eight daily implantations
of fresh pituitary gland, (above) ovary of litter mate eintrol. (From Smith and Eogle )
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tion of the blood or urmc of pregnant women into

immature rats caused folhcular de%elopmeDt,

o\Tibtion, and luteimzation They termed this

substance Prolan It has since been found that

Prolan ongituites in the cbonon of the placenta

{human chononic gonadotrophin, HCG) and not in

the pituitarj and that its action is mainly lutein

iimg, and (d) the disco\er5 that the urine el

menopausal nomen, or of castrated men and
women, contains a substance which stimulates

theoiarj This substance is probablj of pituitary

ongin and its mam action is follicle stimulating

It IS non generally held that the pituitar> secretes

two, if not three, gonadotrophic hormones The
first 13 concerned with ripening of the ovarian

follicles (FSH) or spermatogenesis, the second

n ith ovulation, luteimzation, and mamtenance of

the interstitial tissue of the gonads (LH or

ICSH), and possibij a thud that mamtains luteal

activity {prolactin or luteotrophie hormone, LTH)
A detailed account of the reproductive proc

esses maj be found m chapter 60 A summary of

the ev enta occurring during a sexual cj clc is given

in figure 50 13 As a basis for future discussion it

may be said that at the bcgmmng of a sexual

ejele, when the ovary and the uterus are m a
resting phase, the pituitarj liberates FSH Under
the mfiuence of this hormone, follicles ripenm the

ovarj and c«tfOgen secretion occurs This in turn

produces development of the uterus and other

parts of the reproductive tract At about the Hth
day of the c)cle m the human, release of LIl

Mmol

Fio 66 13 Diagram summarizing the relation

ships of the anterior pituitary, oven , and endo
metnum through the mcastnial cjcle

occurs and under the contmued action of LH and

FSH, a npe follicle ruptures, and a corpus luteum

develops Thism turn secretes progesterone which

lesulta in secretory activity of the endometrium

and characteristic changes m uterine mu«c!e reac

tmty In some forms luteal secretion is dependent

upon prolactin release from the pituitar} but this

has not been established for primates Thus the

changes tjTical of the first, follicular, half of the

sex cycle are regulated by FSH release from the

pituitary and of the second, luteal, half of the

cycle by LH and possibly LTH release

The origin of the gonadotrophic hormones in

the anterior pituitary lies in the basophil cells

Both IHH and LH are glycoproteins and their

cella of ongin, therefore, stain with the tnehrome

penodic acid-Schiff procedure The basophil ceEs

of the rat pituitary may be divudcd into a group

placed centrally in the pare distalis (concerned

with TSH secretion), a group located on the

lower surface of the gland and another situated

peripherally on the upper surface adjacent to the

pars intermedia There is general ogreement that

these latter groups are composed of cells con

cemed with gonadotroplun secretion, and there

are indications that those on the lower surface

release LH and the peripherally placed cells are

associated with FSH
The chemical separation of pituitary extracts

into two gonadotrophic fractions was first ae

complished by Fevold Huan, and Leonard in

1931 Since then several methods have been de

vcloped for obtaining either FSH or LH in a

highly purified form It is perhaps doubtful

whether cither fraction has been obtained com
pletcly pure It is also debatable whether the

pituitary secretes one hormone mth multiple

gonadotrophic activities or two hormones with

actions comjiarable to those of the present chemi

cal extracts FSH is a gly coprotein, nch in carbo-

hydrate Its hormonal activity is destroyed by
ptyahn and takadiastase, so that its activ ity may
he dependent on the intcgnty of the carboliy drate

fraction of the molecule It is not destroyed by

IryTrJin, however, a fact which has been utihzcd

in one method to separate it from LH Punfied

preparations hav e been obtained from both sheep

and swine pituitary tissue It is of interest that

the prepaiation derived from Vhe^ two «ourccs

behave alike biologically but may differ chem

jcally LH is also a gly eoprotem but its biological

activity 13 not destroy ctl by ptyalm It has like

wise bwa prepared m a punfied state from sheep

and an me pituitancs, thematenal obtained from

the two sources showing different physicochemi
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cal and immimologicfll properties Tor trsamplc,

pjg LH hna a molecular weight of about 100,000

and sheep LH about 40 000

The phj'siological properties of FSH and LH
extracts are best iQ\e8tigated m hypophj’scc

tomized animals u«ing biologicallj pure prcpara

tions This c\en more important m the study

of gonadotrophins than for the other pituitarj

hormones since the presence of small amounts of

other endogenous or exogenous gormdotrophins

m the circulation may alter the effects obserxed

bothquantitativclj andqualitatuclj The gonads

of hypoph>'sectamized animals show pronounced

loss of size and weight Primordial folhcles are

still present in the oiancs but do not develop to

the stage of antra formation No ovulation oc

curs and no corpora lutca are formed In anunals

such as the rat, in which interstitial tissue is pres

ent in the ox ary, this tissue shows obvious dc

generative changes The cells Income smaller with

dense pjknolic nuclei Hormonal actixnty on the

part of the ox ar> also ceases, as show n by the

atrophy of the accessorj reproductive organs

(fig 50 14) On administration of FSH prepa

rations to such an !i>*pophj <ectomizcd anunal,

follicles enlarge and ripen and a marked increase

occurs in ovarian weight Such adouoistratioa,

however, does not result in ovubtion or corpora

lutea formation, nor repair of the mterstitial tis

sue or hormone secretion by the ovary 'Xbc re

productive tract, therefore, remains atrophic

Administration of purified LH to the hypo-

phjscctomizcd rat repairs the interstitial tissue

of the ovary ToUicular growth does not occur

sad si§B cstrc>§ea sawefASV? if a?

the uterus and vagina If FSH and LH arc ad
ministered together then follicular ripening, ovu

lation and corpus lutcum formation occurs The
optimum dosage of these hormones for ovulation

13 about (ESH LH) 10 1 FSH and LH given

together also result in estrogen secretion and de

velopmcnt of the gemtal tract However, the

corpora lutea do not become functional and

secretory m the rat unless prolactin (luteotrophic

hormone) is also present The synergism which

exists between the action of FSH and LH when
given together is clearly seen when the effect upon

Ovarian weight is studied FSH given alone in

creases the weight of the ov-arj m the hypo-

physectomired rat, LH alone has bttle effect

FSH and LH given together result in a muidi

greater increment m ovarian weight than would

be expected from a simple summation of re

sponses Tins is known as the augmerUalton effect

and must be allowed for when considering assay

prowdorcs for these hormones In the hypo
phy^ectomued male rat, punfied FSH results in

development of the testicular tubules and sperma

togcnesis, but has no effect on the mterstitnl or

Lcydig cells On the other hand, purified LH re

suits in development of the interstitial cells and

secretion of androgen The androgenic activity in

turn results in development of the seminiferous

tubules and spermatogenesis, and also develop

ment of tile accessory organs such as the seminal

vehicles and ventral prostate The stimulation of

gamctogencsis by LH in the male, through the

andro^mc secretion elicited, seems to have no

equivalent m the female It is, however, well

established that androgens stimulate the scini

niferous tubules directly both in the rat and prob-

ably in the human
Exndencc has accumulated that administration

of the gonadotrophins results in a reduction of

ovarian and testicular cholesterol It is hkcly that

the cholesterol m these glands is a precursor of

estw^ns and androgens, and the condition may
be compared with that easting m the adrenal

cortex

It is probable that FSH and LH exert the same

effects in man as tiiose described above for the

rat However, the therapeutic uses of gonado

trophic hormones have limited value and their

actions m the human are lU understood

Substances with gonadotrophic activity may
be extracted from blood and unne in various

normal and pathological states These gonado-

trophic substances may be of pituitary or pla

cental ongm, but all appear to be glycoproteins

i* iViowpifcYiftf ifT gwusd?-

trophtn [CU) This substance was first found m
the blood or unne of menopausal women and

later ID the unne of both sexes after castration

It IS probably of pituitary ongin Cessation of

Fio 56 14 Effect of fij poplij sectomj upon the
uterus On right uterus of normal ra^ on left

that of an hvpophysectomized rat (From van
Dyke The I^hysiologij and Pharmacologj of the

Fituxtary Body by permission of the University of

Chicago Press )
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function, or rcmo\al, of tlit RonaiN n“«ult8 in re

lease of the piluitarj from the feed back of gon

adal hormones and an increased secretion of

piluitarj KODadotrophms In support of this view

IS the fact that extracts of the pituitarj of the

castrate animal ha%c similar phisiological effects

to CU, in that they arc icry largelj follicle

stimulating in nature

2 Human chonontc gonadotrophin (HCG) In

1927, Aschcim and Zondek reported the presence

of a gonadotrophic substance in the blood and

urine of pregnant women On injection of an ex

tract of nCG into an immature mouse or rat,

follicular deielopment, omlation, and hitcinixa

tion occurs m the o\ancs However on injection

into an hypophjsectonuxed rat no follicular de

\clopmenl occurs Its actions arc explainable on

the grounds that HCG stimulates the animals

own pituitarj to secrete FSH, while possessing

LH hke actintj itself (for further information

see ch CO)

3 Pregnant mare eerum gonadotrophin (PMS)
Cole and Hart (1930) first obscr\cd the presence

of a powerful gonadotrophic «ubstance in the

blood of pregnant marcs On injection into hy
pophj’sectomized animals it exerts a predomi

nantl> follicle stimulating effect Unlike the other

gonadotrophic substances it persists in the blood

stream, after a single injection, for many daj*s

(see also ch 60)

The btaa»say of gonadotrophias is usually per

formed with reference to their follicle stimiilating

or interstitial cell stimulating activity The aug
mentation effect must be borne in mind and may
he circumvented when as«3ying FSH either by
cbminntingthe action of LH (by using hypopby
sectomizeJ animals and purified preparations of

FSH), or by deliberately adding to the extract to

be a'’'’ayed amounts of an LU substance which

produces maximum augmentation Thus FSH ac

tivity may be assayed (a) by ascertaining the

amount of material necessary to re-establish fol

licwlar growth in the ^J<pop^lf8«ctotnl^e<i aaimal or

(b) by finding the least amount of the preparation

that wilt double the ovanan weight of the normal

immature animal when administered in combina

tion With a substance having LH activity LH
activity

,
on the otherband, may be measuredmore

satisfactorily, since a test is available for LH
which IS independent of the augmentation effect

The increase m weight of the ventral prostate of

the hypophyseetomized immature male rat gives

an index of the amount of Lll activity to an in

jected extract

ITie tnacfuoJion of pituitary gonadotrophic

hormones m the blood stream proceeds more

slowly than do some other anterior jutuitary hor

mones such as ACTII and TSII Significant

amounts of gonadotrophin may lx* detectable in

theHood some 24 hours after admiiustration of an

extnict Tlie measurement of the normal loiok of

gonadotrophic hormone in the Wood is of ques

tionablc accuracy throughout the major part of

the menstrual cy clc At the midpoint of the cj cle,

however, at about the time of ovulation, a nse

of blood gonadotrophic activity undoubtedly oc

curs 'Hierc is evidence from in tifro studies that

ovanan tissue inactivates gonadotrophin Small

amounts of these hormones are also excreted in

the unne
The regulation of anterior ptluiUiry eecretion of

gonadotrophins has been studied in detail Re
search m this field preceded investigation of the

control of other antenor pituitary hormones since

changes in gonadotrophin secretion could be

easily inferred from study of the sexual cycles,

and since in particular forms specific changes in

the environment were found to be associated with

alterations in the sexual rhythm Tims growth of

follicles and induction of estrus during periods of

sexual quiescence, indicative of increased secre

tion of FSH, may be induced in birds (Rowan,

1926), ferrets (Bi«sonnette, 1932), and other forms

by exposure to extra hours of daily illumination

Similarly ovulation and the formation of corpora

lutea indicative of LH release, does not occur

spontaneously in many birds rabbits cats,

ferrets, and «ome other mammals, but requires

the tnjRjenng stimulus of mating for its initiation

It j9 bkely that the'Mi are examples of a general

pattern of nervous control of the secretion of

gonadotrophic hormones A aimilar conclusion re-

garding a nervous influence may be drawn from

cbntcal observations The fear of pregnancy m
unmarried girls the change of occupation from

day to mglit work, and emotional upsets of many
types, such as tho«e induced by aenal bombard

ment in World War II or by incarceration in a

concentration camp, have all been found to be

associated with loss of menstrual cycles

The first clear-cut experimental data that go-

nadotrophin secretion from the antenor pituitary

18 dependent upon tlic nen ous sy«tcm came from

cxpcninents in which the pituitary stalk had been

cut and a plate placed between the hy pothalaraus

and pituitary, and others in w hich tht hy pophysis

had been transplanted to a distant site m the

body It 13 now generally agreed that these pro-

cedures result in ov anan atrophy and cessation

of honnonal secretion by the ovary Tlie repro-

dnctive tract thus undergoes atrophy On the
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other hand, it has been found by Harris and

Jacobsohn that if the pituitary gland is rcmo\ed

from the ‘vlla turcica and anterior pituitary tis

sue placed not m a distant nte but directlj under

the hj^iotlialamus, the hj'pophj'sial portal \e3

scls between the tuber emcreum and para distalis

tegron and normal rcproducti\e functions arc re

gamed E\ erett and N ikitovitch 'Winer ha% e e\cn

found that if the pituitary gland of a female rat is

transplanted under the kidney capsule a period

of sexual quiescence and atrophy occurs, but if

this same transplanted pituitary tissue is then

replaced under the hyTiotbalamus, apparently

normal reproductne functions return In these

latter animals the portal \e8sola were again found

to bale reconnected the tuber cinereum and

anterior pituitary tissue For these and other

reasons gii en beJoir, it may be said that the hyqio-

thalamus maintains and regulates the secretion of

gonadotrophins

In order to analyze the hypothalamic raech

amsms iniolvcd in more detail, experiments have

been conducted in which localized lesions and

stunulation hav^ been made in the hyiiathalamus

Lesions of the hypothalamus have been found to

resultm (a) cessation of sexual cycles and atrophy

of the reproductive organs (median emmcnce
lesions), (b) abolition of sexual cycles with (he

intervention of prolonged periods of foUicular

development in the ovary and a state of constant

estrus Cesions in the anterior, paraventricular

region of tiie hyTiothalamus), (c) the induction of

a state of sexual activity and development at a
tune of year when seasonally breedmg animals

(ferrets) would normally show atrophic organs

and sexuaf quiescence (antenor hypotdaCaauc

lesions), and (d) the precocious development of

puberty m immature animals (antenor hypo-

thalamic lesions) This last observation is of

clmical interest in that young boys and girb

afflicted with hypothalamic tumors, especially

those ofcongemtal ongm known as haiuartomata,

may show full development of physical and

psychic sexual function when only a few years of

age It seems likely that FSH secretion is regu

lated by a predominantly inhibitmg influence of

thehypothalamus over the antenor pituitary, and

that if this influence is remov ed by a hypothal

amic lesion then signs of a release effect on FSH
secretion are observed It is noteworthy that no

records are available of an mcrease m FSH re-

lease following electncal stimulation of the hypo-

thalamus

Stimulation of the hypothalamus has, however,

been shown to evoke release of LH and ovulation

m the rabbit As mentioned above, this species

does not ovulate spontaneously but normally re

quires the sensory stimuh, associated with tlie

act of matmg, to excite vanous nervous reflex

paths and, thus, m turn LH secretion and fol

hcular rupture Adaptmg Sherrington’s term for

spinal reflexes to neuroendocrine reflexes, it may
be said that the hypothalamus and pituitary

stalk form the “final common path’ for the latter

Tlius, it seems hkely that the electrical stunuh

which result in ovulation when applied to the

posterior tuber cinereum and median emiDence

are activating the terminal parts of the reflex

paths which normally underlie the ovulation re

sponse The mechanism mvolvcd m the cychcal

release of LH m spontaneously ovplating forms

also seems to involve the hypothalamus, =ince

hypothalamic lesions have been found to block

ovpiation and to result in a state of continuous

estrus m rats, and since such drugs as barbitu

rates, well known for their action on the central

nerv ous sy stem, may also block ovulationm the^e

animals Recent data also impUcate other areas

of (he brain, such as the reticular activating sy*5

tem and amygdaloid nuclei as participating m
the control of LH release It is likely that the«e

areas act through their projections to the hypo

thalamus

The timmg of puberty, and the endoenne

changes associated with it, also seem to be under

central nervous control In the early days of this

century it was believed that an 'agemg process'

m ovarian tissue might det Tiune the time of

puberty However, this is c “arly not the case

smee ovaries from immature ammals transplanted

into ovanectomuerf adults, behave as adult or

gans Also, pituitary tissue from newborn rats,

transplanted under the hypothalamus of hypo-

pbyscctoimzed adults, has also been found caps

ble of mamtaining normal adult function There

fore, it may be said that puberty is not dependent

on a maturation process in ovarian or antenor

pituitary tissue tVhen these data are combmed

with tho^ indicating that hypothalamic le'ions,

both in the human and the exjienraental animal,

may be associated with pubertas praecox it is clear

that the central nervous ^stem is in some way

related to pubertal dev elopment One hypothesis

(hat at tile moment harmonizes with the expen

mental data, is that the gonads from birth to

puberty secrete gonadal hormones at a low rate,

hut at a rate sufficient to exert a restraining

influence on antenor pituitary activity This in

fluence may be exerted through the hypothala
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mu^, and in this case nould be abolahed b> a
lesion m this structure

A problem in some n-aj-s allied with that of

puberty concerns the sexual diflercntialion of the

mechamsms regulating gonadotrophic secretion

The secretion of gonadotrophic hormones occurs

m a cjclical fashion in the adult female, but in a
more constant manner in the adult male This

may be ihuslraletl by the fact that ovaitts trans-

planted into castrated males show constant fol-

IicuLar dcielopment but absence of ovulation and
corpus luteura formation Pfeiffer in 1936, made
an extensive study of the effects of gonadal trana-

plants m immature rata on their fiub«equent

sexual function He concluded that the immature

gonads secrete hormone at a sufficient rate be

tivcen birth and puberty to impose a sexual dif

ferentiation upon the maturing pituitary gland,

and that the pattern of gonadotrophic release in

adult life IS dependent upon this sexual matura

tion of the pituitary His data indicated that

basically the mechamsm concerned is cyclic m
function and that this is conxerted in the develop

ing male animal to one that is acyclic It is non

clear, honever, that the anterior pituitary gbnd
remains functionally plastic Tliia can be seen

moat easilv from the fact that pituitary tissue

obtained from a male rat can, if transplanted un

dcr the hypothalamus of an hypophysectomiicd

{cmale rat, maintain female sexual cycles and

pregnancy Thus pituitary tissue it«lf retains a

male and female bipotontiality It is Idcely that

the sexual differentiation, observed by Pfeiffer,

concerns not the tissue of the adenohypophysis

but some neural mechanism in the hypothalamus

responsible for regulating gonadotrophin release

in the adult animal

The feed back of gonadal hormones then 'wms
to be concerned in the changes attendant upon

puberty and the sexual differentiation of the

mcclnni.«m concerned with gonadotrophin secre-

tion It is an important factor controlling gonad

otrophm release m the normal adult Adminis-

tration of estrogens to the normal female results

in atrophy of the ovanes through inlubition of

gonadotrophin secretion Removal of an ovary

results m hypertrophy of the remaining gland

Therefore, it is very probable that a similar feed

back effect of target gland hormone occurs in the

case of the ovary as for the thyroid and adrenal

cortex. Moore and Price (1932) first expressed the

view that the cyclical nature of sexual cycles was

due to a self regulating reciprocity between the

pituitary and the gonnds, based on the feed back.

action Later evidence tends to the view that the

eonadat hormones exert their effects on anterior

pituitary secretion via the intermediation of the

bypotlulamus In this case the gonadal hormones

would exert an effect on some receptor mechanism

in the central nen ous system which would adjust

pituitary' activity accordingly' Such a view would

be more m keeping with the finding that an

anterior hypothalamic lesion may convert a fe-

male rat or guinea pig, ^bowing normal cycles, to

one in a state of constant estrus, and it would also

explain the findmgs of Flerkd that small frag

mente of ovary transplanted into the hypothala

mus near the paraventricular nuclei, but not m
other regions, result «i a diminution of uterine

weights

ProZochn, Laclogenv: Hormone, or

Luleotrophic Hormone (LTH)

In 1928, Stneker and Grueter reported that in

jection of pituitary extract into a pseudopregnant

rabbit before or after ovariectomy resulted in

lactation Within the next few years several

groups of workers reported the isolation of a

pituitary extract with lactogenic activity Hy
pophysectomy prevents the onset of lactation, or

resulU in abrupt cessation of an existing lacta

tion However, injection of a suitable antenor

pituitary extract into hvpophysectomized am
mala produces lactation In 1031, Riddle and

Draucher found that pituitary extracts cauxeil

development of the crop glands m pigeons These

glands consist of circiunscnbed areas of muco«a

ID the dorsal part of the crop, and are re«pon«iblc

for secreting “crop miJk” which is regurgitated by

either parent and utilized to feed the y oung. Rid

die and his colleagues later showed that the crop

gland effect in pigeons is probably due to the same

hormones which cause lactationm mammals and

fuffiested the term prolactin

The celluLir site of origin of prolactin is thought

to be some type of acidophile cell m the anterior

pituitary The ev idcnce for this is indirect, and is

based on observations tliat the peripheral zone

of the anterior lobe of the ox pituitary contains

more prohetm and more acidophils than the

central region, and that during the incubation

period m pigeon«, or lactation in mammals, the

mam cytological changes m the pituitary concern

the a cells of the pars distalis

lYolactiQ IS a protein with a molecular weight

of25,000 to 30,000 A pure and potent preparation

was first obtained by Lyons, and a cry'talbne

{reparation by White Subsequent studies liave

Miown that the extracts behave as pure proteins

to physicochemical tests and that tliey arc free



Chajiler S6 PITUITAU\ GLAVD OR U\P01’HYSIS CLREBRI 077

from other pituitar> liormonp<? The punfied pro

tein retains hcto^mc, crop sac sti/nulatio;; and

lutcotrophic actmtj To be elTcctue it must be

administered b} injection

The ph>'siological activities of prolactin are

O’certed upon the mammarj gland, the pi^ron

crop s,ic and, in certain species, the corpus luteum

The effects produced bj prolactin on the mam
marj gland form a difficult subject of study

Species differences and tiie «imultaneous actions

of other hormones on the gUnd must be carefully

considertd Tina subject is dealt with in chapter

60, and it will, therefore, «ufficc to sa> here that

the initiation of lactation (lactogcnesis) and its

maintenance an. probablj due to a complex of

pituitary hormones centering around prolactin as

an essential element Ljons and coworkers re

ccntlj stated ' m the Long C\ ans rat, at

least 5 of the G well identified anterior pituitary

hormones plaj important parts in raammogcncsia

and lactogencsia ’* Tlie effect of prolactin on the

crop sac of the male or female pigeon, on the

other hand, is a specific and direct action of the

lactogenic hormone It thus forms a more mitablo

reaction m many ways for assay purposes The
stimulating effect prolactin exerts on the «ccretorj

activity of the corpus luteum of the rat was ob-

served m 1941, and led to the synonym lutco

trophic hormone (LTH) for probetm It would

seem established nb\\, tliat FSH and LII arc re

sponsible for ovnilation and the /orinalion of the

corpus luteum during the normal estrous cycle

in the rat This corpus luteum, however, does

not necessarily become functionally active and

semte progissferune 7/ stmfe or itrfub coiftis

occurs durmg estnis, this in some way tn^ers
the release of LTH from the pituitary and so re

'ults m a functionally active luteal phase and an
associated period of pscudopregnancy or preg

nancy However, since the original observations,

little evndcnce has accumulated that prolactin

exerts a lutcotrophic action m other species, such

as the rabbit monkey, or man Recent work,

however, indicates that prolactin has a definite

effect in prolonging the active life of the corpus

luteum m the sheep

The assatf of prolactin may be performed using

the crop gland or mammarj respoD«e The increase

in weight of the pigeon crop after intiamu'icular

injection of the hormone or histological changes

in the crop muco«a after intradermal injection of

the hormone immediately over the crop gland are

both u«ed It has been suggested that the m
created uptake of radioactive pho«phoru9 by the

crop sac under the influence of prolactin may form

theba«isof a ecn«itive andobjectiveas^ay method
In mammal? the formation of miJk in the mam
mary tissue of the estrogen progesterone treated

or p*eudopregn'int rabbit, follomng either sys

temic administration or injection into a lactiferous

duct may be employed An international stand

ard of prolactin is available One 1 17 is the ac

tivity contained in 0 1 mg of the standard prepa

ration

lattlc IS known regarding the tnadualion and

ezcrelum of prolactin m the body Some in vilro

studies have indicated that prolactin is inacti

\atcd by the tissues of the mammary gland

ovary
,
and pigeon crop gland that is by tissues

of its three target organa

Factors reffulatin^ Ote secrelion of prolactin hav e

been stuthed by observing the effect of different

procedures on the activ jty of the mammary gland,

or the corpora lutca of the rat Tlicse indirect

methods of assessing prolactin are necessary «mce

the techniques for measurmg prolactin m body

fluids are not sensitive or accurate enough to

allow direct measurement In chapter 60 it is

pointed out that there is suggestive evndence that

tlic sensory stimuli associated with the act of

suckling stunulate by various reflexes the pitui

tary «ccrction of prolactin, and, therefore, play an

important part m mamtaming milk secretion in

the breast Similar evidence relating to prolactin

secretion is that the ?uckJmg may induce the

development of functional luteal tissue in the rat

As mentioned above corpora lutea are formed,

but do not function, durmg the normal estrous

cycle in this animal If mating occurs, however,

jwtdariio/rJea.'vJssJjmuloteri by jtJpv arJirav the

corpora lutea become functional and the next

extras IS delayed for the penod of pregnancy or

pscudopregnancy During the period of p^eudo-

prcgnancy, trauma to the endometrium re«ults

in the formation of a tumorhke mass m the

uterus known as a deciduoma Deciduoma forma

tion only occurs m an endometrium under the

influence of progesterone \ctivation of corpora

lutea w ith the dev elopment of a pscudopregnancy

may be stunulated m the rat not only by sterile

coitus but by experimental procedures such as

glass rod stimulation of the vagina, electrical

stimulation of the uterine cervix, or masivc
eicctncai stunuh passed through the bead Tlie

stimulus of suckling produces a similar rc'ponre

Sclye and coworkers showed that the regular

estrous cycles of rats and mice could be inter

Tupted by supplynng them with relays of litters

obtamed from other animals Prolonged suckbng

m these animals resulted in p«eudoprcgnancy and
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lactational de\elopmcnt of the mammaTy gland

It seems clear that in this condition known
as suckling p«eudoprcgnancy, the Etimulus of

suckling has eioked prolactin release Coitus and
sucklmg then are phj’siological stimuli which act

by nervous reflex paths and the hj’pophj’sial

portal vessels, to excite prolactin secretion Tlie

effect of disconnecting the antenor pituitary from

the hj-pothalanius on prolactin release, is drf

ficult to understand Everett has shown that au
totransplantation of the pituitary to the kidney

region of rats may even result m signs of aug
mented LTII release One possible explanation is

that the hypothalamus normally regulates LTH
secretion bj a tonic inhibitor} process The effect

of a feed back action of estrogens on prolactin

secretion is discussed in chapter 60, when a pos

siblo relationship between estrogen concentration

in the blood and lactogenesis is considered

The Covrnoi. or the Secretion op
THE ADEhOHTPOPHTSlS

In discussing the individual hormones above,

it has been emphasized that the sccretor} activity

of the anterior pituitary is regulated by the fol

lowing

1 A feed back of target gland hormones It is

uncertain whether this effect is due to a direct

action on antenor pituitary cells or to an action

on the nervous e}atcm which in turn modifies

pituitary function This mechanism senes as a
homeostatic mechanism to maintain a eonstant

level of hormones in the blood

2 The central nen ous sj’stcm, acting through

the h}-pothalamus and bj^pophisial portal ves

BcU of the pituitary stalk The hypotlialamus

acts to mamtam anterior pituitary function at a

normal level and to var} this level according to

external stimuli and the needs of the organism

The liberation of gonadotrophic hormone by sex

ual excitement in the rabbit (p 968) or by extra

illumination in birds and many mammals, the

release of adrenocorticotrophic hormone under

states of emotional stress (p 074), and the sc

cretion of thjrotrophic hormone upon exposure

to cold arc outstanding examples of the reblion

ship between the antenor pituitarj and the

nervous s}stcm It is most probable that penph

cral scn«orj stimuli activate nervous reflex paths

which cventuall} converge into the hypolbsla

mus Howcver,vcrj few
,
if any, nerve fibers pass

from the hj^pothalamus to the anterior pituitary

MTiat then is the functional bnk between the

hv-potlinlamus and ad(noh}T>oph}Sis’ The vascu

lar supply to the pars distabs (p 957) offers the

basis for an explanation The hiTJopbi-sial portal

vessels connect the tuber cmereum of the hypo-

thalamus with the anterior pituitarj gland and

the evidence is now convrmcmg that the«e vessels

mediate, in some way, the influence the nervous

system exerts over the activity of the pars distalis

The Functional Significance of the

Hypophysial Portal Vessels

1 All vertebrates possess a sj'stem of vessels

passing from the median eminence to the antenor

lobe of the pituitary From amphibians to man,
these vessels are truly portal m that they start

as capillaries m, or m contact with, the median

eminence form vascular trunks which run down
the pituitary stalk, and break up into the smu
soids of the antenor pituitary

2 ITie direction of blood flow m these vessels

isfrom the median eminence to the anterior pitu

itary

3 The effects of pituitary stalk section are

conditioned by the subsequent state of the portal

vessels If these vessels regenerate across the site

of the cut, normal anterior pituitary function may
bo reg&mcd If regeneration of the vessels is pre

vented by the placement of a plate between the

stalk ends, then antenor pituitary function re

mains greatly reduced

4 TTie effects of pituitary transplantation vary

with the anatoDucal site of the transplant If the

pituitary gland is removed from the sella turcica

and placed in the subarachnoid space below the

hypothalamus the tissue may become revascu

bnzed by an outgrowth of portal vessels from

the tuber cmereum and normal anterior pituitary

(unction regained If the transplant is placed m a

distant site m the body (mu'cle, antenor chamber

of the eye kidney) then only fragments of normal

antenor pituitary function are observed How
ever, if the tissue is transplanted a second time

m the same animal, and placed in contact with

the tuber cmereum, then normal antenor pitu

itary function may be regained

5 Electncal stimulation of vanous sites m the

hypothalamus has been found effective m caus

iDg discharge of luteimzmg hormone, adrenocor

UcQtrophic hormone, and ihyrotropluc hormone

from the anterior pituitary On the other hand

if the electrode is placed directly in the adenohy

pophysis, similar electncal stimuh are ineffective

in evoking hormonal release This findmg is com

patible with the view that the activity of the

gland 13 normally controlled by a humoral mech

amsm and not by a direct secretomotor nerve

supply
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There can be no reasonable doubt that tl>e func

tional activitj of the adcnolijpophj sis is depend

ent on its hypophj-sial portal bloCKl supply In

some n aj thes} i easels transmit the influence the

nervous system exerts oier the actnity of the

gland The mechanism involved is not yet clear

Tlie most probable vicii is that \anous hypotha

lamic nerve tracts liberate some humoral sub

stancc(s) into the capilhnos of the portal vessels

in the median cmmcnce and that the humoral

suhstance(8) is earned by thc«c vessels to the pars

distahs where it excites or inhibits the glandular

cells This idea of a neurohumoral mechanism

regulating anterior pituitary activ ity Ends indi

rect support from the prc'Hint concepts regarding

posterior pituitary function It is non generally

held that the posterior pituitary hormones arc

formed m the cells of the supraoptic and para

vcntricularhypothalamic nuclei (neurosocretion)

are transported down the nerve fibers of thesu

praopticohyTiophysial tract m the pituitary stalk

and liberated from the nerve terminals mto the

blood vessels of the neural lobe of the pituitary

(sec p 960) Such a mcchaniem is very closely

analogous mth that suggested for anterior pitu

itary control Both suppose the formation of hor

monal eubstancca by by pothalamic neurones and
both oppose the liberation of thc«c substances

into blood ve«seU of the neurohypopbysis cither

into the primary plexus of the portal veascb in

the median eminence or into the capillaries of the

infundibular proce^ It is of interest that the

blood vessels of both the«ie parts of the ncurohy

pophy «is have 'imilar permeability properties (as

yui^ed b> the ikEfixsiruj nf vjtaJ dyes and roiboae

tive substance) which are different from those of

the hypotlialamic blood vessels It should be

mentioned here that the neurosecretory concept

IS of course not new The existence of secretory

neurones in the nervous system of invertebrates

(msects mollu'sks worms etc ) has been well cs

tabhshed

The isolation purification and idcntificntion of

a hormonal tran'sraitter agent associated with the

portal vessels has not been achieved Sfarkec and
his colleagues suggested that an adrenergic agent

was mvolved m the regulation of gonadotrophic

secretion on the grounds that injection of adren

aline mto the anterior pituitary resulted in ovoila

tion m rabbits and that the normal postcoital

ovulation could be blocked in this animal by ad

renolytic drugs In view of the clinical importance

of the adrenocorticotrophic hormone much inter

est has centered on the nature of a humoral

transmitter underlying the release of (his hor

mono Saffran and his colleagues in Montreal

and Guillcmin and coworkers have incubated

anterior pituitary tissue tn ritro and obtained evn

dence that some sul«tance extractable from the

ncurohypophysis is active m releasing ACTH
from Buch tissue The work of these and other

lovestigitors suggests there is a relation«hip be

tween neurosecretory material the antidiiiretic

hormone of the neurohyTiophysis and the mcch
anism regulating the release of ACTH from the

pars distahs The antidiuretic hormone has also

been implicated by Martini as a humoral agent

rcgubting the release of thyrotropluc and growth

hormones It is impo<5siblc at the prc«cnt time

though to draw any definite conclusions regard

ing the nature of a transmitter agent The present

data could be expbined on the view that a poly

pcptidc(s) is liberated from nerv e terminals m the

median emmence mto the portal v'esscis Just as

vasopressin and oxytocin have a similar molecu

hr configuration and overlapping activities so

might the postulated polypeptide luvu part of its

molecular configuration m common with the

posterior pituitary hormones and thus have a

quahtativcK sunilar effect on antenor pituitary

cells

Astibormones am> RRonoRMOssa Collip and

his colleagues (leDion<tratcd that certain hormones

when mjected cau<e the formation of a substance

m the serum of the treated animal which exerts a

specific antagonism to and may completely abol

ish the effect of the injected hormone They
thought that the inhib tory principle was not an

antibody in the ordinary sen<;e t e an immune
body dcviOr^J Jo imroF mnsJatuent nf the inr

mone acting as antigen but was rather in the

nature of an antthon one A substance of tbis

character was first obtained by ColUp and Ander

eon in 1934 in the cource of experiments with the

thyrotrophic principle of the anterior pituitary

Rats after repeated injectious of the thj rotrophic

hormone became refractory and subsequenllj

failed to respond to large doses They w ere still re

spoQSive however to the tbyro d borrooDe It was

found that the serum of the«e refractory animals

was capable of preventing the effect of the thy ro

trophic hormone upon nonrefractory animals To
give another example of this antagomcm hypo
phy'ectomiaed rats treated with purified growth

hormone faded to respond to it after a period of

fi or 6 weeks The serum of such ammals neutral

ized the effect of the growth hormone upon other

untreated hypophysectomized rats Bes des anti

thyrotrophic and antigrowth principles inhibitory

substances have been shown to exist for the keto

genic lactogenic and gonadotrophic principles of

the anterior pituitary reopectively as well as for
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the anterior pituitarj like principle (HCG,eh 60),

but not for the adrenotrophic, or for insulin, or

the eex hormones

CoIIip suggested that the inhibitory principles

or antihormones were present in the blood of nor

mal animal«, each serving to "oppose" or "buffer’’

the action of the corresponding hormone and that

a given endocrine effect occurring naturally in the

body was dependent upon the ratio existing be

tween the hormone and antihormone concentre

tions

Collip’s oboervations have been confirmed re

peatedly by other experimenters But there has

been a difference of opinion as to the nature of

the inhibitory substances The problem is one of

extraordinary complexity for experimental in

vestigation From sex eral later observations, bow
ever, e g , that rats do not develop antihonnones to

implantation of antenor lobe tissue of their own
species and antigonadotrophic substances are not

formed in the blood of women injected with human
chorionic gonadotrophin, it is most probable that

the effect of the«e so called antihormones repre

seats a form of antigen antibody reaction due to

contaminating foreign fantigemc) protein

Augmentation of the action of the hormone af

ter repeated injections has also been observed

The augmenting substance which develops in the

serum of an injected animal is called a probor

mone The augmenting action may precede the

antagonising or antihormone effect

Hie Physiology of the ^curohypoph)8ls

An active extract of the pituitary was first ol>>

tamed m 1891, by Oliver and Schafer who de

Bcnbed ita effect m raising the blood pressure

Howell, 3 jTars later, showed that the posterior

lobe alone contained the pressor principle The
extract has been UH'd m medicine for many yeara

under such commercial names as FiluMrin, In

fundm, Infundtbuhn, etc
,
or as the official eoIu

tions of the British and United States phannaco

poeiaa (B P and U S P )
^ Much of our knowledge

regarding the pliarmacological actions of posterior

pituitary pnnciplcs has been derived from work
using crude tchole extract of the posterior pituitary

The single extract may be fractionated into ttoo

extracts which contain in a nearly pure form the

xasopressor or antidiurctic hormone and the oxy

tocic hormone (marketed as Pitressin and PUocin,

* The official solution of U S P (\III) Posterior

Pituitary Injection is an aqueous solution of the
principles of the posterior lobe of the pituitary of
‘ hcalthx domesticated animals used as food by
man ’ It has a specific activity (oxytocic, anti

diuretic, or pressor) of 10 posterior pituitary units

per cubic centimeter A Posterior Piluitaru Unit
(B P , U S P

,
or International) is the potency of

0 5 mg of the Posterior Pituitary Reference Stand
ard

respectively, see p 984) Ptfressm and PUoctn

haxe largely replaced PttuUnn m climcal use,

and even more highly purified or synthetic com
pounds are being used for research purpose®

However, an account of the actions of the whole

posterior lobe extract will first be gi\en

The Actions of Whole Posterior

PiTtJiTART Extract

These fall mto 8 mam groups

1 CiBCUiATORT The blood pressure is raised,

tbe sy'stcmic arterioles and capillaries both under-

going constriction Marked pallor of the skm re

suits An mitial depressor effect, or a pressor

succeeded by a depressor effect, may precede the

mam nse m blood pressure Repeated injections

mvoke smaller and smaller pressor responses

(tachyphylaxis) and may even result only m a

depression of the blood pressure (inversion effect)

This depressor effect is cardiac m origin as in

dicaled below Posterior lobe extract causes con

stnctiOD of the coronary and pulmonary xcsscb

but dilates the cerebral and renal vessels) Tbe
dilator effect upon tbe tu o last mentioned sets of

vessels is a passive one bemg caused by tbe nse m
systemic blood pressure Tbe heart is slowed by
postenor lobe extracts if the vagus nerves are

intact, the effect bemg a refiex result of the blood

pressure rise, but increased cardiac rate occurs if

the Denes have first been cut Some dilatation of

tbe heart and weakening of its beat occur m the

dc%, rabbit and, with large doses, m the cat Tlie

coronary constriction and the weakemng effect

upon the cardiac mu«cle cause a reduced cardiac

output and a fall m pressure m tbe pulmonary

artery (dog and rabbit) These experimental re

suits indicate that commercial extracts are of no

value dxntcQ&T/ as a means ol strengthening the

action of a failing heart but may actually exert a

dclelenous effect Tlie fallm blood pressure which

follows repeated injections of posterior pituitary

extract (inv ersion effect) is due according to Mcl

vtllc and Stehl, to the weakening of the heart and

13 not of vascular ongin The portal venous pres

sure 13 reduced by postenor pituitary extract as

a result of constnction of the splanchnic ve^^cls.

2 RESPniATORTEFFECTS,eg, increased rate of

breathing, alternating at times with penods of

apnea, are produced by the extract, but they are

secondary to the effects on the circulation

3 Plain uuscle, in general, w stimulated by

whole postenor lobe extract Tins action differs

from the smooth muscle stimulating action of

adrenabiu: m that it does not parallel the action

of tile sympathetic nerves, smooth muscle, re
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cemng motor innorvation from the parasympa

thetjc, js excited as well The muscular walls of

the tn/cs(ine, gdl bladder, ureter and urinary Had
der (detrusor and trigone) arc excited Peristalsis

m the human small intestine and to a le<>3 extent

in the colon is stimuKted, but the tone is im

affected Sometimes the smooth muscle of the

bronchioles is stimulated, but this is due to con

lamination of the extract with histamine and is

not specific

4 Uterine Tlie stimulatmg effect of posterior

pitmtarj extract upon the isolated virgin guinea

pig s uterus was demonstrated bj Dale in 1909,

and termed the oxytocic effect It is used as a

meins of assaying the potency of pituitary ex

tracts Some lughly purified preparations exert an

oxydocic effect m a dilution of 1 part m 2,000

000000 The effect of those extracts upon the

utenne muscle is antagonized bj the hormone of

the corpus luteum fsee p 1088) Tlic oxytocic cf

feet vnrics with the species, and, as a consequence

of the mterplay of other hormones, especially of

the luteal hormone, with the phases of the «exual

cycle (e g ,
period of cstrus, pregnant or nonpreg

nant state of the uterus) An mterrclation be

tween the actions of adrenaline and posterior pi

tiutary extract is indicated by tlie fact that if

the nonpregnant uterus of the cat is first treated

with pituitary extract, adrenalioc causes contrac

tioninstead of the usual relaxation (p 1026) The
human uterus is most seositiie at the end of preg

nancy, and the extract is used as an obstetric aid

to produce utenne contraction after the expulsion

of the placenta and so to prevent or check post-

partum hemorrhage

5 hlAMMART Lactation consists of two main
processes First, milk formation or secretion which

IS intunately related to the antenor pitmtary

gland (p 977), and second a process known as

milk ejection, w hicb is controlled by the postenor

pituitary gland Ott and Scott m 1910, first

showed that mjection of postenor pituitary cx

tract increased the amount of milk obtainable

from the cannulated udder of the goat This ac

tion of the extract, causing an active expression

of the milk present m the lactatmg breast or ad
der, has been confirmedm many species including

man Much discussion centered at one time

around the question of the contractile element

concerned In many forms plam muscle existe only

around the larger ducts m the mammary gland,

and it was difficult to understand how milk coo

tamed m the alveoli could be expressed The
histological studies of Richardson have now es

tablished that a spcciahzed contractile tissue.

Flo 50 15 Section of part of a lobule of the
mammary gland of a goat fixed in the distended
state, ebowiDg (he myoepitbelial eells stained with
silver (From Richardson

)

composed of myoepUhehal eells (see fig 56 15), is

exten«ively distributed around the aheoli and

ducts of the mammary gland and there can now
be little doubt that this is the effector dement
stimulated by posterior pituitary extract In order

to demonstrate the action of posterior pituitary

extracts on the mammary gland it is necessary to

cannulate the mpple or teat (to overcome the

sphmeter action of this structure) Very small

doses of extracts (of the order of 0001 umt) are

then effective m exciting milk ejection

6 Kidney (Antidiuretic hormone, ADH) The
action of posterior pituitary extracts upon renal

function was discovered by Magnus and Schafer

m 1901, but they described only a diuretic effect

The diuresis, however, is of bnef duration and

maybe preceded by anuna due to ureteral spasm,

this early diuretic action is due to the nse m
general blood pressure and the passive dilatation

thereby, of the afferent glomerular vessels Tlie

important and specific renal effect is, howev er, an
increase m the reabsorption of water and as a
consequence, a reduction m urinary flow In

ancathctized animals the specific antidiuretic ac

tione absent, diuresis due to the vascular factors
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IS the outstanding effect Posterior lobe extract

postpones for se\eral hours the diuresis induced

in normal animals by w ater dnnhing, and reduces

the polyuna of diabetes insipidus Associated

with the antidiuretic effect 13 an increase in the

percentage of sodium and chlonde m the unne
and, as a result of a reduction in the tubular re

absorption of the«e electrolytes, an mcrease in

their total excretion (see also ch 34)

The antidiuretic principle is an essential factor

in the maintenance of the water balance of the

body, being secreted when the need for water

conservation arises For example, the quantity of

the hormone m the urine, which reflects presum

ably its concentration in the blood stream, is in

creased m dehydrated states but decreased in

hydremia (Gilman and Goodman) In man, it is

through a more active tubular rcabsorption rather

than by a reduction m the filtration rate through

the glomerulus that the kidney play3 its part in

conserving water

It IS only m mammals and buds that posterior

pituitary extract exerts any effect upon tubular

reabsorption And, as compared with mammals
the antidiuretic action of the extract m buds is

feeble Only these two cbsscs secrete a hyper

tome unne, and theu nephrons alone possess a
thm segment of Ilenle’s loop It is thought, there-

fore, that this part of the renal tubules is the site

of action of the antidiuretic hormone (see also ch

34) Howoter, the hormone is not without effect

upon the water exchange of amphibia and rep

tiles Frogs, for example, immersed in water in

crea«e theu body weight if injected wnth posterior

pituitary extract (Brunn effect) as a result of the

uptake of water through the skin, they also lose

water readily m a dry envuonraent if treated

wnth the extract This effect* is due to a principle

in pituitary extracts other than ADH, it is closely

associated with the oxytocic principle but does

not seem to be identical with the latter It is

called the water bdanee principle and can be pre

pared from the pituitnnes of mammals as well as

from those of amphibians

7 Metabolic effects Reduced tolerance for

sugar, diminution m hepatic glycogen, hyper

glycemia, glycosuria, and a fall in the basal meta

bolic rate follow the injection of pcetenor lobe

extract The effect of insulin is antagonized That

IS to say, the pancreatic hormone produces less

‘ It IS not seen 10 fish or reptiles, but in the lat

ter the extract exerts a renal cflect, but one dif

ferent from that induced in mammals, namel}, a
reduction of the filtration rate

effect upon the blood sugar and a greater amount
13 required to produce hypoglycemic convulsions

if its administration has been preceded by an in

jection of posterior pituitary extract This extract

also causes an increase m In er fat The effects on
carbohydrate and fat metabohsm are probably

nonspecific, and, therefore, do not represent

physiological actions

8 MeLANOPHOEE EXPANDING (DISPERSING)

PBOPEBTY The skins of many cold blooded am
mals contain peculiar cells with branchmg proc

esses and mobile pigment granules whose move-

ment toward the periphery of the cell or toward

the center is under hormonal influence Such cells

ha\e been given the general name of ckromo

phorea 'nitKCcontaimng black pigment (melanin)

are know n as ntelanaphorea, and those with red or

yellow pigment are called eryOirophores or xanlho-

phorea, respectively

Hogben and Wmton showed that posterior pi

tuitary extracts caused the pigment granules m
the melanophores of the frog to become dis-

persed throughout the bodies and brandling proc

esses of these cells This results m darkenmg of

the skin Thus, the mjection of a small dose of

posterior pituitary extract into a frog causes its

skin to become almost coal black as a result of the

melanophore reaction On the other hand, after

bypophyscctomy, ovring to the disappearance of

the pituitary hormone from the circulation, the

pigment granules gather near the center of the

cells and the skin becomes pale Hyiiophysecto-

mized tadpoles have instead of the usual dark

brown or green color, a silvery appearance The

changes in color which certain amphibia, reptiles

and fish undergo in order to blend into the color

of their surroundings is hrgely due to variations

m the concentrations of the pituitary hormone m
the blood or to the balance between the concen

trations of the meianophore-expanding principle

and adrenalme Blinding a frog deprixes it of its

adaptive power * Nervous impulses ansmg m the

• The phenomenon of light influencing structure

and function through the mediation of a retino

hypophjBial mechanism is not peculiar to cold

blooded animals The work of a number of expen
menten indicates that the well known association

of the seasonal periods with morphological changes
(eg, color ana texture of hair or plumage) and
with the sexual cycles of certain mammals and
birds as well as with the migration of birds, is due
in part at least to light acting upon the anicrior

pituitarw through the medium of retinal impulses
Itowan for example was able to induce sexual ac

tivit> in crows and canaries at any desired time of

the year by vary mg the periods of their exposure

to artificiu light, it is also well known that the
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retina are believed, therefore, to govern the liber-

ation of the melanophore expanding principle

The production of melanin m the skm of the frog

IS said to be stimulated by this principle

In most animals, the melanophore-expanding

principle is elaborated by the pars intermedia ’

Cultures of tissue from the pars intermedia alone

yield this principle, whereas, cultures of the neund

part of the pituitarj or of the anterior lobe do not

Nevertheless, the prmciple finds ita nay into the

neural part of the pituitary and unpunfied ex

tracts of the latter always contain it as a con

tammation But it is possible to prepare it free

from antidiurctic, pre'eor, and oxjtocic effects

Moreover, the melanophore dispersing action of

extracts from different parts of the posterior lobe

does not run parallel with the pressor, oxytocic

and antidiuretic properties These factors argue

for the melanophore effect being due to a separate

and distinct hormone Zondek has given the name

intermedin or the thromaiophoTOlToptc hormone to

this prmciple It has been suggested that the

melanophore expandmg prmciple also causes the

migration of the melanm granules in the pigment

layer of the retina (ch 73) and is, therefore, a

factor m dark adaptation of the e>es of higher

vertebrates but the expcruncntal evidence in re

spect to such a function is confiictmg Nor is there

any defimte evidence that any relationship ex

jsts boinecn this hormone end the occurrence

of retinitis pigmentosa It is natural that it

should ako be suspected of playing a role m
cutaneous pigmentation m the human subject

but few observations have been reported which

domestic fowl will lay regularly m winter if its

E
eriod of exposure to light is lengthened by arti
cial means Cognate experiments have been car
ned out upon mammals, ferrets hedgehogs sod
racoons The seasonal onset of estrus in the ferret
has been shown to be conditioned by the length of
the day, and optic nerve section or hypophyscc
tomy abolishes the phenonenon The sexual cycles
are abolished of course by bypophysectomy flack
of gonadotrophic hormone) but their periodicity
in relation to the length of exposure to fight is lost
after optic nerve section alone The extreme een
Bilmty to light of the pigeon with respect to the
time of egg laying is extraordinary The pigeon
lays a pair of eggs in the morning the second of the
air being laid with the regularitv of clock work,
alf an hour after the first Lengthening or short
enmg the period of exposure to light alters the
duration of the interval between the Ia>ing of the
first and second eggs of the pair

’’ In thooe species such as the chicken porpoise
and whale which do not possess a pars interroedia
the melanophore dispersing principle is found in
extracts of the anterior lobe, none is present in the
posterior lobe

nu^t connect this principle with cither normal or

abnormal pigmentation in man It has, indeed,

been suggested that mtermedin and adrenocorti

cotrophic hormone arc one and the same sub-

stance This hypothesis would explain the occur

rcjjce of pigmentation in Addison’s disease, when

the atrophic adrenal cortex allows increased re

lease of ACTH However, mclanophore-expand

mg activitj and adrcnocorticotrophic activity

have been largely separated mto different frac

turns of pituitary extracts The mtercstmg sug

geslton has been made that the ammo acid

sequence of the polj-peptide molecules o! these

hormones partially overlap, thus affordmg a pos

siblc explanation of the melanophore-dispersing

activity of ACTH

Fraeltona(u)n of (he Poslertor Lobe Extracl

Oxytocin and Yasopresstn

Considerable quantitites of histamine may be

present in commercial pituitary extracts which

have not been carefully purified indeed it was

believed for a time by some (Abel and associates)

that the plain muscle stimulating and depressor

effects were due sunply to histamine Abel also

maiotaioed that the other effects {pressor and

antidiuretic) were due to a single hormone The

work of Dudley, and especially of Lamm and his

associates has shown that the specific effects are

not due to histamine and that there are at least

two distinct active principles in a posterior lobe

extract From the crude extract Kamm and his

associates have isolated two relatively pure frac

tione one containing mainly vasopressin (the vas

opressor or aotia^oretic Aonnone) and ihe other

mainly oxytocin (oxytocic hormone) They are

marketed commercially as Pitocin and Piiresstn

These are white amorphous powders freely sol

ubie in water However, van Djke and col

leagues obtained a noncrystalline material of

protein nature from posterior lobe extracts which,

from electrophoretic ultraceotrifuge and solu

bility studies seems to be a pure substance free

from contaminating material It possesses oxy

tocic and pressor activities in the same ratios as

in the crude extracts A significant advance was
made by du Vigneaud and his team Taking ad
vantage of such modern techniques as countercur

rent distribution between immiscible solvents

chromatographic separation on paper, or starch

columns, they obtained highly purified prepara

tioQs of vasopressin and oxytocin from beef ma
tenal and were able to establish the structural

formulas of these compounds These are as follows
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Structure of oxytocin and vasopressin (ox)

\
~l

Cj s' Tyr lieu Glu(NH,) Asp(Nri») Cjs Pro Leu Gly(NHi)

Oxj tocin

I

1

Cjs' Tj r Phe GIu(NH,)Abp{MR) Cya Pro Arg Gly(NII,)

Vasopressin

Each hormone contains eight amino acids, six of

nhich (aspartic acid, cystine, glutamic aeid gly

cine, proline, and tyrosine) are common to the tno
The i«o!eucine and leucine in oxjtociQ are re

placed by phenyl alanine and arginine It is of

interest that in hog vasopressin lysine replaces

the arginine of beef vasopressin The molecular

weight ol oxytocin is IWJ? and olbeel vasopressin

IS lost Both these compounds have been syn
thc'izcd by du \igneaud and his group and the

syotbetie compounds have been found to be iden

tical with the natural products m biological and
chemical tests

The preparation of highly purified and eyn

thetic oxytocin and vasopressin has made pos*

sible the analysis of the physiological aetivi*

ties of nhole posterior pituitary extract, described

abote, in terms of those tiro compounds It seems

dear that oxytocin is responsible for the action

of pituitary extracts on uterine muscle and in the

mammary gland, whereas % osoprcssin acts on (he

blood pressure and water excretion by the kidney

There are no good grounds for believing that the

pressor and antidiuretic activities arc due to two

different substances It is of interest that vaso-

pn*^!!! has some shght oxytocic activity (uterine

otimuhting and milk-ejecting activities) and oxy

tocin has slight pressor and antidiuretic actions

This IS so even n ith the highly punfied prepara

tions and appears to be due to the simiLanty of

molecular structure of these hormones

Although the term oxytocic hormone and vaso

prc«sor hormone arc applied to these two pituitary

fractions, it is not yet certain that these com
pounds are hormones in the sense that they are

secreted individually and separately into the

blood stream The possibility cannot be ruled out

that tliey are secreted as part of a larger protein

molecule which constitutes a single hormone with

multiple actmties Tlic exidence m support of

this latter new is that phy siological stimuli which

c\okc secretion of vasopressin orantidiurelichor

mone (injection of hypertonic sahne) also seem

to excite release of oxy tocic hormone, and etimub

• Position of free ammo group

evoking release of oxytocic hormone (suckling)

afso result in an antidiuresis However, if both

hormonal activities are secreted together, then

they are liberated m ratios different from tho«e

observed m standard whole postenor pituitary

extract Electrical gtunulation of the nerve supply

in tbft ‘if.

sahne, and suckling bax e all been found to result

ui the release of 1 part antidiuretic activity to

about 50 parts of oxytocic activity, as compared

with standard extracts

The Costrol or, and the Fevciioss or,

THE Netoae Lobe

The functional activity of the neurohy pophysis

IS entirely depondent on its nerve supply from

the hypothalamus This mscrvation is desenbed

aboxe (see p 959), it consists of a large number

of unmyelinated fibers (100 000 in man) anting

from the supraoptic and paraventricular hxpo-

thalamic nuclei and possibly other nuclear

groups TTicse fibers converge to the pituitary

stnik and end in all three parts of the neurohy

pophysis, the median eminence, the infundibular

stem, and the infundibular process This latter

point IS of much significance when earher studies

are considered, for section of the pituitary stalk

clearly docs not denervate the whole neurohy

pophysis The upper end of the stalk and tlie

ipedian eminence of the tuber cmercum, which

con«titutc about 13 per cent of total neurohyT>o-

pliy'sial tissue, remain intact and innenatcd The
statement that neurohypophysial function is de

pendent on its nenc supply is based on the facts

that, fir«t, a lesion placed m the supraopticohi

pophy-sial tract m the hy-pothalamu® results in

loss of posterior pituitary activity, atrophy of all

throe parts of the gland, loss of extractable ac

tivity from the gland, and disappearance of neu

(Ones from the supraoptic and paraventncular

pucki Second, electrical stimulation of the supra

opticohypophysial tract results in rapid di'charge

of postenor pituitary hormone as shown by an

increase in uterine aetinty, milk ejection, anti

diuresis, mercase m mtc^tmal peristalsis, possibh
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a slight increase in blood pressure, and an m
created excretion of antidmretic material m the

urmc

Tlie plij biological actions of the ncurohjiioph

j-bia are suggested b> the responses excited bj

mjcction of small doses of posterior pitmtarj ex

tract, tbe> nro confirmetl as potential aclmties

of the gland when similar responses arc obsened

to follow electrical stimulation of the supraoptico-

hj'pophj'=ial tract, thoj arc established as phj'sio-

logical functions if Ihcj are aboh'hed bj denerva

tion, or remox'al of the entire ncurohj'poph^'sis,

and thej occur after phi-siological gtimuh such

os suckling

I A>TiDruRETic ACTIOS Ycrj small do«cs of

posterior pituitary extract, or punfied vasopres

sin, arc effective in inhibiting a water diuresis

In the rabbit about 0 1 to 1 milhunit is sufficient

in this ri’spcct Electrical stimulation of the supra

optlCoh^-poph^•slal tract m the conscious animal,

by the remote control method, is also effectuc m
inhibiting a nater diuresis The magnitude of the

antidmretic response x anes with the strength and

duration of the stimulus and can be \ery closely

matched, in both the effect on water and chlonde

excretion, by injection of an appropriate dose of

vasopressin

It has long been known that a lesionm the floor

of the third ventricle may be followed by the

clinical condition of diabeUi timpuius, in nhicb

large volumes of hypotonic urme arc excreted

each day («ce p 992) Ranson and his colleagues

were able to produce a similar picture m cats and
monkeys by placing bilateral electrolytic lesions

ID the jajjnrooptjrnb^TKipby sial tract an the by
pothalamus Their cats developed a permanent

polyuna of 300 to 500 ml ofunneperday {normal

Urine output for the cat is about 100 ml per day),

which could be reduced to normal levels by re

placement therapy with posterior pituitary ex

tracts After killing these animals they found that

the greater number of nerve fibers m the neural

lobe of the pituitary had disappeared, that the

Beurohi pophy sis was shrunken and hyperceJJular,

and that extracts of these atrophic glands pos-

sessed greatly diminished pressor, antidiuretic,

and oxytocic activity, though the melanophore

activity was normal This latter observation may
be correlated with the normal pars intermedia

found in the«e animals Prevnoua to this study it

had been found by other workers that pituitary

ctalk section m the monkey did not lead to dia

betes insipidus, though it did in the dog On the<5e

grounds it was argued that denervation of the

neural lobe was not est^enlial to the onset of dia

betes However, Fisher and coworkers in a bter

study showed that stab wounds placed in the

median eminence of the monkey resulted in a

marked polyuria, and suggested that pituitary

stalk section in this form left intact sufficient

neurohypophysial tissue in the still innervated

median eminence to prev ent the onset of dubetes

It may be pomted out tliat animals deprived of

the para distalis, as wtU as the neurohvpophvsis,

develop only a slight polyuna if any at all The
pans distalis everts a general diuretic effect which

is nece^ry for the development of a marked

polyuna This may be oljscrved in human pa

tionts with an expanding Ic'ionm the sella turcica

Destruction of the neurohypophy «is results m
diabetes insipidus but further dev elopment of the

lesion may destroy the pare distahs with ameLora

tion of the diabetes

TTic reflex release of antidiuretic hormone m
response to physiological stimub has been «tudicd

particularly bv Vcrncy and coworkers Emotional

cxcitcmcDt and the osmotic pressure of the blood

arc prominent factors m this category Emo
tional stress produced m a vanetv of ways (excr

CISC, loud nouc pam) was found to be associated

with an antidiurcsis of the same type as that

following mjcetion of po«t< nor pituitary extract

Pnor romov al of the po tenor lobe of the pitui

tary or section of the cupraopticohypophy'ial

tracts reduced the rt«poa«e to about o per cent

of its prevnous magmlude In early work, ^ emey
formed tbe new that the diuresis which follows

the dnnkiDg of water was due to inhibition of the

posterior pituitary gland If this inhibition was

jCDpdMjJed by a redured osmotir pir'isun* of tbe

blood then mjcction or "low infusion of hyper

tome sodium chlonde especially mto the arterial

supply of the hyTiothalamo-hy pophy =ial region,

would be expected to cause dischai^ of anti

diuretic hormone Such was found to be the case

For example, injection of 20 cc of 0 343 M b aCI

m 25 seconds mto the carotid artery produced a

marked inhibitory response on the course of a

water diuresis A "imilar injection made mtra

venously had little effect, and the response to the

carotid injection was markedly reduced by pre-

vious removal of tbe neural lobe It is likely that

the sensitive osmoreceptors he m or near to the

supraoptic nuclei m the hypothalamus By «low

infiisions of hypertonic solutions mto the carotid

artery, Temey sbowed tliat changes of only I

per cent m the osmotic pre'sure of the blood are

effective m excitmg release of about 1 mieroumt

pcrsecond of antidiuretic sub«tance Such changes

m oomotic pressure are witlun the range of the
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falls reported in water diuresis m man The dog

has been found to bberate about 1 to 5 nulbunits

of antidiuretic hormone per hour, and under the

influence of an emotional stimulus discharges 5

to 10 miUiumts of hormone For further informa

tion see the review by Verney (1&17)

2 Pressor ACTiov Much larger doses ofvaso

pressin are requued to elicit a pressor than an
antidiuretic response Electneal stunulation of

the supraopticohjTiophyBial tract in the conscious

animal excites a slight increase in blood pressure

of the same type as that following mjection of

vasopressm However, the fact that hemorrhage

and famtmg appear to stimulate secretion of the

vasopressor hormone supports the vnew that this

hormone plaj's a phj*siological role m maintaining

the blood pressure

3 Action on intestinal PERiSTAWia Again,

large doses of vasopressor hormone are required

to elicit an observable increase in intestinal pen
stalsis However, electneal stimulation of the

nerve supply to the neurohjpophyBis evokes a

clear increase in peristalsis m the colon of the

conscious rabbit Although posterior pituitary ex

tracts have long been used in man for the treat*

ment of paraljiic ileus, there is little evidence m
the human that the postenor pituitary nonnally

plaj’s a physiological role in regulating inteBlinal

motditj In this respect, Cushmg’s observation

tliat paticnU with tumors that have deslroj-ed

the neurohypophysis are “ notably victinused

bj chrome constipation,’ is of mterest

4 Htperqltceiiio action Both vasopressin

and oxytocm cause hj’perglj cemis, but which one

will hav e the greater effect depends largely on the

species In rabbits vasopressin has the greater

hjperglycemic action, whereas in dogs oxytocin

IS more cffetrfive ITie lAree necessary fti nuAicc

this effect is very large No equivalent hyper

glycemic action has been obtomed by electrical

stimulation of the neurohypophysis It is unlikely

that the posterior pituitary plays a pbj'siological

role in regulating the blood sugar

5 Oxytocic action on the uterus The dis

coverj of the oxytocic (swnft birth) action of pos-

tenor pituitary extracts led, as it w as bound to do,

to the tlicory that the elaboration and discharge

of a principle by the pituitary constituted an

important factor in the birth mechanism Such

a vnew recciv ed tacit acceptance until it was found

that man> forms, includmg mice, rats, rabbits,

guinea pigs, and others, delivered their joung

after hvpophj’scctomj However, Fisher and

cow orkers noted that six out of seven cats, suffer

ing from diabetes insipidus consequent to hypo-

thalamic lesions had senous difficulty in partun

tion They suggested that the reports of successful

delivery after hypophj’sectomj might be due to

the fact that neurohj’pophj'sial tissue m the pitui

tary stidk and median emmence had been left

mtact by the operation A further study bj Fisher

and fais colleagues showed that slightlj less than

one third of a number of guinea pigs, in which
the neurohj’pophysis had been completely dener-

vated by hypothalamic lesions, could undergo

normal parturition Similar, somewhat discord

ant, findings have been reported for human pa

tienls with diabetes insipidus It seems then that

m the absence of neurohj’pophysial function other

factors may compensate and result in apparently

normal partuntion m a proportion of cases

Electrical stimulation of the neurohypophysis

or its nerve supply has been found to result in

mcreosed uterine contractions in postpartum and
estrous rabbits Hatenus and Ferguson showed
that electneal stimulation of the pituitary stalk

m anesthetized rabbits, 2 to 8 hours after delivery,

resulted in mcreased uterme activity Ferguson

later showed that this response was still obtained

even if all the tissues of the neck were crushed

except the carotid arteries, jugubr veins and a

flap of skm In a more recent studj by Hams
It was found that electneal stunulation of the

supraopticohjpophysial tract in the conscious,

estrous rabbit evoked mcreased uterme activity

The magnitude of the response varied with the

intensity and duration of the stimulus The pat*

tern of the utenne response could bo matched
more nearly by intravenous injection of an oxy

tocic extract than by an injection of whole pos

tenor pituitary extract ^laximal stimulation was
found to be equivalent to the injection of 21X) to

SOd midjiuDite of the oxyfocic fraction Cross

(1958) has recently found that Labor may be m
duced in anesthetized rabbits at term bj mjection

of 50 to 200 milliimits of oxytocm or by electneal

stimulation of the supraopticohypophysial tract

From his experiments Cross concludes that the

secretion ofoxytocm may well play a partm initi

atmg labor and may be secreted during the course

of labor under the influence of nervous reflexes

mitiated by distension of the uterine cervix, as

firet su^ested by Ferguson The studies of Cal

deyro-Barcia and coworkers on the reactivity of

the human uterus to synthetic oxytocm mfu^ed

intravenously, lend indirect support to the views

that the oxytocic hormone forms part of the mech

anism controlling utenne activity during normal

labor Abo in fav or of this view is the observ ation

of Gunther who noted milk ejection from the
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nipple of a woman during j artiirition TJic mam
mary expulsion of milk eomcideil w ith tlic labor

puns and afforded sound evidence of an increased

concentration of oxjtocin in the blood at these

times

The suggestion has Iwcn made that oxatocic

hormone is released by a ncraous reflex excited

b} the act of mating and that the resultant m
crease tn uterine motiliti normal!) plajs a part

in the transport of seminal fluid up the female

reproductiic tract Data relating to thtsaicw ma>
be summarized as follows

1 The ascent of spermatozoa m the genital

tract of many forms (rat rabbit gu nea pig dog

sheep and cow) occurs too rapidlj tobeaccounfe I

for in terms of sperm moliht)

2 An increase in uterine actnitj has I ecn

found to follow mating or mechanical stimulation

of the external genitalia or cemx of the uterus

3 Evidence tl at ox) tocm is rclea«c(l b) the act

of mating or by manipulation of the aulva or

cervix uten is aflorded b) the milk ejection that

1 as been observed to follow these stimuli

4 Fitzpatrick and Hughes 1 ave observed an lo

crease m oxj'tocie aetivit) in jugular vein blood of

cows consequent to manipulation of the uterus or

cervix

The enticnee is suggostne that the oxytocic

hormone nomiaU) plays a role in «errunal trans

port but further work involving assajs of oxj

tocm before and after coitus and imcstigatioos

of an> disabilities m sperm transport in animals

after disturbance or denervation of the ncurohy

pophysis are required

ft JdUK .4^xrp^ As Bvfb

tocic effect on the uterus milk ejection may be

produced in the lactating mammarj gbnd bj

administration of ver) small doses of oxytocm
that seem within a physiological range As re

counted abo\e there has long been evidence that

the transfer of milk from mother to suckling

young mvoUes an actne squeezing out of tnilk

from the mammarj tissue by the maternal or

ganism Petersen was the first to suggest that

reflex stunulation of posterior pitmtarj secretion

was mvolved m the process Defimtive evidence

that this IS so came from experiments m sheep

goats and rabbits in which it was demonstrated

that electrical stimulation of the supraopticoby

pophysial tract re«ults m milk ejection Con
ver*elj it was found that following denervation

of the neurohj'pophj'sis by the placement of

hjpothalamic lesions in lactating rabbits the

young obtained only a small fraction of the

normal quantity of milk Howe\er if the mother

animal was injected with oxytocm just pnor to

Suckling the milk obtained by her young approxi

mated the normal amount From this and other

evidence there can be no doubt that the “lensory

stimuU associated with suckling and probably

conditioned stimuli as well reflexlj excite the

ncurohypophj sis to discharge oxj tocic hormone

This hormone in turn cau<5e3 contraction of the

specialized myoepithelial tissue m the mammary
gland, 80 tliat a poiitne ejection of milk occurs

There 13 much endence that a similar mech
anbm occurs m the human It is well known that

embarrassment worry or fnght at the tune of

nuremg may inhibit the flow of milk to the baby

Tim inlubition may howc\er be o%crcome by

injection of oxvtocm Hacgcr and Jacob'ohn hax e

obsciwixl sinking increases m milk yield to follow

injection of oxytocin into women with poor lacta

tional performance but with engorged and painful

mammae It is of intercut that after a single m
jcclion of oxy tocm lactation proceeded normally

without the need of further injections m tbema
jonty of cases

In nummary it may bo ^id that postenor pi

tuitary hormones play a physiological role m
regulating the excretion of water by the kidney

and the ejection of milk from the lactating mam
maty gland In all probabibtj the oxydocic ac

tivily is of importance m parturition and may
also be concerned with the transport of seminal

fluid in the female reproductue tract It is pos-

sible that neurohypophysial secretion is one of

the factors regubting mtestmal motihtj and m
mamtammg a falhng blood pressure Tlie hypo-

g}^efiss,v opijca £vf ert/scis a?

of pliarmacological interest oiil\

The melaaopbore-expandmg pnnciple (pre^^ent

in postenor pituitary extracts but a secretion of

the pare intermedia of the pituitary) plays an

important rolem lower forms (fishes amphibians)

m regulating the expansion of melanopbores and

erythrophores m response to retinal nervous re

flexes

Atsa}/ of Postenor Pituilaiy tJorvione

As'^ya of posterior pituitary hormones are per

formed with regard to their antidiuretie ia«opres

Bor or oxytocic activity Since the vasopressor

and oxytocic hormones have overlapping activi

ties no a^say method is entirely specific though

suitable corrections may be made for the overlap

ping activity For further details see the review

by van Dyke and coworkers (IQoa)

1 ^Rtidturelicassas's The unknown and stand

ard extract are administered to rats or dogs during

a water diuresis and the antidiuretic re«pon®e
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measured Probably the method of choice lavolves

the use of the trained dog, given water by stomach

tube, and the extracts by intravenous injection

This IS a specific and sen<itive method, and will

detect 0 25 milliunit of antidiuretic hormone
2 Vaiopreesor asiays In the past assay of the

pre«sor potency of pituitary hormone has tre

quently been performed on the dog or cat, but the

anesthetized rat now seems the method of choice

The extracts are injected intravenously, about 4

milhunits of vasopressin produces a defirute pres

sor re«pon®e

3 Ozylocic aeiitniy The classical method in

volving the u<e of the isolated guinea pig uterus

tn nlro is suitable for assay of material of high

potency The depressor action of oxytocin on the

blood pressure of the fowl has been widely u«ed as

the basis of an assay method but is relatively in

sensitn e Probably the most sensitive and reliable

method is that devised by van Dyke and his col

leagues in which the milk ejection rexponsc of a
cannulated teat duct of an anesthetized rabbit is

employed The threshold do«e is of the order 2 to

3 milliumts in this preparation

Tlic Poults of all a.ssay8 should be expressed m
terms of the mteraatiosal standard One mter

national unit is the antidiuretic, pressor or oxy-

tocic activity present m 0 5 mg of the interna

tional standard preparation

The ronMATiON avd fate op VEtmoirrpopzrTs-

lAL HORMONES The fact that the neurohypoph

ysis lacks glandular cells has long posed the

problem as to the cellular site of formation of the

hormones For a long tune it was bcheved (hat

the cells of the pars mtermcdia migrated pos-

teriorly mto the neurohypophysia and hberated

postenor pituitary hormones That this is not

so 13 shown by the facts that such forms, such as

the porpoise and whale, in which the neural lobe

H separated from all parts of the adenohypopli

y SIS by a (hick connects e tissue septum, show

the usual activities of neural lobe extracts (except

mclanophorc-expanding actnnty), and also (hat

animals with on atrophic neurohypophysis due

to an hypolhahmic Ic«ion show a loss of extract-

able activnty although the pars intermedia ap-

pears norma! It w as then suggested that certain

rather specialized cells in the neurohypophysis

(pituicyies of Bucy ,
or the parenchimatous

glandubr cells of Gersh) secreted neurohypo-

physial hormones However, the data regardmg

the secretory nature of these cells were contro-

lersial, and the eiidencc that material nch m
postenor pituitary actinty could be extracted

from the hypothabmus was difficult to explam

since such ceils do not exist m this region

An attractive view, which has received wide

acceptance in the last 10 years, holds that the

hypothalmno-neurohypophy«ial unit acts as a

H/eurosecrelory meehanum E and B Scharrer

have for many years mvestigated the possibility

that neurons m the central nervous system se

Crete hormone mto the blood stream There was

formerly more evidence to uphold this thesis m
invertebrates than vertebrates, but m 1049, Barg

manndemonstrated that the cells in the paraven

tncular and supraoptic nuclei, and their nerve

fibers sweepmg through the basal hypothalamus

pituitary stalk, and neural lobe, may be selec

lively stamed by the Gomori chrome alum hema
toxylin method Striking histological pictures

have b«n obtamed m many forms in which ceil

groups and nerve tracts are deeply stained m
contrast to surrounding neural structures The
general vnew is that the stamable material seen

in these neurons is either neurohypophysial hor

mono or some carrier material closely linked w ith

the hormone, and that it is found in the cell bodies

1 ft tbe hypothalamic nuclei and transported down
the axons to be liberated mto the blood vessels

in tbroc parts of the neurohypophy«i8 There are

no reasons to doubt that these neurons function

also as do other nerve cells, and that the rate of

discba^ of hormone from the nerve terminals

into the vascular system is regulated by nervous

impulses m tbe same nene fibers It is unlikely

that tbe hormone can be discharged from any

part of tbe neuron except the neno terminal

existmg m the neurohy’pophysis since lenons m
the nerve tract above the median emmencp uni

formly result in diabetes insipidus and since the

permeability properties of the blood v esscls of the

neurohypophy s« are so markedly different from

those of the hyTiothalamus proper The ev^dence

relating the stamable matenal to hormonal ac

Imly has been mamly concerned with the anti

diuretic function In different forms, and m the

same form under different conditions of dehydra

tion or exposure to stress, there is a correlation

between the amount of stamable matenal and

the content of vasopressor hormone The rela

tionship with oxytocin is less clear, since it has

been established that there is very httle oxytocic

activity in extracts of hypothalamic tissue It is

possible that oxytocic hormone is formed durmg

the transport of neurosecretory matenal into the

neural lobe itself The neurosecretory v lew of the

origin of postenor pituitary hormones affords an

obvious explanation for the lack of secretory cells

in tbe neurohypophysis and for the presence of

hormonally active matenal in hyTWtlialamic ex

tracts
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Although at one tunc it was thought that the

lionnones of the posterior pitmtarj pissed up the

pituitarj stilk and into the third \cntndlc, it is

now bclie\ ed that thej arc secreted into the capil

lanes of the gland and into the -venous «?>'8tcm

directlj Tlic form in which the hormones arc

transported in the blood is unknown, but it is

possible that tliej arc secreted as poliTicptidca

and become Imkcd to the plasma protein The
hormonal activities of mjccled extracts disappear

from the blood stream withm a few minutes, and

evidence exists that a major part of this inactna

tion occurs in the liver and kidncj a (Heller, 1957)

A further portion (about 25 per cent) of the ac

tivity of administered hormone, or of the hormone

disclurgod from the neurohjTiophysis by electrical

stimulation, appears in the unne, it is tmpo^ible

to saj though, whether this represents the un

changed hormone or a biologically active metabo-

htc

Disorders of the Pitiiitor) in Man

Dcrangementa of pituitary function may lake

the form of overactmty or of deficiencj In the

former case tumors composed of functioning en

doenne tissue are frequently the cause of the

disorder, m the latter, atrophj or degeneration of

the specific secreting cells, either prunanf} or os

the result of mechanical prepare by tumors, maj
be responsible A pituitarj tumor of the anterior

lobe maj be composed of any of the cellular clc

meats of the gland, chromophobe, acidophtl, or

basophil adenomas Squamous-ccllcd growths

(cramopharyngeomas) may also arise from cpi

thelial rests (remnants of Eathke’s pouch) near

the root of the infundibular stalk As a result of

the confined position of the pituitary withm the

sella turcica the entire gland is likely to suffer

from pres-^ure effects when one of its parts be
comes enlarged For this reason and on account

of the proximity of other important structures,

eg, hypothalamus and optic chiasma, and the

prochvity of tumors to invade or press upon
neighboring structures the manifestations of a

pituitary tumor are not alwaj-s referable simply

to the part of the pituitary ongmally involved

Any function (growth, sex, water elimination or

the metabolism of carbohydrate or fat) presided

over by the pituitary hypotlialaimc mechanism

may, therefore, be disturbed by a lesion in this re-

gion Nevertheless thesitewheremthetumoranscs

and the nature of the cells of which it is com
posed do -very often determine the predominant

features of the condition, and certain fairly well

defined groups of symptoms (syndromes) are rcc

ogDizcd To these may or may not be added
symptoms referable to pressure upon or to urito

tion or destruction of, nearby nervous structures

The following is a short classification of pitui

tary dweases

r Anterior lobe

A Overactivity

1 Acromegaly

2 Guinti-sm

3 Pituitary basophilism (Cushings dis

ease)

B Deficiency

1 Dwarfism

2 Pituitary cachexia (Simmond s dis

ease)

3 Acromicria

11 Posterior lobe deficiency or hypothalamic

lesion

A Diabetes in«ipi(lus

Iir Antenor lobe deficiency together with pos

tenor lobe deficiency or bypotbalmic lesion

A Dystrophia adiposo gemtohs (Probheh)

1 Infmtilo or juvenile type

2 Adolescent or adult type

AcnOilEOALT

Tliw condition was first described by Pierre

Mane in 1SS5 It is due to the eveessne ekbora

tion of the growth hormone during adult life

1 c ,
after the usual age of full skeletal growth

(fig 5C 10) An adenomatous tumor of the ante-

nor lobe composed of acidophil cells is respon«iblo

for the hy-persecretion The charactenstic features

of the condition are (a) Overgrowth of the bones

of the hands, feet and face Of the latter, the

mandible, nasal bones, and supraorbital ridges

are especially involved (fig 56 17) The feet and

bands are greatly increased in sise, the latterbeing

usually broadened and the fingers thickened,

under the X rays, the termmal phalanges appear

tufted, thus resembling a wheat sheaf in shape

Bowmg of the spine (kyphosis) is common The
soft tissues of the nose, bps forehead, and scalp

are thickened, the latter being thrown into folds

or wrinkles (bulldog scalp) There is a general

overgrowth of body hair (b) Atrophy of the

gonads and suppression of the sexual function

(amenorrhea in women, impotence in men) (c)

Moderate increase m the unnary excretion of

17 ketosteroids and corticoicls with reduced excre-

tion of gonadotrophins In the earlier stages,

however, there may be evidence of mcreased sex

ual function (d) Enlargement of the viscera

(gplanchnomcgaly) The tongue, lungs, thymus,
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out of proportion to the frame unless, aa is some

tunes the case, the giantism is accompanied bj

the characteristic features of acromcgalj
, as may

occur after adoJescence

CusniNo’s Disease Cesnisas STvnnoiiE

This IS a rare disease Its main features are (a)

Obesitj of the trunk (especially of the abdomen),

face, and buttocks, but not of the limbs, these

latter shon some vrastmg (fig 5G 19) Tlie fatten

ing of face leads to rounding of the facial contours

nhich obscures the bon^ structure, producing the

so-called “moon face ’’ There la, thus, a redistn

bution of body fat, which is mobilized from the

liml» and deposited in the regions mentioned

The fattj deposits are frequcntlj ten'^e, tender,

and painful Purplish stnae, due to distension, are

present over the lower abdomen (b) Poljcythc

Etna with cjanosis of the face, hands, and feet,

pigmentation of the skm, and cxeessne growth

of hair Women maj grow a mustache or a beard

(c) Loss of mineral from the bones, leading to

ost€oporo«i3, softemng or bnttlene«3 The soften

tog often ini o! v cs the dorsal ^ ertebrae, and causes

kyphosis, which with the deposition of fat in the

interscapular region giies the appearance known
ns “buffalo neck "

(d) Sj^stohe hj'perten«ton (e)

Suppression of <cxual functions (0 Hj'pergI}

cezzua acd glj ccuuru and ui some cases mcrcssed

imnary excretion of mtrogen (g) Atrophy of

testes or o\anes, and hypertrophy of the adrenal

cortex with signs of hypersecretion of its hor

mones (h) Increased urmarj excretion of 11

osycorticosteroids, and often of 17 ketosteroids,

high unc acid creatmine ratio 0) Eo«uiopcnia,

lymphopenia, low blood potassium, and retention

of sodium chlonde with increase of bodj fluids

and a tendency to edema
The disease as ongmallj described bj Haney

Cushmg (1932) was associated with a basophil

adenoma of the adenohypophysis * It has since

been found that the syndrome may arise either

as a result of a pituitary tumor (excess ACTH
production and stuaulation of the adrenal cortex)

or from primary hyperplasia or tumor of the

adrenal cortex The manifestations, it will haxe

* Susman found, however that in the postmor
tern examination of a large number of pituitsnes,
small basophil adenomas were preoent in 3 1 per
cent though no sign of bssophih«m was observed
during life Crook also states that a basophil
adenoma or a general increase m basophil cells is

an inconstant finding in Cushing s syndrome but
that hyaline degeneration of these cells (with or
without adenoma) is invanable

Fio 6619 On left at 20 years of age, on nght,
Syears lateral height of the di«case (From Cush
ing and Turney )

been observed are m either case refersWe for the

most part to excessive adrcoocortical secretion

Sometimes Cushing s disease is restricted to cases

associated with a pituitary tumor, and Cushing s

syndrome applied to tlie condition due to primary

adrenal tumor or b>7>erpla5ia

IhvARmsf

The arrested skeletal development which re-

sults from deficiency of the growth hormone of

the antenor pituitary is spoken of as the Loratn

ty^ie of infantilism (fig 56 20) These dwarfs are

usually, though not invariably, undeveloped sex

ually They do not show deformity or, as a rule,

mental mfenonty, and are generally not unat-

tractivem appearance Sometimes, however, they

arewuened and except for theirdumnutiv e stature

appear older than their years (progena) The
conditionmay then be considered the counterpart

of Suumond’s disease, but commencing before

puberty The antenor lobe dwarf at adult age

may be no more than 3 or 4 feet high During

infancy and childhood, the ossification center*,

as observed by radioscopy, appear normal and

dentition is not delayed The relative proportions

of the different parts of the skeleton are not far

from normal though they tend toward those char

actenstic of childhood, the head bemg large rela

tive to the body Some encouragmg results have
b«n reported from the treatment of this type of

dwarfism with antenor pitmtary extracts of pn
mate ongm
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Fio 66 20 Ii font Ism due to anterior lolar
defciencN Ape 21 jears M'ln on ngt t is $ feet 7

incl ea tall (r rom L s^er )

Pituitary Caciiexu (SnniovD» Disease)

Tins rare disease was first desenbed bj Sim

monds of Hamburg It is due to atrophy or de

generation of the anterior lobe Tlic mam features

of this disease form a picture which maj best be

described as that of a premature and rapidly de

\diupiriBW.Tfi'a,4t,^uy S/oTV/ my
referable to sctcre depression of activity of the

adrenal cortex and other target organs c g

gona !« and thj roid as a result of deficiency of

the trophic hormones of the pituitary

T1 e cluractcrustics of the disease are as follows

(a) General appearance (loss of axillary and pulnc

lair hair of the head prematurely gray and

sparse loss of teeth skin of face wnnkled and dry

often great emaciation smallness of hands and

fict and shrunken appearance of the facial fea

tuns) (6) anemia (e) low melabolie rale and Ay

pogljcemta (d) amenorrlea or impotence (e)wten

tal deterioration tnitseular wcaknees death tn coma

(/) ttlrop} y oj Ue gonadi and a general rnnaUncss

of tlic internal organs (spfaneAmwiKTio) (y) re

d iced unnary excretion of yonadofropAina Il-oxy

corlicoids and 17 hcloekroidt, and depression of

protein bound iodine of Ihe blood and (A) aaite

adrenal insufletency may occur

The disease most commonly follows childbirth

m which there has been 'cvere hemorrhage with

peripheral cu-cuKtory collapse It is likely that

the hypophysial portal blood supply in some way

becomes obstructed thus accounting for the

necrosis and fibrosis found on postmortem exami

nation of the pituitary Milder manifestations of

the disease dev ebpmg after childbirth ha\ e been

described by Sheehan which are now referred to

03 Sheehan s syndrome

Diabetes Insipidus («ee also p 085 and ch &4)

Diabetes in«ipidu3 is a condition in which large

quantities of urine of very low specific gravity

1 002 to 1 000 and low chloride content are ex

creled In an ordinary case the daily output of

urine is 4 or 5 liters but daily amounts several

times these figures have been reported \ corre

spending increase in the fluid mtake occurs an 1

thirst is often intense The condition frequently

accompanies tumors of the p tuitary or hypo

thalamic region and is essentially due to lack of

posterior pituitary hormone througli damage to

the hypothabmo neurohypophysial unit As do

scribed above (p 9S5) Fi«her Ingram and Ran
son were able to dupbeato this state experunen

tally and showed that either damage to the

neurohypophysis or denervation of the neurohy

pophysis by means of a hypothalamic !c«ion

were equally effective m evohng this condition

It 1 ill bo recalled (ch 34) that only about 15

per cent of the glomerular filtrate is reabsorbed

by the nephron distal to the proximal convoluted

it
5^1 fyW
UMM

FiQ 56 21 Pituitary cachexia On left patient
aged 42 years on right the same noman at the
age of 34 years (From Zondek Diseases of the

hndocrins Glands by permission of Ldnard Arnold
& Co London

)
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tubule (“facultative” reabsorption) and upon

this fraction alone is the action of the antidniretic

hormone exerted, the reabsorption of ivatcr by

the proximal tubule (“obhgative” rcabsorplion)

13 not altered Therefore, a limit w set to Uie m
crease in urine output even though ADH be com-

pletely absent If, saj, the glomerular filtrate

amounts to ISO hters dail^, at least 150 liters

must be reabsorbed under all circumstances, leav

ing less than 30 liters as the maximum amount ot

urme ^hich could be produced

The failure of total hj'pophj’scctomj to produce

diabetes msipidus is due to the loss of the anterior

pituitary gland This was first pointed out by von
Tlann from his findings at human autopsies, and

confirmed bj the experimental work of Richter

It seems that the anterior lobe, through its gen

eral metabolic effects, exerts a diuretic influence,

and that m the absence of this action posterior

pitmtarj deficiency is not rexcaled by the de

\elopmcnt of polyairia

In diabetes insipidus the ingestion of large

quantities of water of a temperature below that

of the body necessitates readjustments m the

heat regulating mech‘\ni«ms Vasoconstriction of

the skin leesels occurs, the extremities are often

cold and may be cyanotic, and the subject is very

sensilixB to cold The vasoconstriction is appar

ently a compensatory measure for heat conserva

tion Shivering and a nsc m the metabolic rate

may also result, the food intake is then, os a

consequence increased

Administration of posterior pituitary extract is

the only available means for the control of dia

betes insipidus and, as mentioned below, this is

not succe‘isful m some cases The whole extract

(or the vasopressin fraction) may bo given by
injection or by means of pledgets of absorbent

cotton soaked m the solution and inserted into

the nose The polyuria of nephritis is not m
fluenced by this medication Water mtoxication

may occur in diabetes insipidus if postenor pitui

tary extract is administered and the patient is re-

quested to maintain the usual fluid intake. Tbe
urea clearances are normal as a rule

The fundamental mechanisms concerned in tbe

polyniria of diabetes insipidus appear to be albed

m nature to those underlying the diuresis ofwater

drinkingmnormal persons But the thirst and the

consequent excessive ingestion of water expen

enced by subjects of diabetes insipidus is not

primary
, as m the water diuresis of normal per

eons, but ls secondary to the polyuria and tiie

resulting tendency toward dehydration the dep-

rivation of water earned to the limit of endur-

ance docs not prevent the excretion of largo

quantities of water

Hie results of Richter’s work upon rats, in

which diabetes insipidus was produced by partial

hyT)opliy sectomy or a stab wound m the floor of

the thini vcntnclc, indicate tliat in the experi

mental conthtion polyuria is ako primary He
states tliat polymna preceded polydipsia and that

ammaU deprived of water continued to excrete

large quanti tics of urine

About 10 per cent of cases, classed as diabetes

insipidus, do not respond to postpituitary prepa

rations, or do so very poorly Such cases are con

genital or show a familial tendency, and are

thought to be due to an inherent defect of the

renal tubules with respect to the renal absorption

of water—a persistence, it would seem of them
fantilc incapacity of the tubules to concentrate

the unoc

Polyuna, simulating m some ways diabetes

vnsipidus, occurs m chrome nephnUs (ch 35) and

in psychogenic polydipsia The polyuna in chrome

nephritis is not corrected by pituitary extracts

and m polydipsia thirst is primary the urine

volume is reduced and the specific gravity of the

unne IS raided by rigid depnvatioo of water the

polyuna is simply a normal diuretic response to

water drinking

DYiTnOPliU AmP0s<hGE\TTAL2S

Dystrophia adiposo gemtalis, as its name Eug

gests, 13 a condition m wluch obesity, sexiial in

fantilism, and dwarfing (if the condition occurs

during the growing penod) are the e«sential fea

turcs It is due to a lesion of the antenor lobe of

the pituitary, wluch accounts for the sexual im
matunty and dwarfing, and of the hyTiothalamu*

The experiments of Smith with hypophysecto

mixed rats and of other mvestigators, pomt to

injury of the hypothalamus as bemg chiefly re

sponsible for the obe'utj Marked obesity is also

a feature of certain hypothalamic disorders m
man unassociated apparently with any disease of

tbe pituitary itself Dystrophia adipcwo gemtalis

appears in two forms according to the age at

which it develops, the tn/aniik or prepuberlaJ and

the addescent or adult

Tte intantile on rfiEPOBERTvi, TYPE, r^o
uch’s svxnnoiiE (fig 56 22) This type may occur

m children of any age before puberty It may be

the result of an inherent defect of the pituitary

,

of atrophy of the secretory cells by pre^we (e g ,

by tumors), injury (eg, a penetrating wound),

or of some infectious disease Polyuna and a high

sugar tolerance arc frequent accompaniments of
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Fig sc 22 Male Aged 8 v cars irypopituitanaro
following whooping cougn, with characlenstic
growth and sex ilefects and obesity, Frohhch’s
syndrome (From Gardiner HiU )

Fio 56 23 Lstreme ca«e of obesity, due to
pituitary or hypothalamic disease (From Timme)

the dLSoasc The subjects are lethargic or somno-

lent and often of subnormal intelligence They

u'uallj hate voracious appetites and especially a

craving for sweets The "fat boy” of Ptekimk

Papers was undoubtedly an example of this con

dition The } ounger the age of the child at which

the disease comitietvcea the greater, obvioualj,

w ill be the degree of stunting ^Tien the dwarfing

13 of high grade, this combmod with the obesity

makes a very striking picture These subjects are

human counterparts of Smith’s rats in which the

pituitary' was destroyed (and the hypothalamus

presumably' mjured) by chromic acid injections

Since obesity and an apparent sexual infantilism

may occur in normal adolescent boys, the diag

nosis of Frohlich’s syndrome m such cases should

be applied only to those patients with proven

hypothalamic damage
The adolescent on adult type Male sub-

jects of this condition are often effeminate m
disposition and appearance The excess fat has a

feminine distribution, the adiposity being notice

able chiefly in the mammary region, buttocks,

thighs, and over the mons veneris The hair over

the pubis and in the axillae is sparse or absent,

the ekin of the face and the body is smooth, soft,

and hairless, the hips are broad In female sub-

jects the obesity is often extreme, a weight of 300

pounds being not very unusual (fig 56 23) In

both sexes the feet and hands are smaU and

“pretty,” the finger tips bemg slender and taper*

mg with narrow pointed terminal phalanges Tlie

extremities thus give a picture the reverse of that

seen m acromegaly The basal metabolic rate is

often subnormal and sugar tolerance increased

Diabetes insipidus is a common, and narcolepsy

(p 1231) an occasional, accompaniment
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THE THYROID GLAND

Detclopmenty Iltstolog), DIood, and
iServe Supply

Verj carl} in its cvolutionarj htslor} the thj-

roid had a digests c function, a function lost long

since but which its ontogenj recalls The ghnd is

deNTiloped from a single median outgrowth of

hypoblast den^cd from the \cntral wall of the

primitne pharjmx at the lc\el of the first

\

13ccral

cleft Tins extends tlownward Its lower end bi

furcates and enlarges to form the isthmus and

lateral lobea of the thjTOid Its upper end giiea

n«e to the foramen cocum of the tongue The
inter\cning portion, the thyroglossal duct, nor

mall} disappears but sometimes persists and ma}
gi\e origin to accessory thjToids or to the so-

called thyroglossal C}sts

The CAyrotd (issue is composed of cuboidal epi

thehal cells arranged in a single layer around

spaces roughly circular or ovoid in shape and

fauly uniform in sue These spaces, \anously

known 08 follicles, vesicles, oetni, or afreoh, con

tarn a homogenous gelatinous matcnal, the col

lout subsUmce, which w the stored secretion of the

gland Connective tissue fibers support the al-

veolar walls and form septa which dindc the

gland mto smaller masses The cells hning the

aheoh contain numerous mitochondria and a

well defined Golgi apparatus Studies with the

electron microscope have shown tliat the inner

(luminal) end of these cells possess ciba and a
brush border These are characteristic features of

cells engaged in absorption or secretion When the

gland becomes active the Golgi apparatus hyper

trophies and droplets of colloid appear in its

proximity Other histological changes typical of

increased activity in the thyroid are, increase in

the cell height of the epithelium, mcrease m
mitotic figures, decrease m amount of colloid m
the folhcles w ith a tcndenc} to become basophdic

rather than acidophilic m staining properties, and

an increase in vascularity The maximal normal

weight of the human thyroid is, accordmg to

Slanne, from 20 to 35 ^ms or around 04 gram

per kilogram of body weight The thyread tissue

of the early fetus consists of masses of epithelial

cells showing httic or no arrangement into acini

Tlic latter appear about the fourth month but

arc small and contam httle colloid Functional

activity first appears m the fetal gland at about

this tunc

The blood suppl/j comes from the eupenor and
inferior thyTOid arteries, chiefly the former The
blood flow 13 profuse, the blood passing with little

resistance from the arterial to the venous side

through a wide capillary bed The flow amounts

to from 3 5 to G cc per gram of tissue per mmute,

or about 5 hters per hour for the whole gland The
gland 13 nchly supphed with li/mphalics which

dram lymph spaces eurroundmg the vesicles

The nerve supply of the thyroid is derived from

the vagus and the sympathetic nenes The
sympathetic fibers leave the spinal cord between

the second and fifth thoracic segments and pa&v

to cell stations in the supenor and middle cervical

ganglia, where they are relayed to the gland

through the superior laryngeal nerves and along

the blood vessels It is probable that the thyroid

nerves are purely vasomotor ui function and

influence the activity of the gland mdirectly,

namely, by altering its blood supply Control of

thyroid activity is exerted mainly, if not ex

clusively, by the thyrotrophic hormone of the

pituitary (p 963)

An Outline of Thyroid Function

Some of the first expenments on the thyroid

Were performed on 1856 by Scbiff, who found that

m dogs death followed its removal, from the

symptoms preceding death it is now apparent

that this was due to removal of the parathyroids

(eh 59) As m the case of some other ductless

glands, chiucal obscnations g:ave the first hint

concerning the functions of the thyToid Hilton

FagginlBTl, reported a case of crefiniem (p 1000)

and ascribed it to absence or atrophy of the thy

roid Three years later. Gull described the con

ditiOQ which today is known as myxedema or

Gidls disease, but called it the crehnend stale in

adidi h/e Horsley, some years later, removed the

gland from monkeys and produced conditions

997
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resembling human cretinism and mjTcedeina

Later experiments upon other species ha%e estab-

lished the fact that the thjTOid secretion la ab-

solutely necessary for the normal gronth and de

veloprnenl of young animals, and for maintaining

the normal kid of meldjolism of animals of alt

ages Magnus-Lcvy, in 1895, demonstrated that

thyroid deficiency was associated nith a greatly

reduced metabolism and that treatment with

desiccated thyToid restored the metabolic rate to

the normal leiel or abo\e Complete thyroid

ectomy reduces the basal metabolic rate by from

40 to 45 per cent in about 8 weeks after the

operation ThyToidectomy in lambs, young rab-

bits, goats, or cahes has been shown to cause re

tarded skeletal growth and arrested sexual de-

velopment (fig 57 1) Apathy, lack of vigor,

thickening of the skin, and a striking reduction in

ba<ial metabolism result in both young and fuU

grown animals In young cattle, increase m bulk

but not m height is a notable feature, the animnls

appeanug short legged and of a broad, stocky

build Other effects of thyroid removal in the

young arc delay in the ossification of the epiph

ysoa of the long bones poor growth of bair,

failure in thymic involution, and subnormal in

tclhgence The administration of thyroid extract

to y oung anunab shortly after thy roidectomy pro

vents these otherwise inevitable results In fuU

grown animals the effects of thyroid removal can

1x1 corrected by thyToid administration at any

time after oper'ition

The effects produced upon lower orders by
thyroid removal and by thyToid feeding are even

Fio 57 I Triplet kiii< Center amm^t normal,
right and left hand aniimlv thy roidectomiscd at
20 days uf nee Photograph taken 13 weeks after
oper'ition (! rom Sutherland bimp^on )

Fio 57 2 The effect of removal of the thyroids
upon the development of tadpoles A ,

Thyroidless
tadpoles, B, normal frogs of the same age as A
(Prom Alien, redrawn )

more striking Gudernatsch removed the thyToids

from tadpole®, keeping a number of young am
maU of the same hatching os controls The thy

roidectomuod larvae grew somewhat larger in

size but did not metamorphose, the controls de

voloped into frogs withm the usual time (fig

57 2) Metamorphoses of the thyroidlcss creatures

could be induced to proceed at the nonnal rate

by thyroid feeding ‘ Also, the tune required for

the normal larvae to metamorphose completely

could be shortened (from 104 to 20 day’s) by feed

mg thyroid tissue Swingle has shown that m
organic lodme alone will produce similar effects

(p 1005) Theeffcct of the thyroid hormone upon
the axolotl is extraordinary This animal is allied

to the frog but is purely aquatic m its habits

It has m its odull form, a finned tail, gills, and
four short limbs, re«embling somewhat an enor

mous tadpole wlueh has undergone partial meta
morphiKis Tliyroid feeding causes the axolotl to

lose its fin and gills dev clop air breathing organs,

and forsake the aquatic life for which Nature had
designed it (see aLso ch 57)

In growing birds (chicks) and mammals, a

stimulating effect of the thyroid hormone on

growth has been demonstrated Acceleration of

gyowth has also been observed in a twin child

suffering from hyperthyroidism

It IS now known tliat the function of the thy

roid gland is to extract iodide ions from the blood,

comlnnc them with a protein (thyroglobulin)

* This effect has been made u«e of to as«ay tlie

potency of tin roid preparations or to determine
the activity of a particular thvroid gland (Guder
tiat'ch teat)
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stored jo the coUoid of the alveoli and to liberate

thyroxine and allied compounds from this protein

for secretion mto the blood The study of these

reactions has been greatly aided bj the use of

radioactive iodine The isotope most generallj

used is (half life, 8 daj-s) Injection of a tracer

dose of adds such a minute amount of iodine

to the circulation that for all practical purposes

the lodmo metabolism remains unchanged but,

together with sucli techmques as paper chroma

tographj, it allows quick and accurate analjsia

of the different iodine contaming compounds m
the gland or body fluid Unlike the other endo*

crine glands, the thyroid stores large amounts of

hormone It has been calculated that the human
gland stores a 3 months’ supply of thjTOxine

Knoji ledge of the function of the thjTOid in man
has been derived largely from studies of clinical

cases of bypothjToidism and hj-perthyroidism,

and for this reason a description of these states

precedes the account of experimental studies of

tbiTOid phjsiologj

Goiter

Many abnormal thjToid states are accompamed
b> a xnaiblc swelling m the neck due to enlace
ment of the gland Goiter is a generic term which

may bo applied to almost any noninflammatory

and nontnahgnant enlargement of the thjTOid

gland The foUomog is a short classiflcation

A Simple goiters These are nnaccompamed bp

eo?v«(ilu(ionai /eafurea They ate subdivided

upon s histological basts mto three groups
1 Colloid (difru<e)

2 Parenchymatous (diffuse)

3 Adenomatous (nodular)

6 Goiters associated with a dejictency o/ the thyroid

hormone (hypoth)roidi8m)

1 Cretimsm
2 Myxedema

C Goiters associated wth an excess oj the thyroid

hormone (hyperthyroidism)

1 Exophthalnuc goiter

2 Toxic adenoma

Diffuse Colloid Goiter

The alveoli are large, distended with colloid

and lined by low cuboidal or flattened epithelial

cells There is no hypertrophy or hyperplasia of

the latter (figs 57 3 and 67 4) The iodine con

tent per gram of gland tissue is low but as a rule

the total quantity m the enlarged gland is not far

from normal CJoUoid goiter may become con

verted into, or result from, the following type («ec

also pp lOOT)

Fio 57 3 Photomicrograph of a human sample
of colloid goiter

Diffuse Parenehtjmatous Goiter

Hypertrophy and multiplication of the cells

lining the aI\coh with great reduction m the

amount of colloid material arc characteristic

features of this type The alveolar cavities are of

various sues and shapes and often almost ob-

btefatod by mfoldings of their walls Tlie epi

tbelial colls are high columnar instead of the nor

mal cuboida) type Tlie iodine content of the

gland IS low usually much less than 0 1 per cent

of its dned substance Exhaustion of the gland

and atrophy of its secretory elements with an m
crease m fibrous tissue may result, or, as men
lioned abo\ e, the goiter may change to the colloid

type especially after lodme administration (fig

57 4) Partial thyroidectomy in animals as first

shown by Halstcd rc'mlts m regeneration of the

thyroid remnant to produce the foregoing histo-

logical picture of diffu*® parenchymatous hy^er

trophy This observer also showed that removal

of the thyroid from pregnant bitches led to

parenchymatous goiter in the puppies

Adenomatous Goiter

As a result of the formation of isolated tumor

like masses of thyToid tissue (adenomata) the

glandular enlargement is asymmetneal or nodu
lar The minute structure of the adenoma may
resemble a section of colloid or parenchymatous

^iter or it may undergo cystic changes Agam,
the alveoli may be unusually small contam little

colloid and resemble fetal thyToid tissue (fetal

adenoma) The iodine content of the nodule may
be normal or high while that of the rest of the

gland, which may also show diffuse colloid or

lareaehymatous changes, is u'ually low
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Fio 57 4 UpMr photograph, microscopical appearance of the gland in exophthalmic goiter ehOT^ing
hypertrophy and hyperplasia (parenchymatous goiter) before the administration of lodme Loner pho
tograph appearance after involution had occurred from iodine administration (colloid goiter) (From
Rienhoff

)

'fhe Fimple enbrgement of the thyroid which

sometimes occurs at puberty or dunng pregnancy

may be cither of the colloid or parenchymatous

type A ccilam degree of thyroid enlargement at

these times is physiological The cnlo^mcnts

seen in goiter districts (endemic goiter) or oc

curnng sporadically may show the features of

any of the three types Either of the first two

forms may end in cxiiaustion atrophy (p 1007)

Hypothyroid States

Cretinism

A cretin Is a type of dwarf for which deficiency

or absence of the thyroid eecrctioo in infaney or

early childhood is responsible (fig 67 5) Among
the typical features of the condition arc (a) re-

tarded and abnormal skeletal grow th, (b) arrested

sxual dciclopmcnt, (c) mental deficiency vary

ing in degree but often amounting to complete

idiocy (deaf mutiEm is common), (d) the facial

features are coarse and appear bloated, the 'kin

13 dry, thick pasty, and often deeply wrinkled,

the nose is broad and its bridge depressed the

tongue 13 enlarged and appears between the

thickened and usually parted lips, (e) the supra

claiicular fot-sac arc filled with pads of fat (f)

closure of the anterior fontancUe which normally

occurs before the 20th month is postponed for

Ecicral years, the epiphyses of the long bones fail

to ossify at the usual tune, and (g) the basal

metabohe rate la deprc'sed by from 20 to 40 per

cent below the normal
Endemic cretinism is much less common today

In the past it w as seen most {rc<iuently iti distncta

where goiter was preiaicnt (in the \alleys of the

Alps, I^rcnccs, Himalayas, etc ) and was usually

the result of atrophy and degeneration of the

eccretory epithelium of a goitrous gland Some of

the worst cases of cretinism appear, however, in
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Fio 57 5 Upper photograph (left) eretimsm
in an infant (right) same chil<l nfier treatment
with thvroid extract (From J Huxlej ) Lower
photograph a cretin aged 10 >cars (FromMcCar
H'lOB after Thomson )

infanta, cither m these districts or elsewhere, who
are not goitrous The condition is then due to (a)

prenatal or carlj postnatal atrophy of the thj

roid (b) to its congenital absence, or (c) to its

destruction bj some inflammatory condition A
large percentage of the goiterJess cretins in a

goiter district are the result of hiTiothiTOidism in

one or both of the parents

Although the majontj of cretins are apathetic

and slu^isii a \er> few are highlj excitable, the

timoiMcrr/iniJMi of McCarrxson

MTXtDEMA (Gull’s Disease)

Mj*xedema is the result of th5TOid deficiency

in adults or older children and corresponds to the

cretinism of infants and jounger children It fol

loirs atrophy or destruction of the thjToid from

whatever cause, or ma> result from an operation

in w hich too much of the gland has been removed

(operofue myxedema or cackexut slrumiprita) The
cliief char-ictcnstics are (a) low metabolic rate

(-20 to -40) (b) a thick puffy appearance of

the skin the hair is dry brittle and sparse the

facial features sometimes give the subject a

mongoloid look (fig 57 0) (c) apathy lethargy

slow cerebration though general intelligence is

retained (d) increased bodj fat and hyper

cholcstcrolemui (c) greater susceptibility to cold

and (0 cardiac dilatation and low voltage electro

cardiograms The edemalike appearance of the

skin was thought b> Ord who suggested the term

in>\edctna to be due to the accumulation of

mucin in the subcutaneous tissues The thicken

mg of the skin is not due to a true edema nor is it

Fio 57 6 Left mjxedema right same subject after 3 months treatment with thyroid extract

(rrom Murray

)
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the result of the accumulation of mucin but, ac

cording to Boothby, to the deposit of a semifluid

albuminous substance containing over 13 per cent

of protein

IlyperthjToid States, Thyrotoxicosis

Exophthalmic Goiter (Graves*, Parry s

OR Basfdovt 8 Disease)

In Graves’ disease there is nothing in the histo-

logical appearance of the thyroid to dialmguidi

it with certainty, from a simple goiter *1116 gland

usuallj shows a picture typical ofparenchymatous

goiter, 1 c ,
hypertrophy and hyperplasia (p 999),

its iodine content is low The blood iodine is eJe

\ated After iodine administration the gland

tends to assume the histological appearance of

colloid goiter (fig 57 4 and p 1006) The blood

supply of the gUnd is greatlj increased the rush

of blood through the superior thyroid arteries

often produemg a loud bruit or a distinct thrill

In atldition to the thjTOid enlargement the chief

features of the fulij developed condition are

1 Accelerated pulse (100 to 160 per minute)

and increased circulation rate (50 per cent or more
above normal) cardiac dilation and hypertrophy

myocardial failure auricular fibnttatioo m 20 per

cent of cases flushing of the skin and normal or

low diastolic pressure with high 8>&tolic pressure

(i e high pulse pressure)

2 Nervous excitability

3 A fine involuntary tremor

4 General muscular weakness

5 Protrusion of the eyeballs (exophthalmos)

and other ocular signs e g nidening of the pal

pebral fissure (Dalnmple’s sign) doe to retraction

of the upper lid infrequent winking (Stellwags

sign) weakness in convergence of the eyes (Moe
hius) tremor of the closed lids (Rosenbach), lid

lag (von Graefe) i e failure of the Iid to follow

the eye smoothly upon looking down, absence of

wnnkling of the forehead when eyes are rotated

upward (Joffroy) and difficulty in eversion of

upper lid (Gifford) There is frequently edema of

the conjunctiva (chemosis) and upper lid and
palsies of ocular muscles may occur (fig 67 7)

6 Metabolic rate increased to varying degrees

up to 60 per cent above normal As a result of the

increased activity of the heat dissipating mecha
nisms the skm is hot and moist Increased toler

ance to cold and lowered tolerance to a high en

vironmentai temperature

7 Dissipation of the fat stores wasting

8 Nitrogen and calcium excretion are increased

(rarefaction of the skeleton may be demonstrated

byX rays in many cases)

9 Disturbance of carbohydrate metabolism is

common as evidenced by hyperglycemia glyco

suria and reduced sugar tolerance Hepatic gly

cogen stores are reduced

10 The thymus is enlarged in SO per cent of

cases and hyperplasia of lymphoid tissue in

general is found

11 Subjects ol hyperthyroidism are especially

susceptible to oxygen deficiency Work is per

form^ less economically and dyspnea occurs upon
exertion (ch 33)

12 Thyroid crises During the course of exoph
ihaimic goiter intense exacerbation of the symp
toms may occur accompanied by nausea vomit
ing diarrhea dehydration higli temperature a
great increase in heart rate erythema extreme

nervousness thrashing about in bed muscular
weakness anc] sometimes delirium or coma Treat

meat of this condition with cortisone has been

aucccsaful

A Discuasio’? or the Pathoqenesis of

Some of the Features Listed Above

The tachycardiaanot dependent upon nervous

connections but appears to be due to a direct and

persistent effect of the hormone upon the cardiac

muscle The excised heart of an animal given

thyroxine (p 1015) in excess beats at the in

creased rate when perfused or transplanted to

the body of another animal Also fragments of

heart muscle of a 2-day old chick embryo pulsate

at a more rapid rate when thyroxine is added to

the nutrient fluid The high pulse pressure seen in

hyperthyroidism is due to the general vasodila

tion combined with an increased stroke volume

The increased circulation rate is chiefly the re

suit of the higher metabohe rate
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Cardiac failure and llnjroloiu: disease The ns

sociation of cardiac failure with hyperthyroidism

has letl to tVic i<lca that the thjTOtoxicosis is a
cause of mjocarthal disease But organic disease

of tile heart is not as common in Graves' disease

as has been generally supposed When eanliac

failure docs occur it is in the great majoritj of

instances due to disease of the heart winch had

existed, though often without sjmptoms before

the development of thv rotoxico«is The greater

cardiac work (increased cardiac output) result

ing from the higher metabolism, it is believed bj

encroaching on cardiac reeerve, merely reveals a
hidden cardiac condition or aggravates a pre

existing manife'it heart Ic'ion

Exophthalmos Tlie pathogenesis of exophlhal

mos m Graves disease has been a purrhng ques

tion for jears Exophthalmos refers to a forward

displacement of the e3 eball in the boni orbit, and

must be distinguished clmicalli from simple re

traction of the upper lid winch results m the same

stanng or frightened expression Tlic existence,

and degree of, exophthalmos is established with

special instniments (e g ,
llertol s exophthalmom

cter) which measure the distance at wluch the

most forward point m the cornea lies anterior to

the outer bonj margin (externa! canthus) of the

Orbit The distance in normal persons ranges from

14 to 10 mm ,
whereas m Graves’ disease it may

be over 23 mm Two questions are posed by ex

ophthalmos, (a) what are the general factors

responsible for producing the changes in the orbit

m Graves disease’ and (b) what are the patho

logical changes m the orbit which result in pro-

trusion of the ejebalP

There is suilicient endcnce to state quite con

fident!> that exophthalmos is not an effect of the

thyroid hormone itself Exophthalmos eatmot be

produced m animals bj large and repeated do^es

of thjTOid hormone, nor can it be mduced in man
by this means* Furthermore, severe thyrotoxi

cosis maj be present in the absence of exophlhal

mos (see toxic adenoma, p 10Q4) Conversel},

efficient treatment of a thyrotovac state (bj thj

roidectomj or administration of goitrogenic

drugs) maj result m alleviation of all signs of the

disease except that the exophthalmos fails to iin

prove or becomes wor«e in about 40 per cent of

cases and becomes extremely severe in about 1

* Prolonged treatment mth the thyroid hor
mone asforobesitj may set up a thyrotoxic state,

and exophthalmos sometimes develops as part of

the syndrome The exophthalmos however, is not
due to a direct effect of the administered hormone
but has the same pathogenesis as that of spon
tancously developed Graves disease

per cent \dmiiiistration of thjTOid hormone fo

thc*<c cases occasionally induces an ameboration

of the exophthalmos Although repeated do«es of

thyroid hormone do not evoke exophthalmos

administration of thv rotrophic hormone readily

induces this state in normal animals (guinea pigs)

or thyTxudectomucd animals and even to a

greater degree in the latter IMiethcr this effect

18 due to the thjTOtrophic hormone itself, or to an
exophthalmos producing ‘mbstance (EPS) cIo«e!j

associated with it has been discussed above (p

965) Dobyns and Milsonliave produced exoph
tliatmos in the fish Fundulus by injection of

sera from patients with progressive exopiithalmos

(sec also eh 56) TJie relationship of pituitary

secretion to the exophthalmos of Graves disease

IS also implied by the recent findings that hj

pophy«ectoraj, or section of the pituitary stalk,

may bo beneficial m othemise intractable and
progressive cases

The mechanism causing the actual proptoeis or

fonvard displacement of the eye must now be

considered One of the earliest theories was based

on the contractile power of livelier s orhilal mus
cle situated at the back of the orbit or of the

smooth muscle in the fascia bulbt The tone of

these muscles was thought to be mcreased as a

result of the thyroid hormone hanng vnaitized

them to the action of circulating adrenaline This

view cannot be accepted however, xince (a) thv

roid hormone docs not mduce exophthalmos (b)

'Muellers inu«cle m the human is a mere vestige

and mcapable of contraction powerful enough to

produce this effect, and (c) the exophthalmos

does not disappear after death as it would do if it

were solely due to mcreased muscle tone It is

more likely that exophthalmos both that induced

experimentally by injection of thyrotrophm and

that seen clinically m the human, is due to an

mcreased bulk of the retro-ocular tissues Smelser

found in animals an increased bulk of the extrinsic

ocular muscles and retro-ocular fat, due mainly

to accumulation of fluid The dorsal lacrimal

gland (Hardenan gland) which is not present in

man, was enlarged Pochm and others, m post-

mortem studies on the human, Kave found an

mcreased bulk of periocular t^ues, this was due

largely to an increase of fat and mucopolysac

chandes, and to an edema not associated with an

excess of water in the tissues The extraocular

muscles were found to be swollen edematous and

mfiltrated with fat and lymphocytes The lacry

mal ^nd was enlarged /Mthough the above

changes occur predominantly m the muscle of the
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eje they also occur, to a minor extent, m skeletal

muscles

In Fummary, the suspicion is very strong that

a principle derived from the hypophysis a re

sponsible for the increased \olume of the orbital

tissues, and thus for the exophthalmos occurring

in Graves' disease

Mcdignant exophlhalmos is a %erj severe, and
intractable form of exophthalmos, accompanied

by ocular paHes Brain prefers to call this ccni

dition cxopktkalmxc ophlhalmoplegia The exoph

thalmos and wcakne<«s of the ocular muscles

may be unilateral The signs and BjTnptoms of

tIi)Totoxicosis are often rmid, or, as after thj*

roidectomy, absent, in some cases, this severe

form of exophthalmos occurs without evidence at

any time of thjTOid involvement Proptosis of

the ejeball is extreme, and drjung of the corneal

surface, ulceration or optic nerve injury is likely

to result The muscular neakne«s has been

thought to be due to a coincident mj asthenia

gravis (which is not uncommonly associated with

thyrotoxicosis), but its failure to be influenced by
prostigmme disproves this supposition It is prob-

ably due to stretching, and to uiiiltration and

eventual fibrosisi of the muscles themselves

Relraetion of the upper eyelid is produced in a
manner quite ddlcrcnt from that which causes

exophthalmos, being often present when the lat-

ter IS absent It 13 thought to be due either to

increased tone of Mueller's palpebral muscle,

which in conjunction with the levator patpebrae

supenona elevates the upper lid, or to lessened

opp<Kition of striped muscle antagonists (orbicu

laris oculi) weakened by the action of excess

thyroid hormone The increased tone of Mueller s

palpebral muscle is attnbuted to the action of

the tbyToid hormone in sensitizing this smooth

muscle to adrenaline Such action of the thyroid

hormone upon sympathetically innervated stiuc

turea is well known Another example is the dila

tion of the pupil which occurs in byperthyroid

patients, but not in normal persons, when adren

aline is instilled into the conjunctival sac (Loewi s

sign) The other lid signs are apparently due to a

ihsorder of those muscles which constitute the

hd closure mcchamim and are thus probably due

to excess thyroid hormone and not to the tbjTO-

trophic pnnciple

The general muicular weaknets seen in thjro

toxicosis IS of tw 0 types One t> pc w an associated

but independent muscular dystrophy which has

become a^ravated by the thjTotoxicosis In the

other category the weakness of the muscles is the

direct effect of the thyTOtoxicosis, m this type

there is, as a rule, bttle muscular wasting In both

forms there ls a defect m creatme-creatinine

metabolism (p 781), in the second, but not m the

first, thyroidectomy, or the administration of

iodine or of thiouracil abolishes the creatmuna

Toxic Adenoxia

A simple adenomatous goiter (p 1000) may
undergo increased functional activity and pro-

duce the features of pure hyperthyroidism, i e
,

those produced by the administration of thyroid

extract in excessive amounts The association of

a benign secreting tumor (an adenoma), with

signs of increased glandular function, may be

seen not only in the thyroid but also in the case

of the anterior pituitary (acidophile adenoma
cau«u»g giantism or acromegaly), the adrenal

cortex (Cushing’s syndrome), the parathyToids

(hyperparathyroidism), or the pancreatic islet

tissue (hyTiennsulmism)

Although many intermediate states of hyper

IhyTOidism are seen chmcally which show features

of both Graves’ disease and toxic adenoma, it is

believed by most authorities that the two ex

trene conditions may be distinct Graves’ disease

commonly occurs in young girls, the whole thy-

roid gland becomes diffusely enlarged and hyiier-

active, and exophthalmos is a promment feature

Toxic adenomatous or nodular goiter on the other

hand, often has its onset m elderly patients, the

adenoma itself may be the only activ ely function

uig part of the gbnd (the rest of the gland is often

atrophic), eye complications arc very rare, and

the dominant signs are cardiac disturbances

Um&y be mentioned here that hyperthyroidism

can be, though rarely is due to malignant tumors,

caremomata of the thyTOid Secondary metas

tascs in bone may maintain a hyperthyToid state

even after complete thyroidectomy

Etioloot or Hypertiiteoid States

The etiology of adenomatous toxic goiter is

akm to the etiology of any benign tumor forma-

tion, though why some adenomata remain non-

secretoiy and are termed ‘simple’ whereas others

become functionally active and give nso to

thyrotoxicosis, is unknown The typical case of

toxic nodular goiter is, then, expbcable in terras

ofasmall localized tumor or tumors m the thyroid

gland which are autonomously secreting excess

thyroid hormone The raised concentration of

thyroid hormone m the blood inhibits thyro-

trophin secretion so that the remaining areas of

the thyroid are inactive and atrophic Tlie ab-

sence oI exophthahnos may also he explained
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on the ^unds that the pituitary ts not hjper

ncti\ c in this condition

The etiology of Gra%es’ disease is unknown,

but there is suggests e evidence that Uie im

mediate cau«c of the hjTwrthvToidism is a nsc in

the blood Iciel of thyrotrophic hormone The
sudden diffuse enlargement of the thyroid which

occurs, implies that some evtcrnaJ stimulus has

impinged upon the gland This stimulus is un
likely to be nervous lu tjpc, «ince the thjroid

appears to lack a secretomotor none supplj Of
the blood borne stimuh the most likely would

appear to be an increased concentration of TSH
Direct data on this point nere, until recently,

absent since assay methods for measunng the

blood concentration of TSH lacked the neces-

sary sensitvvntj In the last 10 years, however,

unproved methods have been used and several

different groups of workera have found an in

creased blood level of TSH m some cases of

Graves’ disease This is not a constant finding tn

all cases, and curiously seems to be related more

to the degree of exophthalmos present than the

hyperthvToidism Recent work suggests that the

thyrotrophic hormone found m some of there

cases may have an abnormal action on the thy

roid It has been pointed out that a raised blood

concentration of TSH m the prerence of an in

creased concentration of thyroid hormone implies

an extrathyroid defect m the feed back mccha

lusm It should be mentioned that some author

ities do not agree that tho hypertbyroidisoj of

Grav es’ disease is to be explained os a disorder of

the antenor pituitary Werner points out, for

example, that patients with active toxic diffuse

goiter are uniformly responsive to the administra

tion of thyTOtrophin w hich would not be expected

if a large exce» of endogenous TSH were already

present and maximally stimulating the gland

A striking feature in the history of patients

with Graves' disease is the frequency with which

an emotional diock is reported preceding the

onset of the condition Studies have been made
of the type of mdividual and tyT>e of emotional

disturbance involved It has been found that

byiierthyroidism tends to dev elop m individuals

who are highly dependent on their personal

relationships with maternal or protective figures,

and that it develops when this relationship is

seriously threatened It has been proposed that

«uch {Ky chological trauma might activate the

hypothalamo-antenor pituitary mechanism since

it has been shown that lesions placed m the

antenor hypothalamus of animals result m de-

creased secretion of thyrotrophm and decreased

thyroid activitj
,
and that electncal stimulation

of the same hypothalamic region results m m
creased thyroid activity m rabbits Another factor

which has been considered m respect to Graves'

disease concerns the activity of the adrenal cortex

Manne pointed out that thyrotoxicosis m the

human is often associated w ith signs of adrenal

cortical underactuity (lymphoid hyperplasia

and a large thyinus) and a small adrenal cortex

It has since been observed that Graves direare

occurs more frequently m patients suffermg from

Addison s disease than in norma) persons may
follow X ray damage to the adrenals, and is as

sociated with a low or normal level of unnary

adrenal steroids The surprising feature is that

the unnary excretion of adrenal steroids m
Graves disease is not greatly increased since the

emotional and physical state of there patients

would appear to be a strong stimulus to adrenal

cortical activity

From the above discussion it may be tenta

lively proposed that emotional trauma in the

prerence of a relative adrenal cortical deficiency,

evokes increased discharge of thyTOtrophin,

thyroidal ovcractivity and thus the condition

of Graves' disease Such a view does not exclude

nutritional, genetic, or other factors from play

ing a role The available data are at the moment
inadequate to draw any defimte conclueion

Iodine ^fetabohsm

Natprap occorbevce of xodive Since iodine

forms an essential part of the thyroid hormone
It may be readily appreciated that a deficiency of

iodine in the diet leads to disturbances of the

thyxoid gland, particularly to the development of

goiter Burnt seaweed or sponge, both of which

are nch m iodine, have been employed m the

treatment of goiter from the days of Hippocrates

Followmg the discovery of the clement in the

early part of the 19th century, its administration

for the cure of many ills but especially of goiter,

became the vogue But as a result of its indis-

criminate use, the true value of iodine was lost

Ei^t of Studies of the geographical distnbution

of cases of goiter agam indicated the importance

of lodme Goiter is not seen along the seaboard

The sea contains an inexhaustible supply of iodine

which has been leached from the sod Sea water

contains about 0 02 mg of todme per hter, fresh

water, asanile, verymuch Jess The further away
from the ocean and the more mountainous the

country, the lower is the concentration of iodine

iQ food and water and the higher in consequence

13 the mcidcnce of goiter
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The accompanjing schema iiiodiBed from
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Lunde shows the distribution and circulation of

iodine in Nature

To Marine and his associates is due the credit

for establishing the \alue of iodine m the pre

1 cntion of goiter Tliey found that iodine or sea

fo(xl prevented the thjToid enlargement in brook

trout haUhenes Marine and Kimtoll canied out

experiments upon a large number of school chil

dnn in Akron Ohio where goiter was endemic

Thej showed that of tlie group of children given

iodine (2 grams of sodium iodide in 10 daily doses

twice a vear) tho«e who developed goiter

amounted to only a small fraction of the number

of goitrous individuals m a control group in

which the lodme intake was not increased above

that of the general population The emploiTuenl

of small amounts of iodine in goiter districts such

as Switzerland New Zealand Dcrbj-shire in

England and in parts of the United States and

Canada bos prov ed to be a prev cntive measure of

the utmost value Jfanj preparations of table

salt liave this essential added in a proportion of

1 part in 10 000 or so Once goiter has become

established iodine administration is of much less

value but, as already mentioned, a hjTxrrplastic

parcnchjTuatous goiter may be conv erted tfiereby

to tlie less severe colloid tj-pe The ingestion of

iodine in much larger amounts than tho«c men
tinned above may induce hyperactivity in a

simple goiter

Iodine in the form of Lugol s solution* (10 to

40 minims daily) produces temporary ameliora

tion in cases of exophthalmic goiter, and for this

ro-ison is u«ed together with antithjTOid drugs,

in the preparation of patients /or partial thj

roidectom> fhe amount of colloid in the gland

increases and the v asculantj decreases (fig 57 4)

Such treatment has markedly unproved the

operative mortality and almost eliminated the

rL«k of a postoperative thyroid cruis The bone

• Iodine 1 gram, potassium iodide, 2 grams
water 30 cc

fieial action of iodine in Graves’ disease has been

a puzzlmg problem and more than one theorj

has been proposed to account for it It is possible

that lodmc inactivates thyrotrophin or mterferes

with the action of thjTotrophin on the thvroid

or that it inhibits a proteoljiic enzjTne involved

in the release of fhjToxine from the gland

lOniNE REQUIREMESTb AKO METABOLISM Thc
following figures, quoted by Riggs, are repre«cnta

live for the normal adult daily intake of iodine

150 /ig , unnarj excretion, 144 ;ig per daj, and

fecal ereretion, 6 pg per da> Iodine is readilj

absorbed from the gastrointestinal tract and

tbfou^ the skin The normal concentration of

inorganic iodide m the serum is 1 pg per 100 cc

Studies on the metabolic path of iodine have

been greatly aided by the use of radioactive lo

dine Fhjsiologically negligible amounts of the

latter niaj be administered too minute m them

selves to affect the metabolism of lodme in the

bodj and the pathwaj of the isotope in the

organism followed with ease by use of the «en«i

live counters and scalmg equipment available

Following administration of tracer doses of I'"

it has been found that radioactive iodine dis

tributes in thc blood and extracellular fluids and

IS accumulated by the thyroid and excreted

b> the kidney After oral adrauustration the

blood concentration reaches a peak in 1 hour and

then declines exponential!)
,
the rate of fall de

pendmg on thyroid activity and renal excretion

Both the thjToid and the kidney remove P" from

the blood at a rate dependent on the plasma con

ccntration The amount excreted by the kid

neyvaneswiththjTOidalactmtj After thjToid

ectomy or administration of antithyroid drugs

the renal excretion of may reach 9S per cent

of the administered dose On the other hand, m
hyperthyroidism the thyroid may accumulate a

greater proportion of P® than the kidney Iodide

IS also normally concentrated and secreted by the

salivary glands and gastric mucosa but little of

this Rods its way into the feces smee it is reab-

BOibcd in the intestines After incorporation m
the thyroid gland mto hormonal form it is se-

creted as part of the hormone molecule a pro-

portion of which will be degraded m the tL<5sues

with liberation of iodide This iodide will then

recirculate a second tune, and is again partly ac

cumulated by the thyroid and partly excreted by

the kidneys

A deficiency of iodine m the diet leads to the

develiqinient of simple goiter Tlie deficiency

may be (a) an absolute deficiency in dnnking

natcrandfood Qi) a relaiKe deficiency the iodine
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of the food being Bufficient for the elaboration

of the amount of hormone required under the

ordinarj circumstances of life but msufiicicnt

under more exacting conditions, eg, pubcrt>,

pregnancy, cxcessm) protein of the diet, etc , and

(c) it IS also possible that certain microorganisms

in the intestinal tract may reduce the quantity

of iodine absorbed from the food, this would ex

plain McCarrison’s obsei^ations upon the tela

tionship between the incidence of goiter in India

and infected dnnking water It is more likeli,

howe\er, that infected water, if it docaBomelimcs

play a part in the production of goiter, acta in

some other way than by mcrelj mterfenng with

the absorption of iodine

The quantity of iodine in tlie normal human
thjTOid is about 2 mg per gram of dried tissue,

the average total store in the gland is from 10 to

15 mg A content below 1 mg per gram of dry

gland, according to Marine, is indicatne of

definite thyroid abnormaUtj, m severe paren

chymatous goiter, either eunple or exophthalmic.

It may be as low as 0 25 mg or less per gram In

colloid goiters the general Ici'cl is higher Marine

considers all goitrous eoUrgemcots, os examples

of “a compensatory work hiTcrtroph) ,” brought

about by lodme deficiency tTbc demands made
upon the gland to produce ite hormone without

an adequate lodme supply results m hyper

trophy and byperplaaia„cir adenomatous growth,

and m some instances, final exhaustion and

atrophy The different types of eimpfe goiter are

looked upon os stages m a process which is re

sponsive to the lodme supplies, the gland some
tunes passing se\eral times through a c>cle of

hj’pertrophic, hyperplastic, and colloid changes,

or the cycle maj end in atrophy The successive

stages are represented in the foUowmg schema

after Marme According to Rawson the thyroid

may, m some instances, become restored to nor

mal from the colloid goitrous state

Normal

i

Hypertrophy

I

Hyperplasia

!
,

I 1

Exhaustion atrophy Colloid

1

r_
Exhaustion atrophy

Hypertrophy -» Hyperplasia

Colloid

Uptake of iodide by the thyroid gland The
thyroid gland was shown some jears ago bj

Marine to have a remarkable affimty for iodine

Though constituting only about 0 05 per cent or

so of the body weight, the gland contains about

lialf of the body 's entire iodine content The rest

of the body 's iodine store js contained mainly in

the skeletal muscles Tlie entire blood contains

less than a milligram Marine obscrv ed that when
the thyroid was perfused wuth a solution of

potassium iodide, relatively large quantities of

iodine were taken up by the gland and could not

be removed by subsequent washing This re-

sult was not obtained by the perfusion of other

organs, eg, spleen kidney, etc The selective

action of the intact thyToid for ingested iodine

was also demonstrated Over 18 per cent of lodme

fed to normal animals was recovered from the

ghnd, the fetal gland also stores lodme fed to the

mother

If a smaller tracer dose of P" (2 to 4 pc ) be

administered to an animal such os a rabbit an

immediate, «low, steady increase of P“ m the

thyroid gland follows and reaches a peak after

about SO hours The I'” is taken up from the

blood m the morgamc (iodide) form converted

into organic compounds and stored as thyro-

gtobuliQ If di lodotyTOsine or thyroxme is m
jetted instead, then the uptake of iodine by the

thyroid is delayed and occurs only after the

organic compound is degraded and iodide re

leased The partial visualization of the«e processes

has been made possible by the u«e of the radio-

autographic technique lUdioiodme m contact

with a photographic emulsion acts upon it to give

a dark mark w hen the emulsion is spread upon a

microsci^ic section of thyroid tissue which has

taken up the isotope the latter’s position in rela

tion to the histological structure can be observed

(fig 57 8) Leblond and Gro«s used this technique

to mvestigatc the site of I*” in the thyroid at

vanous time intervals after injection of the isotope

into rats and guinea pigs It was found that with

animals on a high lodme diet the radioactivity m
the thyroid was mostly present m the epithebal

cells at 1 hour and m the colloid at 24 hours after

injection If the animals were placed on a low

iodine diet, or thyroid activity was increased by

injection of thyTotrophm, the deposition of radio-

activity in the colloid was much accelerated since

it was found there as early as 2 minutes after

injectiom These results imply tliat the chemical

conversion of iodide to tbyroglobulm occurs with

rapidity m the thyroid gland Two mam steps

may then be recogmzed m the formation of hor
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Fig 57 8 Radioautographs of rat th>roids stnined with hcmatnxjlin and eo®m The location of
radioactivity m indicated b\ the accumulations of black granuko In lhc’*e sections the rad oactmU
16 present as radioactive iodine incorporated in thethj roglobulin molecule A TL} roid of a rat eacriSoed
1 hour after injection of radiuiodinc In most of the follicles the radioactivity is arranged in the form of
rings becau‘a the nevilj formed radioactive tbvroglobulin prewnt in the epithelium of the th>roid
follicle B Thyroid of a rat sacrificed 24 hours after injection of radioiodine The photographic reaction
IS present over the colloid of the thyroid follicles ind eating ll at the thrjoglobufin formed in the cells

at 1 hour u deposited in the colloid some^ hours later (hrom liChlond and Gross kinlnc'sofPr C
P Lcblond )

mono in the thjTOid First tlie accumutation of

inorganic iodide from the Hood stream bj thy

roid cells This andity of the gland for lodmc

occurs against a concentration gradient and is

said to be due to an iodide trapping mechanism on

the part of the gland And second the conversion

of the iodide into organic combination and storage

as thvTOglobuhn Thc^ two processes may be

separately and mdinduallj blocked by different

pliarmacological agents Thiocyanates, per

chlorates and other amons block the lodnlc-

trapping activity of the thyroid, whereas vanous

thiocar^namides and other compounds (•»ce pp

1012 1013) do not interfere with the lodidc-con

centrating abilitv of the thyroid but do inhibit

the organic binding of the iodide (tlierefore, any

iodide taken up by the gland is not converted

into hormonal form but remains as inorgamc

iodide) Tilt use of an antitlijTOid drug of this

fatter type makes it possible to measure the

iodide trapping ability of the thyroid Vfter block

ing organic binding by administration of a drug

such as propylthiouracil a dose of I**! is given

and 1 hour later the animal is killed and the

concentration of I’'' measured in the scrum and

in the thyroid The ratio of thyTOid serum I‘”
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concentration (T/S ratio) giies a measure of the

abiUtj of the gKnd to accumulate iodide Block

age of organic binding is noce«sarj, otherwise

part of the I‘“ accumulated by the thjToid would

be secreted as hormone and lost to the gland

Tj-pical % allies for the T/S ratio m the rat are

about 50 m the normal animal, 250 for the anunal

under the influence of exec^ thj7otrophm, and

about 2 after h>poph}SCCtom^

The FoRiTATios of TirYnoro Hokwove

A gliccrine extract of sheep’s thj-roids was

first emplojed 8ucco<isfullj bj the English phjsi

Clan George Murraj m 1891, for the relief of

myxedema Tlic thjTOid tissue itself when gixcn

6> mouth was shown suh'cquentfj to 6c phjsio-

Jogicalli actne Baumann m 1S96, discoicrod

that todme was an important constituent of the

thjTOid extract Bj acid hjdroljsis of thjToid

tissue, and later bj peptic digestion, he obtained

a brownish powder containing 10 per cent of

iodine and po<fscssing the phj biological activity

of the whole gland lie bcliev ed that the lodmc

was present m organic combination and mined
the compound wdot/ij/nn It was shown sub-

scquentlj bj Oswald (1899) that the active iodine

constituent was attached to a protein, tfiyro-

ploiufin which is the chief component of the

colloid material filling the alveoli of the gland

Th>roglobulm contains both di lodotjTOsme and

thj roxine joined to the protein molecule by pep-

tide linkages It is looked upon as the storage

form of the thyroid hormone

The active principle of the thyroid was iso

lated m crystalline form bj Kendall in 1919 He
named the substance 1/tyroiin* and found that it

contained C5 per cent of iwline and an ammo
group Harmgton and Barger in 1927, established

the chemical form of thyroxine and effected its

sjnthesis It was found to be constituted of 2

benzene rings umted by an oxjgen bridge, and to

contain four atoms of iodine and an amino acid

(alanine) side chain Tlie synthesis required a

number of separate steps

3 5-Di lodo 4 (4' methoxj phenoxj )benzaldc

hyde contains iodine atoms m the “same positions

as two of those m natural thjToxine

3 5-Di iodo-4 (4 methoxjpbenoxj)benzaJdebj’de

This compound having been prepared, the ammo
group was attached bj condensation with hip

punc acid Tlie rcsultmg compound was boiled

with KaOH in alcohol and then with acetic an
h>dndc and hjdnodic acid The product of these

procedures, S S dt todothyromne, readily takes up
2 additional atoms of lodmc with the formation

of thjToxine, when treated with a concentrated

aolution of iodine in potassium iodide (see for

rauU)

SjTithetic thjTOxine possesses phjsiological

properties identical with those of the natural

product

3 5 3' Tn lodothjTonine has also been found

to be phy«iologicallj activ e It has m fact greater

acimt) than m pre^eotjog tb!Oursci}

induced goiter in rats and m stimulating oxj gen

consumption in various forms Gross and Fitt-

RuTrs in 1952, produced strong evidence that

this compound was identical wuth an unknown
factor prev lousjj found to be prc'sent m rat thj

roid and blood Tliesc same workers managed to

isolate tn iodoth>Tonme from the thjToid In

simultaneous and independent studies Boche and
coworkers were able to synthesize 3 5 3' tn

iodoth>roniDe and also to detect its presence in

h>t]roI>sates of rat th^TOid tissue These studies

have been confirmed and tn lodothyronme has

now been identified in the thjTOid of the human
and other forms, m human blood and m the

venous blood from the thjToid of the sheep, horse,

and calf There can be no doubt that it should be

included with thyroxine as a hormone secreted

by the thyroid gland

I

HO< >-0-(^ ^CH, CH(NH0 COOH

3 5-di lodothyroaiae

Thyroxine (3 5 3 5 tetraiodothyromne)'

Thyroxine is formed m the thyroid gland from

di iodotyTo«me

The numbering of the positions in the thy
romne nucleus is shown below

SC 5 6

'CH,CH{NH,)COOH

Non spelled thyroxii
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I

Di lodolyrosine

This compound is formed m the body from

tjTOSioe {fig 57 9) and certainlj represents a

stage m the synthesis of thyroxine, when added

to slices of surviving thyroid tissue di lodotyTOsine

13 converted to thyroxine Di lodotyrosine itself

has only slight physiological activity Most of the

organic iodine m the thyroid is m this form, a

much smaller part being present as thyroxine

Four separate processes (see fig 57 9) or steps

are required for the synthesis of thyroxine, (a)

the concentration of iodide m the gland, (b) the

oxidation of iodide to elemental iodine, (c) the

combination of iodine with tjTosine, and (d) the

oxidative couphng of di lodotjrosine molecules,

forming a diphenyl ether with the loss of one

alanine side chain The thjTOtrophic hormone

(TSH) of the pituitary gland appears to be neces

aary for all four steps The mechanism respon-

sible for the oxidative reactions, second and third

steps, 13 not definitely known, but the most prob-

able theory which has been proposed is that both

the lodinatiOD of tyrosine and the coupling of tn o

molecule of di lodotyrosme are effected through

an enzyme system m which peroxidase plays an

essential part Tine granules m the thjToid cells

which give the histochemical reaction character

istic of peroxidase have been described by Demp
sey The enzynne has not, so far, however, been

extracted from thyroid tissue, but in support of

this theory is the fact that such antithyroid drugs

as thiourea and thiouracil inhibit peroxidase ac

tion An experiment performed by Keston is of

great mterest and suggests the ty^xj of reaction

that may take place m the thyroid gland lYhen

radioactive iodide was added with xanthme to

milk and the mixture incubated, thyroxine con

taimog the isotope was formed The xanthme

oxidase in the milk, acting presumably upon the

xanthme, liberated hydrogen peroxide which in

100(06 ION
graoisnt
INHieiTCO BY

Fio 67 9 Diagram depicting the steps in honnone synthesis, storage, and secretion by a thyroid

cell (From Rosenberg and Astwood )
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the prt “cnct of milk peroxuKsc oxulijwl the io-

dide to iodine which iw introduced into tjro

tine groups Thjroxme wtus then formed b> the

coupling of di lodotjTOMne molecules If thioum
were added l>eforc incubation no thyroxine was

formed

Additional evidenc c for the ix'roxid'i'>p thcorj

13 afforded b> the observation of Ilarington that

hjdrogcn peroxide hastens the in ntro lodmalion

of protein (see below)

Other enziTne sj'stcms, c g ,
cj'tochrome and

tjTO«mase, have been suggested as placing the

chief role m thjroxine sjnthesis, but this is un

hkclj ,
for the cj-tochrome sj stem is not inhibited

bj thiourea or thiouracil Tjtosmase has not

been demonstrated m thjTOid tissue nor docs tlie

mlubition of its action bj thiourea demativos

run parallel w ith the antithjTOid nctivatj of these

drugb

liic formation of tn lodothjTonine m the th>

roid could be effected bj the coupling of one

HO( >--0-< ^CfTi CnCNff,) COOH

3 5 3 tn lodothj ronioo

molecule of monoiodotjTOsme nith one molecule

of di lodotjToainc, or b> the removal of iodine

from thjroxine

For further information on the thjToid hormone

the monograph of Pitt-Ruers and Tata ma> be

consulted

CxTRATUTROIDAn ST>’THES1S OF HoRaiOVE

It has been su^csted that tissues m the body,

other than the thyroid gland, can manufacture

small amounts of thjTOid hormone Such a view

nag suggested on the grounds tliat thyroidecto-

inized rats fed on a high lodme diet show a 'lightly

higher consumption of 0x5 gen than similar am
mals on a Ion iodine diet It was also claimed that

thj roxiDC could be isolated from tissues of th>

roidectoniized animals However, thew ffndmgs

have not been substantiated Although certain

tissues, such as tliat of the lactatmg mammary
gland and the gastne mucosa, concentrate iodise

and raaj contain a fraction of this m or^nic

form, it is to be doubted whether compoundswith

the activities of thjtoid hormone are formed m
this manner Such a possibihtj is of little practical

significance, since complete thjTOidectomj is fol

low ed bj mjTiedema

The Jodinnlion of Protein and the Artificial

Synt/esis of Thyroxine

flic remarkable discovorj was made «ome
jears ago that the icnlmation of casern, «crum

protein, and other proteins, followed bj hj

drotjsig, jnclded crj'taL> of thjTOxme possessing

the characteristic phj siological actmtv Tlie fust

experiments m which the m niro sjTithcsia of

thjroxme was demonstrated were performed bj

Abclin Ills results were published m a series of

papers from 193-4 to 193S His claim was not,

however, generallj accepted until the rame re'*ult

was obtained bj Ludwig and Mutzenbeeher in

1939 TTiej gave an account of the method a

clear cliemical description of the product ob-

tained, and described its phj-siological propertj

It was al'o shown that a «mall amount of thj

roxinc was formed spontaneouslj simplj bj pro-

longed incubation in alkaline solution Thc«e

findings were «oon confirmed by Harmgton and

Rivers and m several other laboratories lodimzed

protein causes all the pbj-sjologica] effects of

thjroid extract, relieves mj’xedema, and m large

doses induces thjTOtoxicosis

The Storage and PeUase of Thyroid Hormone

It IS likclj that the lodinatioo of tyrosine m the

thj*roid gland occurs when the ammo acid 15 in

corporated m protein rather than when it is m
the free state Studies of the lodme containing

compounds m the thjToid gland after injection

of I***, suggest that th>*roxine is first produced as

the bound form m thiTOglobuIin and that the

free hormone i» formed subsequently The char

actenstics of the thjTOglobulm molecule may in

some waj facilitate the formation of hormonallj

active lodothjTomnes as end groups in the protein

molecule, and their attachment m loose surface

bonds may be related to the regulation of the rate

of honnone secretion

ThjToglobuUn has a high molecular weight

(about 650 000), a fairly constant ammo acid

composition, but an lodme content tliat vanes

with the functional state of the gland from which

the protein was extracted Recent studies mdicatc

that even withm the thjToid gbnd of a 'ingle

mumalthe thjTOglobulmisnot completelj homog
enous If different thjToglobulias exist it is pos-

sible that they are the products of different fol

Iicles in a gbnd, that are m varjnng states of

functional activity

The fact that the thjTOid hormone is stored in

combination mth a protein and that simpler

molecules, thjTOxme and tn lodothyromne, form
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Fio 57 10 Cells of the thyroid of a rat which had been injected 22 hours previously with the thyroid
stimulating hormone (TSH) of the pituitary The intracellular droplets of colloid are increased in num
ber and are collected toward the basal part of the cell from where they are d scharged into the capillaries
The first effect of TSU w ilhin 30 minutes or so la to cause an increase in intracellular colloid which is

accumulated toward that part of the celt abutting on tbc foil cular lumen The reversal of the direction
of the movement of the droplets i e from the free to the basal part of the cell commences in about 6
hours after the administration of TSH ci Colloid in lumen of the follicle e capillary E erythrocyte
m capillary From De Itobertis

)

the circulating hormone leads to the question

whether a proteolytic enzyme exists m thyroid

tissue by which the thyroglobulin is broken down
to permit the smaller thyroxine molecule to en

ter the cu'culation Such an enzyme has been

demonsirated by Be Bobcrtis u> the colloid of tbe

gland and was found to increase in activity

100 per cent m thyrotoxicosis and to be reduced

m hypothyToidism Tlie thyrotrophic hormone

of the pituitary actuates this enzyme as the

re<earcbc3 of De Roberlis have demonstrated

ithm a few minutes after the injection of TSH,
droplets appear in the cells lining the alveoli of

the gland These intracellular droplets appear to

be different in composition from the colloid of the

alv coh and are beheved to be composed of smaller

molecules derived from hydrolysis of the latter

(fig 57 10)

Pharmacological Agents and Hormone Sjnthem

In 1928 Chesney and his associates observed

that rabbits which were on a diet of cabbage be-

came goitrous Other members of the Brassiea

family, eg cauliflower, Brussels sprouts etc,

are also goitrogenic Rape seed was also found by

Kennedy and Punes to cause goiter in man
Cases of goiter m man resulting from a diet con

tainmg a large proportion of cabbage have been

reported A characteristic of vegetables of the

Brasjica family is theur relatively high content of

cyanogen compounds Taking this hint Marine

and his associates gave various cyamdes to rab-

bits and obtained a marked thyroid enlargement

methyl cyTimde was especially effective The thy

roid hyperplasia was accompanied by exophthal

mos Marine suggested that the goitrogenic effect

of cyanides was dependent on their property of

depressing tissue oxidations increased thyroid

function being a compensatory effect mstituted

to oppose this action The effect of cyamde on

tbe thyroid more probably reflects the fact that

the iodide trapping mechanism requires energy

In n/ro studies with surviving thyroid tissue

showed that cyanido inhibits this mechanism

The goitrogemc activities of the above food

stuffs fall into at least tw o classes The goitrogenic

action of a cabbage diet may be mhibited by ad

ministnition of iodide whereas the goitrogenic

action of brassiea seeds is not reverx^d by iodide

but can be inhibited by thyroxine administration

It has been mentioned above (p 1008) that the

chemical processes concerned in the synthesis of

hormone in the thyroid gland may be blocked at

two separate points by different pharmacological

agents (a) Thiocyanates inhibit the process by

which the thyroid gland i xtracts iodide ions from

the blood Tlie goitrogenic action of thiocyanate

IS inhilnted by iodide administration (b) Drugs

such as thioumcil block the process by which the

^and binds iodide into orgamc combination The
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goitrogciuc action of these drugs is not inhibited

iodide administration but is rev crscd bj giving

thjToxinc

1 TmOCTASATES ANT) THE IODIDE TIIAPPINO

MECHANISM Potassium thiocjanatc is a more

rccentlj discovered goitrogcn than the cjanide

compounds of Mannc It is a normal metabobte

and, it will be rtcilled, is excreted in the saliva

Its action on the th)Toid nas first ob<^rved b3

Barker in tiro patients under treatment with the

drug for hypertension Goiters dev eloped m thes;

cases In rats, thiocjanatc inhibits the uptake of

iodide by the gland and thereby causes piitcr

The primary action of this drug appears to be on

the iodide trapping mechanism In spite of its

avidity for iodide, the normal thyroid gland con

tains very little inorganic iodide since the iodide

IS rapidlj incorporated into organic form If this

organic binding is blocked xnth a drug such as

propylthiouracil, inorganic iodide accumulates in

the thyroid In such a gland, nluch has occumu

lated a quantitj of inorganic I”‘, thiocjanale

evokes a prompt discharge of I'*‘ through the

iniubitorj effect it exerts on the iodide "pump"
of the gland Giromc administration of thio-

ejanate results in reduced iodide uptake by the

thjTOid, a reduced rate of hormone sjnUiesis,

a fall m blood level of thjToid hormone and,

thereby, an mereased secretion of TSH and the

development of a goiter It is of interest that the

uptake of lodme and the rate of sjuthesis and

release of hormone may be returned toward nor

mal values m the thiocjanate treated animal by

increasing the iodine intake Presumablj
,
the in

creased concentration of iodide ui the blood al

lows sufficient halogen to enter the gland by diffu

Sion Other anions, such as chlorate, perchlorate,

hypocblonte, lodate, periodate, bi lodate, and

nitrate hav e a similar effect on the thyroid to thio

cyanate

2 AwnrHYBOin Diracs and the onOANic coai

BINATION OF IODIDE In 1941, Mackenzie and co-

workers reported the goitrogenic action of suUa

guamdme, and m 1943, the same group, and also

Astwood and his colleagues, gave an account of

the effects of some sulfonamides and thioureas cm

SH SH

i i

NH NH» HN N
Thiourea

2 Thioura«l

the thjToid Because of the possible clinical sig

nificance of such compounds a great deal of work
was undertaken to find antithjroid drugs that are

nontoxic Over 100 drugs possessing antithjToid

activntj to varying degrees have non been dig

covered In general they fall into two groups,

those with a thiocarbonamide grouping (thiourea,

thiouracil) and those with a substituted benzene

nng (p aminobcDzoic acid, sulfonamide®, phloro-

glucinol)

These antithjTOid drugs inhibit the sj-nthesis

of thjTOid hormone bj preventmg the bmdmg of

iodide ions mto organic compounds This results

in an increased concentration of inorganic iodide,

and a fall m hormone content of the gland A fall

m concentration of thjTOid hormone in the blood

follons, with a consequent increased rate of secre

tjon of pituitary thjTotrophm and all the ana
tomicnl and histological cliangcs in the thjTOid

normally produced by excess TSH That the

goitrous and hyperplastic changes m the thyroid

produced b> antithj roid drugs arc mediated by
the pituitary is shown by the fact that thej do
not occur in hypophj scctomizcd animals and that

thej are inhibited bj simuUaneousadmuustration

of exogenous thjToxjoe TTie degree of inhibition

IS quantitatively related to the dose of tbyroxme,

and measurement of the least amount of thy

roxine that prevents bj-perplasia of the thyroid

gives a method for cstimatmg the normal daily

secretion of thjroid hormone XhjToxuie andal
hed compounds are thus «aid to possess onh
goUrogenu: propcrltes Hoiicver, the direct action

of antithyroid drugs in blocking lodide-combin

mg activity and their mdirect goitrogemc action

should be clearly distinguished There is no evi

dcnce that these compounds affect the other ac

tions of the thjroid such as the iodide trappmg

mechanism or the release of preformed thyroid

hormone It baa been suggested bj Pitt-Riiers

that the thiocarbooamide group of antithyroid

dni^ exert their direct effect bv keeping the

iodine in the gland in a reduced state However,

this view could not account for the action of the

sulfonamides or resorcmol compounds, and it is

now generally believed that all the antithyroid

drugs act bj inhibiting the peroxidase enzyme
system m the thyroid

A species difference exists in the action of the

drugs of the benzene derivative class Whereas
themembers of the thiocarbonamide group appear

effective in all forms, those of the benzene group

are active in the rat and mouse but much less aO

in the chick and human
Bawson and his associates have produced evi
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dcncc that the thiol compouuds Ime a further

(lirtct effect on thjroid tissue, that is that the%

augment the action of TSH on the gland The
thjToids of rats gi'cn thiouracil for onlj 24 hours

sliowcd hjiierplasia at the end of this period jet

no fall in the blood level of prolcui bound iodine

occurred TIiw finding noul 1 be compatible with

the obsiracd augmentation of the action of TSH
alread> m the circulation FutUict, TSH and

thiouracil gi\en simultaneously to cockerels pro-

duct'd a greater increase m acinar cell height than

TSH alone

Antith>roid drugs are used chnically either on

a short term basis to prepare a thi7otoxic patient

for operation or on a long term basis in an at

tempt to control hj-perthjToidism without re

source to surgery or radioactive iodine treatment

Howevtr it should be remembered that pro

longed treatment with these compounds Isuch as

propcllhiouracil or methimazole (1 methyl 2

mcreaptoimidazole)] does result in rare cases

m toxic eSccta such as agranulocytosis and that

even though the remission of the thyrotoxic

state has been induced for several years by drug

therapy cessation of adoiuustration results lo

rccurrenct of hyperthyroidism m about half the

coses

The SEcnrtios TaANsroET

or Tuthoid Hobuove

It has been mentioned abo\c that thyToxine is

formed m the thyTOid gland as part of the thyro-

globulin molecule Only a small part of the thy

roxme in the gland is in the free form (less than

I pet cctvt) aud this probably tepreseats the un.

mediate source of scrum thyTOxine Tlic secretion

of hormone from the gland to the blood seems to

iirvoh e an enzymatic j loteolysis of thyro^obuhn

in tilt gbnd «ith liberation of free tiiyroxine

which enters the blood stream The rate of re

lease of hormone from the thjToid is aery largely

regulated by pituitary thyrotrophin and present

data indicate that the first effect of TSH on

thyTOid function is to increase the rate of release

of hormone ‘Studies on the radioacU\c content

of thyTOid rem blood ha\c shown that in such

forms as the rabbit and cat this may occur in

less than half an hour From this evidence it

might be suggested that the primary action of

TSH on the thyroid is to regulate the release of

thy roidal hormone and that the other effects are

secondary to this Ilowe\er, it should not be for

gotten that TSH evokes thyroid hypertrophy

w! cn hormonal s\-nthesi3 has been blocked with

antilhyTovd drugs.

After the di.«co\ery of thyroglobuhn and thy

imrne in the thyTOid gland it was thought that

the hormone secreted into the blood might be a

polypeptide Hanngton discussed this possibility

with the facts in mind that the physiological

potency of whole thyTOid substance did not seem

explainable m terms of its thyTOxine content (now

explamed by the presence of the more potent tri

lodothyromne in thyToid tissue) and that IhyToid

hormone in the blood is precipitated by protein

precipitants (now explained by the binding of

thyroxine to plasma protein, sec below) Im
munological studies showed that only m eveep

tional circumstances (associated with thyroid

disease and damage) was thyroglobuhn present m
the circulation In 1W8 Taurog and Chaikoff

showed that thyTOid hormone labelled with I'”

m the circulation behaved in an identical way to

thyToxme added to the blood It is now generally

accepted that the thyroid hormone m the circula

tion IS thyroxine together with a small amount of

tn lodothy ronine

The normal rate of secretion of thyroid hor

mooe bos been estimated m a variety of ways

by measuring (a) the amount of tbyToxine neees

sary to restore to a normal state the tbyroidecto

mized animal or thyroidectonuzed or myxedema
tous patient (b) tbe smaUest quantity of thyroxine

to give a maximal depression of the thyroidal up
take of I'l* or of the thyroidal release of I'*Ma

belled hormone <c) the imnimiun quantity of thy

roxine necessary to prevent enlargement of the

thyroid or cytological changes in the pituitary

after treatment with antithyroid drugs and (d)

thft te.t« of aexumwlit.wKi wf vwdvdft by the jland

The most direct method of assessing thyroid activ

ity (tbe amount of hormone liberated per unit

t-woe) wouVi be vaeesuvft tbt blood Sow ttioujh.

the gland and the hormone content of the arterial

blood passing to and the venous blood leaving

the gland Such measurements can be made but

unfortunately the stress of the manipulations in

volved anesthesia and manipulative trauma result

in a rapid reduction of thyroid function Aver

age figures for the daily secretion of thy roxine are

02to 52 per 100 grams of body weight per

day IQ the chicken rat rabbit goat cow and man
In absolute figures the rat secretes about 8 of

thyroxine per day the rabbit about IS *ig per day

and the human about 200 to 300 /ig per day The
larger the an mal the less hormone (on a weight

basis) IS secreted per day This may b“ correlated

with the fact that the greater the body weigl t

the less the surface area of the body per unit

weight and thus the less is the heat loss per unit

weight The amount of hormone secreted per day

will of course vary widely in the normal animal
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according to oavironinental conditions Thus,
Dempsej and iVstwood found that the normal rat

secretes 9 5 #ig of thjToxine per 100 grains of bodj
weight per da> at an environmental temperature

of 1®C
,
S 2 pg per 100 grams per day at 25®C , and

17 ue 100 grams per day at 35®C

'Hic concentration of tfipoid hormone m the

blood 13 probably mainfamed at a more constant

lei el than is the rate of secretion of hormone from

the gbnd This is because the blood le\el repre

Ecnts a balance between llie rate of Eccrction and

the rate of metabolism or excretion of the hor-

mone Iodine exists in the blood stream as inor-

ganic iodide and as orgamcallj combined lodmc

This latter is precipitated b3' protein prccipi

tants and is commonlj referred to as protein

bound iodine (FBI) The PBI represents largely

hormonal iodine and has an average mluc in the

normal human of 4 to 8 /ig per 100 cc of serum

In cases of lijTicrthjTOidism this figure ma> nse

to 20 pg per 100 cc or over, and m myxedema
fall to 1 pg per 100 cc It is important to note

that misleadingly high figures are obtamed if the

patient has been treated previously with large

quantities of iodide or with organic lodme com
pounds such as those used m X my diagnosis

Thyroxine is carried in the blood stream bound

to scrum proteins An a globulin has the highest

binding aSlaity for thj-TOxmc and is cotumoal>

refeired to as thj'roxinc binding protein (TBP)

If the amount of thjToxinc in serum is raised,

increasing amounts of th>TOxinc become bound

to albumin The "bindmg” of thyroxme to plasma

proteins must be clearlj distmguislicd from

the peptide linkage uniting thyroxine to thyio

globuhn m the thyroid gland The fact that

butanol extracts thyroxine from serum shows

that only a relatively loose attachment between

thiTcxme and TBP occurs The protein bmdiog

of thyroid hormones m serum may modify their

penpheral action It is possible that the lower

affimty of TBP for tri lodotyronine, than for

thjTOxine, may account for the faster, peater,

and shorter lived ph^-siological actmtj of tn

iodoth)Tomne Also conditions in which the

plasma proteins are decreased or increased in

amounte may affect the blood concentration of

thyroid hormone Thus in nephrosis low blood

levels of TBP and PBI coexist, and dunng preg

nancy the reverse is the case In nephrotic pa

tients signs of hjTiothyroidism are commonly

present m pregnanej a diet relatively low m
iodine may result m goiter

The Actions or TnmoiD Horsiovb

Many of the actions of thyroid hormone in the

human were given at the beginning of thia chap

ter when the chmeal pictures of hj^ier and
thyroidism were described The experimental m
lestigaiion of the phj’siological effects exerted

the IhjTOid gland has likewise invohed the stud)

of hi-potlij roid states (produced bj surgical or

chemical thjToidectomy) and their repair, and

hyperthjToid states (produced by administration

of thjToxine or tn lodothjronme) The quaUta

live effects produced bj thjToxme and tn lodo-

th>ronme are similar, but tn lodothjTonme acts

more quickly
,
i3 usually (accordmg to the effect

studied) the more patent of the two compounds,

and has a shorter Ined action The Jong latent

penod of action of thyTOxine at one time ga%e

rise to the new tliat thyroxme was not the hor

mono secreted by the gland After it was estab-

lished tliat tn lodothyTOmne is a normal secrc

tion product of the thyroid the possibility was

considered that thyToxme was converted mto

tn lodothyromne in the tissues, and formed,

therefore, a “precur'or” of Ibo hormone Hon
Cl or, the endence is now strong tliat both thy

roxine and tn lodothyTonme are secreted by the

gland and that both substances act as such at a

tissue icxcl

1 Heat pRODCCTiov, CALORioEVESis itlagnus

and Lex'y m 1805, first described the low oxygen

consumption of patients with myncedema and

showed that thyToid feedmg raised the basal

oxygen mtakcin thcJiuman The effect of a single

administration, of thyxosme upon the basal meta
bobc rate is slowly developed but prolonged (fig

57 11), it commences after a lapse of 12 to 48

hours, reaches its maximum m 8 to 10 day s, and

bsts for 5 or 6 weeks Thyroxme bnngs about the

combustion of a relatn ety enormous amount of

material, I mg causes the total COj output to

increase by some 400 grams and the heat produc

tion to mcrease by about 1000 caloncs In the

athyToid human the basal metabolic rate may be

only one half the normal value, whereas m severe

thyrotoxicosis it may be double To mamtam a

normal basal metabolic rate m myxedema re-

quires the daily administration of about 200 to

300 fig of I thyroxine

In vUro studio of the oxygen consumption of

tissues taken from animals rendered hyper or

hypothyTOid show that the^e tissues have an m
creased or decreased exchange, respectively Thus
the calongemc action of thyroid hormone is ex

erted directly on the cells rather than through the
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nenous sjstcm It al oukt be noted that if thj

roxine is added to the incubation rae<iiuro con

taming tis uc taken from a normal animal no

calongcnic effect is obsened

Such obaious mental clanges are otser\cd m
Graaos disease and ^l^‘^cdema that thjTOXinc

might be expected to c\crt a marked effect on

cerebral metabolL«m Honever this docs not seem

to be the case since the respirator} metabolism

of tissue from the brains of rats rendered h>pcr

or hypothjTOid is normal In this respect brain

tissue bi.ha\es differently from other bodilj tis

sues Similar!} the cerebral 0x3 gen consumption

of th3rotoxic patients 13 not increased although

0T3gen ond glucose consumption of the bram has

been reported as low in m3'xedema

The aanous effects of the thyroid hormone

upon the development and differentiation of

skeletal neraous and other tissues cannot be

explained by its property of increasing combus-

tion m the cells a substance such as dinitro

phenol which increases heat pro<luction has no

such action

2 Gbowth and differentiation The earliest

and clearest c^^dence that the t'h3T0id is closely

concerned with trssue differentiation came from

the experiments of Gudcrnatsch in 1912 He
showed that feeding thyroid tissue to frog tad

poles resulted m early metamorphosis and the

production of small frogs later studies showed

that thyroidcctonuicd tadpoles fad to oieta

morphose and develop into abnormally large

larval forms The human cretin bes des showing

retardation of growth shows marked failure in

the maturation of the skeletal an 1 other bodily

systems The growth process la influenced both

by growth hormone (STH) from the anterior

pituitary and by thyroid hormone (fig 57 12)

whereas the process of maturation and differen

tiation (formation of ossification centers ui the

epiphyses eruption of primary and secondary

dentition) is more solely influenced by the thy

roi I hormone For example hy-pophysectom zed

young rats treated with growth hormone show

Flo 67 12 Show ing the effect of tbujirea on growth Above &4 day old cretin rat (50 grams) from a

mother wl ich had been treated with thiourea for the entire gestation period Below normal untreated

animal (160 gram«) of the same age (From Goldsmith and associates )
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bonj growth but abnormal development of

epiphj*scs wliereos treatment of similar animals

with thjToxinc results m slight growth of the

bones but marked stimulation of epipbj’scal do-

Nelopment and bony maturation Tlie growth

and dc\clopmont of the brim appears to be pir

ticularlj dependent on thj roid hormone The re

tardtd mentihtj or imbocihtj of the crotm maj
not be complete!) mer«iblc by treatment with

thjTOXinc even though thorip) is started in the

first j ear of life Expcnmcntal studies have •‘hown

that joung animals rendered hjpolhjrowl, sur

gicallj or with drugs, show impaired growth of

the brain, decreased ‘siso of cortical neurones a

ileemased dexis)t> of the joeurppjJe lietweeja IJur

cortical neurones, and retarded mjehnation of

cerebral ncr\e tracts

3 'Metabolic proclsse'^ Tlic increi«od Insal

metibolic rate tjpicil of h)T}erth)To»dism w as

sociated with a normal fasting respirator) quo-

tient The ratio of the difTcrent foodstuffs metab-

ohred remains within normal limits Incrcnseil

protein catalxjhsm and an increased excretion of

unnar) nitrogen occurs in both h)pcr and bjpo
thyroidism "nie administration of small do«cs of

thjroxine to hjTJOthjroid animals results lo pro-

tein deposition This maj be correlated with the

increased growrth which occurs in joung hjT>o-

thyroid anuoaJs under ihcTspy Crcatinaria is

typical of the hjperthjToid state An mcrcased

concentration of blood hpid and cholesterol

occurs with thjToid deficiency, and has some di

agnostic significance in suspected cases of myx
edema An increased excretion of calcium, some

times m association with osteoporosis, occurs in

hjperthyroidism, this may, though rarely, result

in bony fractures In the absence of the thyroid

hormone the comer'ion of carotene to vitamin A
13 impaired, possibly through defective intestinal

absorption of carotene The occasional failure of

night vision m cases of myxedema may be thus

explained Administration of thjToid honnone to

the lactatiDg animal results in a temporary m
crease in milk yield and an increase in the fat

content of the milk It is probable that this ac

tion 13 mediated bj an increased blood flow lo

the mammary gland and by stimulation of the

metabohe processes of the glandular cells them

selves

The Cellular Acnov, hlETVBOLisM, and

Excretion of Thtroid Horuoije

The manner in which thyroxine exerts its ef

fects on oxidative processes^ growth, and dif

ferentiation, at a cellular level, is unknown \t

one time it w as thought \ eij probable that thy

roxinc, and other hormones, owed their effects to

an action on enzjTne sj stems At the present time

more attention is being paid to the possibilitj

that the hormones act by modifying the per

meability of cellular and subcellular (mito-

chondrial) membranes

Our knowledge of the metabolism of thyroid

hormones has increased rapidly since the mtro
duction of radioactive lodino and radioactive

thyroxine Chromatography has allowed the

separation and identification of the different la

belied iodine compounds from body fluids and
tissues and provided a useful analy tieal tool After

injection of radioactive thy roxme the blood con

ccntration falls rapidly at first (as the hormone is

distnbuted m the (issues) and then more slowly

(as the honnone is metabolized and excreted)

The half life of thyroxine in the blood is about

8 days in man, 4 day s >n the rabbit and guinea pig

and only )S hours la the rat ThjToxine is taken

up rapidly by the liver and bile and accumulates

more slowly in the intestines, muscle and skin

These latter two tissues, though, uitimateiv con

tain n significant fraction of administered hor

mone owing to their large bulk It is of interest

that different parts of the brain and pituitary

gland show a selective absorption of radioactive

thyroxine and triiodothyronine This occurs

mainly in the nuclear areas of the brain (Ford

and Gross), and especiaffy m the neurosecretory

nuclei of tbe hypothalamus (supraoptic and para

ventricular nuclei) and m the neurohvpophysis

and pars distalis of tbe adenohypophvsis A1

though the total amounts of hormone taken up
in these tissues is small the concentration of I"‘

tn lodothyromne m tbe neural lobe of the rabbit

pituitary may reach 40 to SO times the plasma
concentration It js tempting to speculate that

the hypothalamic and hypophysial uptake of

these compounds is related in some way to the

homostatic effect exerted by the feed back mech
aoum of thyroid hormone over TSH secretion

It has long been known that the liver concen

tiates thyroxine and secretes it m the bile A1

though part of the thyroxine appeara as such in the

bile a greater part is conjugated in the liver with

glucuronic acid and secreted as such This is a

process of some magnitude, after the injection of

radiothyroxine into a rat, about half the radio

activity IS found in the bile in the first 24 hours

The glucuroDide is hydroly zed by bacteria in tbe

gut and free thyroxine liberated The greater part

of the thyroxine is then reab«orbed through the

gut wail, once more to enter the blood stream,

whereas the remainder is excreted in the feces The
cycling of thyroxine through the liver gut, and
hack to Wood is referred to as the enlcrobepatic

circulation The amount of thyroxine excreted m
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the feces vanes with the species studied, and ex

pressed as a percentage of an administered dose,

IS approximately 65 per cent in the rat 50 per cent

in the rabbit, and 10 per cent in man The remain

der of a dose of radiotbyroxme is largelj deiodi

nated in the tissues and the radioiodtde so liberated

13 shared between thjtoid and kidney The main
excretory path of thyroid hormone in man is thus,

the kidney the urine containing largely inorganic

iodide as a degradation product of the hormone

The Assay of Thyroid Hormone

Chemical assay A given extract of thyroid tissue

may be assajed by determining its content of lo

dine bound m thyroxine according to the method
of Hanegton and Randall As indicated above the

blood concentration of thyroid hormone is assayed

by estimating the iodine in organic conabmation
in the blood

Diolo^eal assay Several biological entena have
been used in testing the thyroid potency of an ex

tract, e g the rate of carbon dioxide production

in mice the rate of oxygen consumption in rats

the sen«itinty of rats to oxygen lack and the rale

of metamorphoMs of tadpoles as desenbed by
Gudernatsch \Vith tho introduction of radioactive

iodine a more detailed method became available

The thjroid activity of different compounds may
be assesaed by their ability to inhibit TSH secre

tion and therefore to inhibit the thyTOidal up
take of I’*‘ or release of I‘“ labelled hormone A
further method also involving the feed back
mechanKm employs the antithyroid drugs After

blocking the release of endogenous thyroid hor

mone with these drugs the least amount of an
extract which prevents goiter formation is meas
ured Roth these latter two methods assay hor

mone activity within the range of the normal daily

secretion rate of the thyroid gland of the assay

animal used

The Measuremeni of, and the Factors Regulahnu,

Thyroid Aclmty

Tlic measurement of thyroid actinty may be

made by observations on the gland itself,

assessing the blood concentration of thyToid hor

mone, or the magnitude of the peripheral effects

exerted by the hormone The requirements vary

somewhat according to whether the test w to be

applied to the humm or to the blxiratory animal

1 Thjroid iiplale of iodine Follomng an in

yection of I'” (half life 8 days) or I*” (half life,

2 26 houTs) the rate of uptake of the isotope hy
tho thjToid gland is followed For acute expen

ments on the laboratory animal this is most ac

curately assessed by kilhng tho animal 1 to 2
hours after injection dissolving the tliyroid m
alkali, and counting an aliquot of the solution In

clmicftl studies the uptake is followed by external

counting over the neck

g Urinary excretion of 7^* Since an injected

dose of iodide is mainly shared by the thyToid

and the kidney, measurement of the excretion

rate of I'" m the urine indirectly measures the

thyroid accumulation of I”'

5 Release of 7‘” labelled hormone from the thy

roid The turn over rate of thyroid hormone in

the normal human gland i3 too slow for this

method to be of value m man In the experimental

animal the amount of radioactive hormone in the

thyroid is followed by external counting over the

neck After correcting for the phy«ical decay of

the I”', the rate of decime of radioactiiity in the

gland is related to the rate of secretion of thyToid

hormoiK

4 Thyroid histology Measurement of the av-

erage height of the acmar cells of the thyToid

has been u«ed to assess thyroid function in lab-

oratory animals

6 Blood hormone As mentioned previously

estimation of the protein bound lodino gives

a measurement of the blood concentration of thy

roid hormone Following an injection of F" the

rate of nse of radioactive honnone m the blood

may be followed This method has been found

useful m distinguishing suspected cases of hy per

thyTOidism

6 Methods based on the peripheral action of thy

roid hormone Measurements of the basal meta

bolic rate and the concentration of serum cho-

lesterol or fastuig serum creatmine are used

clinically as indications of thyroid activity

Manx factors influence the activity of the thy

roid gland Some of these have been discussed

elsewhere and w ill only be mentioned briefly be

low

Iodine deficiency (see p 1006) A deficiency of

iodine in the diet leads to hyperplastic changes m
the gland and, ev cntually, to a state of exliaustion

atrophy Between wide liraite of lodme intake

thyroid function proceeds normally In the pres-

ence of excess lodme however, the orgamc bind

mg of iodine by the thyroid w inhibited for at

least a temporary penod
Diet It has been claimed that a faulty diet,

such as one containing an excess of fat or fatty

acids, an excess of protein or a deficiency of vita

inuia A or C, may lead to goiter m animals, and

presumably, therefore, in man
Thiocyanate, perchlorate, and the antithyroid

drugs The effect of these compounds on thyroid

function has been desenbed on page 1013

The nrrsioLOQicAL factobs w meu kegclate
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THE TJiTOoiD GU^NTJ 111 the normal animal on an
adequate diet are its nmc supplj, the thj

rotroplnc hormone from the anterior pitmtarj

gland anti po=‘iib!} the steroid hormones from

the gonacU and adrenal cortex (fig 57 13)

1 Ame supply Tlio neries to the tl^Toid

probablj suppl> onlj the blood ic'i’vls of the

gland Tlie fact t!i xt transplanted th^Toid tissue

functions in an apparently norma! fashion demon
strates the essential dependence of the thy ronl on

humoral, rather than nerx ous, factors It is likely

,

though, that the xasomotor irmenation acts to

adjust the blood floiv through the gland in ac

cordance mth its functional requirements Soder

berg has shown that acute changes in blood flow

through the thvroid are reflected by changes in

tlie rate of uptake of and that «timuhtion of

the none supply of the thiToid modifies m a
transient fashion the «ccrctory response of the

ghnd to administered TSH
8 Thyrolrophic hormone Tliere can be no

doubt that the mam factor regulating thyroid

activity 19 the thyTotrophic hormone Tlie con

trol of the thyroid gland therefore bccomca

largely a problem of the control of TSH secre-

tion by the antenor pituitary gland The data

relating to tlus topic lias been gi v on in chapter 66

In summary
,
the '•ecrction of TSH by the adeno-

hypophy’sis is maintained and regulated by the

central nervous system actmg through the hypo
tlialamus and liypophy^ial portal ve^scL of the

pituitary stalk In all probability the nervous

system acts as an intermediary between environ

mental stimuli and pituitary and thyroid func-

tion The stimulus of cold has been found to re-

sult in an increase of TSH concentration in the

blood within 30 minutes after the beginning of

cold exposure and thw occurred despite a previ

ous injection of thyrovine (Bottari) The time re-

lations and the apparent independence from the

feed back system afford strong evadence that the

response is meduted by a nervous reflex. Sum
larly tlie evidence is good that environmental

stimuli which cause emotional excitement or

stress mhibit TSH secretion and thyroid activity

by a centra! nervous mechanism The secretion

of TSH 13 also regulated by the blood level of

thyroid hormone, although it is as y et undecided

whether tins exerts its effect dircctlyon the pilu

itarj gland or indirectly im the hyTiothalamus

S Adrenal and gonadal steroids \dmiiustra

tion of corticoids (e g ,
cortisone) or the adreno-

corticotropluc hormone (ACTH) m small physio-

logical doses inhibits thvroid hormone production

Since it has been found tliat similar treatment

EXT ENVIRONMENT
’COLO
.STRESS

IODINE INTAKE
DIET
THIOCTANATE

ANTITHYROID DRUGS.
|

V
gog TISSUES.

OOO
Fic 57 13 Diagram to «hoH the factor* eon

trolling Ihvroid function Certain dietary factor*
fiodine intake! and drugs exert an action directly
on the thyroid gland Tho nerve *upply i* probably
vasomotor id type and raav modify the function
of the gland by regulating its blood eupph The
mam phy*iological factor controlling thyroid ac
tivity 19 without doubt the thyTotrophic hor
mone It is probable that environmental stimuli
(cold ttres*) exert their effects iia centra! nenous
reflexes modifying thvrotrophia secretion from
the antenor pituitary The blood concentration of
ihjTOid hormone (and probably of ovarian and
adrenal cortical hormone} acts by in some wav
regulating TSH release

does not modify the action of a given do«e of

TSH on the thyroid it is likely that the adrenal

corticoids act at a pituitary
,
rather than thyTOid,

level as depicted m figure 57 13 The thyToid en

largemcnt which occurs m the human at puberty

,

and dunng menstruation and pregnancy is *trong

evidence of a thyTOid ovarian relationship How
ever, studies m experimental animals have failed

to reveal any marked charge m thyToid function

dunng the different phases of the cstrous cycle

pregnancy, or after ovaneefomy, although a

dight decrease m thyroid activity lias been seen

after castration m male rabbits Tlie mcrca«ed

level of plasma protein bound iodine wen during

pregnancy in the human is probably related to
,
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changes m the plasma proteins, and the thy

roxinc-binding power of the pla«ma, rather than

thjToid activitj per se
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THE ADRENAL (SUPRARENAL) GLANDS

Development and Strlcture

The raammalian adrenal gland, like the pttm
tary body and the tbjroid parathyroid apparatus,

consists of t» 0 parts which, though closely associ

ated analumically
,
have separate origins and are

btnicturallj di^erent The central part of the

gland 13 called the medulla the outer enveloping

rim of tissue is known as the cortex In certain

fishes (Elasmobranchs) the two parts are present

but not combined as a single gland Tissue cor

responding to the mammalian medulla, for ax

ample, is found as a number of small discrete

masses on either side of the spine in association

with tho sympathetic ganglia (chromaffin tissue),

whereas an elongated structure lying between the

kidneys (infer renal body) corresponds to the ad

renal cortex of mammals In the amphibiaand rep*

tilia the two tvpcs of tissue have come together,

but masses of cortical cells are intermingled with

islets of medullary tissue and the two tissues are

cot segregated into a peripheral and a central

zone, as m the mammalian adrenal

In all animals the medullary tissue and thesym
pathetic ganglion cells have a common origin they

develop from primitive cell masses which have

separated from the neural crest Migrating from

their sites of origin these masses of ectodermal

cells undergo differentiation along two paths, some
into sympathetic ganglion cells others into chro

maffin Imue This latter term is derived from their

reaction with chromic acid or its salts in which the

cells are stained dark brown Chromaflin or chro

raophil cells are aKo stained blue by feme chloride

and black by o«micacid In the abdomen, on either

side of the midline, a relatively large mass of chro

malfin cells becomes enveloped by cortical tissue

to constitute the nilrcnal medulla Other smaller

ma'ses pervist as accessory chromafGn tissue in as

“ociat ion with the ganglia and plexuses of the sym
pathetic, and are called paroj^angfia On the other

hand, sympathetic ganglion cells may be found

scattered among the cells of the adult adrenal

medulla The cortex is developed from mesoderm
It ari«cs as a bud from the celomic epithelium cov

enng the inner side of the fore part of the meso

nepliros The celomic epithelium immediately be

hind this are I gives ri-'c to the gcmimal epithelium

from which in turn the «ex glands develop

The medulla is composed of cl()«ely packed

groups of poly hedral cells containing chromaffin

granules which are looked upon as the mother sub

stance of the medullary secretion The cell groups

are separated by blood sinuses which empty into a

central vein The cells of the cortex are arranged

in three zones The«e are, from without inward, the

(I) eona fflomerulosa, in which groups of cells arc

arranged in a circular or oval pattern, (2) eona

fasetculala, in which the cells are arranged in col

umna and (3) zona Teltculart$, which is composed

of a network of cell cords (fig fiS 1) The cells of

the cortex in a number of species contain fine hpid

droplets which can be made apparent by a variety

of histochemical or optical tnetbods Such lipid

droplets appear to be associated with the aecre

tion of the gland, but in some forms (e g ,
the

hamster, other biberoants and ruminants) the^e

droplets are not visible microscopically

The characteristic zonation ol the adrenal cor

tex has led many workers to consider that the cells

of the cortex onginate at the periphery of the

gland, ID the zona g1omeru1o*a yust beneath the

capsule or from the capsular cells With increasing

age tho cells were believed to move inward

through, and as constituents of, the zona fascicu

lata to the zona reticularis where cellular death

and aV>soTpMtm ensued More recerA opiniDTi favors

the view that the three zones of the cortex reflect

differing functional activities although it is well

established that following an almost complete ad

renalectomy a few zona glomerulosa cells are able

to regenerate a new adrenal cortex with the normal

zonation

The adrenal gland of the human fetus ls propor

tionally some 10 to 20 times larger by weight than

that of the adult Most of the gland is comprised of

an enormously enlarged reticular (or feta!) zone

which is destined to involute soon after birth

The function of the fetal zone H not clear, it may
be developed under the influence of chorionic go

nadotrophin

A sex (lifference in the size and histological ap

pearance of the adrenal cortex has been demon

strated in animals The glands are larger in women

than IQ men, a difference which is enhanced when

the smaller female Ijody is taken into account In

animals, the adrenals of the female are reduced to

the size of the male glands under the influence of

testosterone

1Q22
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Fig 531 Section of the human supraren'kl tap
sule /I, mctiullarj paHion, R, coca rcticulans, C,
zosa faaciculata, and D capsule The zona glo
menilosa is situated just lienealh the capsule
(From ifaximon and Bloom )

Bu)od svn \EBVE 8LPPLT Thc adrenal is one
of the most nchlj vascular or^ns m the hodj,

receiving 6 to 7 cc of blood per gram of tissue per

minute It is supplied bj tbrecemall artenes irhieh

are dens ed lespectivelj , from the inferior phrenic

arteiy, the renal arteij and the aorta These form

nch ple'tuses in the cortex The plexuses are con

tinuous snth the sinuses of the medulla which
drain into the central vein of the latter The right

adrenal vein empties directly into the inferior vena
cava the left vein into the renal vein The nerves

are derived from the splanchnic nerves and the

lumbar sympathetic chain the fibers passing

through a plexus (suprarenal) before entering the

gland These fibers are xnedullat ed and have no cel)

stations m their course That is thej are entirely

preganglionic the medullary cell itself taking the

place of the ganglion cell and postganglionic fiber,

thiyr differ thus from all other sympathetic path
ways (see ch 71)

The Adrenal Medulla

Thomas Addison's reportm 1855 (p 1(H2), and

the expemnental w ork of Brown-S^uardm 1856,

gave the first hints concerning adrenal function

The last mentioned observer showed that com
plete removal of the glands from rabbits caused

death Not imtd many years later was it shown

that the effects desenbed by these pioneer in

vestigators were due to loss of the adrenal corlex

The French physiolc^st Vulpian working at

about the same time as Addison and Brown

S^quard, discovered that the medulla unhkeany

other tissue, was stained blue-green by feme
chloride and that the blood of the adrenal vein

sometimes gave a similar reaction The staining

reaction, it is now known, is characteristic of

the internal secretion of the medulla (adrenaline)

In 1894, Oliver and Schafer obtamed an aqueous

CNtract from thc medulla which upon injection

inured a pronounced nse m blood pressure

Thc active pnnciple of thc extract was ob
tamed m pure form m 1901, by Takamine and
bj Aldnch The substance has been given various

names, arfrma/ine (or adrenahn) eptnephnne

lufrentn, and at/prnrmm tiie first is mo«t com
monly u«cd More recently it has been established

that the adrenal mwiulia contains a mixture of

adrcnaiinc and noradremhne and may release

these substances m different proportions m tlif

ferent circumstances Adrenaline and noradren

aline possess a close structural relationship to

tyrosine as may be seen from the following

HO-/ \cn,-CH—NHi

iooH
Tprasiae

no/ Nch-ch,-\h*

nri^ in
j\cradrenohne

no/ Scn-cHi—NH-CH.

Ho^ in
Adre/toline or epinephnne

Since they may also be said to be denied from

catechol they arc termed catteholamines

AonnsAUNE on EPixErmtiNi; Adrenaline is

a secondary alcohol, its full chemical name being

3,4*dihydro\y-« phenyl methy laminoethanol

It was first prepared synthetically by Stoltz

(1904) and later by Dakin (I90o) Adrcnalme
possesses an asymmetne carbon atom sq two
isomers are possible (le, a levo and a dextro-

rotatory form) The natural lev o form is 15 tunes

more powerful than the dextrorotatory form

Adrenaline i3 probably synthesized m the adre

nal medulla from the ammo acid phenylalanine

However, although there are only five changes in

the molecule mvohed m the process there are

120 different ways of achienng the conversion

with 30 possible intermediates A likely pathway

IS that set out on the following page

Evidence in fav or of the following sequence is

denved from a variety of evpcnmeats Following

the adnunistiation of isotopically labeled phenyl

alanine or tyrosine radioactive adrenaline has

been isolated from the adrenals An enzynne svs

tern for the conversion of phenylalanme to tywo-

eme is known I\ ith the mtroduction of a second

hydroxyl group into the tyrosme molecule, dihp
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/ \ciT,—CII—XHi

COOtl
Phenylalanine

i

IlydroiylyTamine (dopamine)

1

HO^
CH—CHi-MIj

in
A oradrenafine oe luarterenol

I

110/ V-CH—CHi—NH—CH,
HO ^ in
Adrenaline or epinephrine

droxyphenylaUtntne (dopa) is produced which

when decarboxjlated by the enzyme dopadecar

boxjhse forms hi/dTOxytyramine or dopamine

Dopa has been much studied and has been

detected (like dopadecarbo\j la'^e) m the adrenal

Labeled adrenaline has been recovered from the

adrenal after giving dopa-a C* or dopamine^

C“ The methylation of noradrenaline yields

adrenahne and this step has been dmooslratcd

in minced adrenal tissue and perfused glands

(Bulbnng)

Inactivitiov of ADHENAUNr Adrenaline

disappears rapidlj after injection due to its Up

take bj the tissues The effects following subeii

taneous injection are much less intense, though

more prolonged, than those induced b> mtrs

\ enous administration \Mien ©v en orallj ,
adren

ahne is inert Adrenaline is rapidly inactivated

m the bod> Free adrenaline and norsdrenalme

arc normall) present in human urme, and accord

mg to von Euler, a 24 hour collection contain^ 5

to 10 pg of adrenaline and 30 to 00 pg of nor

adrenaline The rate of excretion falls away during

sleep Minor amounts of noradrenaline and adren

aline may be conjugated phj Biologically with glu

curonic acid, but the majonty is oxidized or

eliminated as metabolites Outside the body

adrenaline is much more stable in blood and tissue

fluids than m Ringer solution, in which it under

goes oxidation to form a pink compound (adreno-

chrome) The substances in blood and tissue fluids

xshwhhave a stabilizing or protective action upon

the adrenaline molecule arc reducing agents such

as glutathione and ascorbic acid (Melch) It is

significant that the adrenal gland is especially

rich m these substances

Actions of Adrenaline

AND Noradrenaline

Although Oliver and Schafer discovered the

pressor effect of an extract of adrenal medulla as

long ago as 1S94, not until nearly 50 jears later

was It discovered that the gland contained nor

adrenabnc (arterenol, norepincphnnc) as well as

adrenaline Noradrenaline or levarterenol pres

ent in adrenergic nerve trunks, sjmpathetic

ganglia and the h> potbalamus, and other parts of

the brain, but absent m nerve free tissues such aa

placenta and bone marrow Adrenaline and nor

adrenabne arc present m the adult human adrenal

medulla in the proportion of about 5 to 1, but

the reverse proportion is obtainedm children and

very laige amounts of noradrenaline (up to 90

per cent) may be found m some adrenal tumors

(pheochromocytomas) It is probable, os noted

earher, that noradrenabne is the immediate pre

cursor of adrenaline but m addition to its impor

tance from this point of view, the substance has

phj-siologtcal functions of its own Formanj jears

the properties of extracts of adrenal medulla

have been studied with the bebef that the onij

active pnnciple present was adrenaline The dis

covery of noradrenaline, therefore, revolutionized

thought m this field, and only now arc signs of

order emerging In what follows nn attempt will

be made to compare and contrast the properties

of the two amines In general it maj be said that

the mam function of noradrenabne «ecms to be

the normal control of the circulation, whereas

adrenaline produces a variety of ‘metabolic’ el

fects useful in an emergency Both agents act

upon structures innervated bj svmpathetic nerve

fibers and because of this are called (like certain

other drugs) tympalhomimetic (Barger and Dale)

1 VascuL-AR effects Ordinary preparations

of adrenaline (eg, USP epinephrine) have ft
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pronounced pressor action causing widespread

\asoconstnction But adrcnnlme itself is bj no
means a general \ asoconstnetor Its o\cr all ef

feet upon the tascular 53 stem is lasodilatation,

tliat 18 it decreases rather than increases the

pcnplieral aaiscular resustance of the bodj as a

whole It constnets powcrfull} the artenoks and

capillanes of tlie skin and the artenoJea of the

kidne3 , but dilates the vessels of the skeletal

muscles and In er, and probablj also of the coro

narj “v-stem Tins vasodilator effect upon the

muscles and Iner overshadows the va«oconstnc

tor effects w ith a consequent decrease m the total

peripheral rc«istancc The pronounced nsc m
blood pressure (fig 5S 2), a true adrenaline effect,

is due entirelj to its increasing th( canhac output

The rise in blood pressure is confined to the

s>-«<tolic pliaec, the diastolic phase showing no

change or a fall, an evpiT^sion either of the ab

sence of anj increase in, or a reduction of the

total peripheral resistance (sec table 5S 1)

Noradrenaline is an over all vasoconstrictor,

causing an mcrcaso in the total pcnphenil resist

Pic 58 2 Lower tracing shows the effect of in
travenous injection of 0 02 mg of adrenaline upon
blood pressure Upper tracing from the same am
mal shows the fall in pressure produced by the
injection of 0 02 mg of adrenaline following a
previous do«c of 0 4 mg per kilogram of ergota
mine tartrate (From Gelling )

T\BLE 5S1

Effects of adrenaline and noradrenaline

on blood flow (ml per min )

(After Barcroft modified)

^Before During

or Noradren
Adrenal ne

Noradrrn-
al ne

Liver 1500 3000 lodo

Kidneys 1500 900 1200

Muscles 1000 2000 1000

Brain 7o0 900 67o

Over all 470O 6S00 4375

ance, and a hypertensive effect which is from 30

to 70 per cent greater than that of adrenahne

Noradrenaline constricts the cutaneous ve«'cls

but to a leaser degree than adrenahne the latter

in man causing a much more pronounced pallor

Noradrenaline causes a reduction m blood flow

through the brain of about 10 per cent whereis

adrenaline increases it b) 20 per cent or *0

2 Hraht Adrcnabne (USP epinephrine)

c\erts a direct stunulatmg effect upon the mvo
cardiuro it increases the O'ly gen consumption of

the heart and augments the cardiac output mainly

by an increase in stroke volume this bemg re-

sponsible for the nso m sy'stoCc pressure Tbe«e

effects are apparently due to the action of adren

aiine as such, for noradrenaline either has no

effect upon the cardiac output or decreases it

Both drugs dilate the coronary vessels and m
crease tfte coronary flow la anrmaih with the

vagus nerves intact, adrenahne slows the heirt

as a secondary effect of the hypertension (due to

reflex inhibition—Marey s law) but causes cardiac

acceleration after vagal section In hearts pro

tected from reflex inhibition by division of the

vagus nerves or atropine, the foree and rate of

the heart are increased and conduction unproved

by both drugs In man adrenaline accelerates the

heart whereas noradrenahne causes bradycardia

Adrenaline also appears to increase the suscepti

bihty of the ventricular muscle to the develop

meat of extrasystoles, or even of ventncular

fibrillation

3 Respiration After a short imtial period of

apnea the respirations are increased m rate and
depth, both by adrenaline and noradrenahne

The apneic period is apparently secondary to the

nse m blood pressure and is brought about

trough the carotid sums mcebamsm
4 Smooth muscle Adrenahne inhibits the
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Fio 58 3 Rabbit’s intestine m Ringers eolu
tion AtXtRinger’ssolutionplusadren^ioel 100
000 000, at X' Ringer a solution substituted Time
30 seconda (From Hoskins )

muscle of the sUmaeh, xnlesUne, bronchtolea, and

tirtnary bladder Both the tone and movements

of the intestine are inhibited (fig 58 3), tlic bron

chiolcs are dilated It excites the muscle of the

apfentc capeule, ureter, tngme and sphincter cf the

bladder, the retractor penis, and the prjlcnc, tleo-

relic, and internal cnnl sphincters The vlrrus,

whether pregnant or nonpregnant, is contracted

in man and in manj animals, but in the cat, rat,

mouse, and guinea pg, ’fne pregnant o^n atone

IS contracted bj adrenaline, the nonpregnant is

relaxctl The contractions of the human uterus at

term are often inhibited by adrenaline Most of

the^ effects arc exhibited, though less atrongly,

by noradrenaline, n ith the exception of the cxcita

tion of the pregnant uterus of the cat upon xvhich

noradrenaline exerts a greater effect \a a result

of the excitation of the radiating fibers of the in*

(dilator pupiUae) the pupil is dilated by adren-

aline especiallj if the superior cervical ganglion

has been previousl) excised Mueller’s muscle is

stimulated and the eyeball protruded Retraction

of the upper eyelid is caused by the stimulation of

its smooth muscle The nictitating membrane of

atucnals is retracted Adrenaline ako stimulates

the crectorcj ptlae mu'cles and other smooth

muscle fibers in the skin After dcncnation flic

sensitivity of some tissues to noradrenaline (e g.,

the nictitating membrane of the cal) is greatly

increased, whereas that to adrenaline is only

sh^tly affected This may be due to disappear

ance of amine oxidase from this tissue which

destroys noradrenalme more rapidly than adren

aline

6 Skeletal muscle Adrenaline postpones

muscle fatigue and increases the tension devel

oped in a twitch of skeletal muscle It increases

muscle tone, and may cause tremors or muscular

twitching The effects of noradrenaline upon

muscle are much less pronounced When the

ayunpathetic supply to a muscle is excited during

stimulation of the motor nerx-es, the contractions

arc increa<»cd Tins effect is known ns the Orheli

phenomenon

6 Carbohydrate sietabousm Adrenaline

administered by injection causes hyperglycemia

andglycosuna It shows an antagonism to insuhn,

relieving hypoglycemic convulaons These effects,

which ate also shown by noradrenaline, but to a

lesser degree, are due to the mobibzation of sugar

from the liver who«e glycogen storfes are thus

reduced The hyperglycemic effect iS, therefore,

greatest in weU fed animals mth an abundant

hepatic store of carbohydrate, and of course is

not obtained m hepatectomired animals The
glycogen of the muscles is also reduced by adren

aline On the other hand, there is evidence

(Huttsworth and Scott) that the rate of remoxal

of glucose from the blood by the tissues is acceler

ated When administered to animals after a pro-

longed fast or in other conditions which deplete

the hepatic glycogen stores, adrenaline causes an

increase in Iixcr glycogen The latter is due to the

twesAflRTTO ^ 'saseJa. ta 'aAbA xAvi

which diffusing into the blood, is earned to the

hxer xvhere resynthesis to glycogen occurs There

IS a fail IQ the inorganic phosphate of the blood

due apparently to the phosphorylation of glyco-

gen and the formation of glucose monophosphate

If the ndrenahno administration is continued the

hxer glycogen is conxerted in turn to glucose

which poses into the blood, causmg hypergly

ccmia, it 13 subsequently reconverted to gly cogen

in the muscles (Con) The cy cle may be repre-

sented in the following scheme

Muscle glycogen

/ N
Blood lactic acid Blood glucose

N /
Liver glycogen

Con cycle
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Noradrcnabne exerts little effect upon the con-

centration of lactic acid m the peripheral blood

(Beam et al

)

7 GENFiLOi MET^BOUSM O'Qgen consump-

tion IS mcrca'cd bj from 20 to 40 per cent, and

CO} production b^ from 30 to 50 per centj the

rcspiratorj quotient is, therefore, raised In m-tn

the increase in the basal metabolic rate occurs

within a short time after the subcutaneous injec-

tion of 0 5 cc of a 1 1000 solution, the tempera-

ture of the muscles rises The effect of adrenahne

upon heat production is known as its calongenic

action, it does not occur after removal of the

h\cr (So«lan)

Boothby and Sondiford attributed the latter

effect largely to stimulation of cellular oxidations

throughout the tis'^ucs of the bodj gencrallj , and

in a major degree to the hjpergl^ccmia (“carbo

hjdrate plethora”), and the increased utilization

of carbohydrate, that is, to the specific dynamic

action of glucoee The extent to which each of

these factors contribute to the mcrcasccl heat

production is a controxcr«ial question, but the

consensus faxors increased carbohydrate utihza-

tion as the predominant factor («ce Griffith)

Cutaneous \ a^ioconstnction Icadmg to dimmisbed

beat lo«s and its effect upon metaboh«m, as well

as increased znu«cular tone, arc probably con

tnhutmg factors The calongenic effect is not

brought about through an action upon the thyTOid

since it IS obtamed after thyroidectomy More
ox'er, the nse m metabohe rate commences within

a few mmutes and returns to normal withm 2
hours or so, whereas the effect of thyroxme upon
heat production does not commence for some
hoursand is prolonged for sex eral days (p 1015)

8 Ottier effects of adrevujke (tjsp)

(a) Secretion of saliva, (b) lacrymation, (c) sweat

mg m such animals as horses and sheep, but m
most other animals the sweat glands, though

innervated by the sympathetic, are not exated

by adrenahne («ee p 1306) Sweatmg can be

ex oked m most human subjects by adrenalme or

noradrenahne injected intradermally m very

dilute solution, (d) contraction of the spleen

(stimulation of the smooth muscle of its capsule

and trabeculae) and consequent increase in the

blood xolume and m the red cell count (p 517),

(e) increase m the coagulability of the blood, (f)

small doses mcrease the flow of urme as a result

of constnetion of efferent glomerular xe»sds

(larger doses constrict both afferent and efferent

xe'sels) and through reduction of the renal Hood

flow dimmish the urinary flow (p 546) , (g) a fall,

sometimes preceded by a nse, jn the potassium

of the blood, 00 contraction of mebnophores of

certom cold bloodcxl animab, e g ,
frog and homed

toad (Redficld)', (i) increased output of the

adrenocorticotrophic hormone of the pitmtary

gbnd, (i) affects the transmission m nerxe, (k)

enhances or depresses, according to the dosage,

the action of acetylcholme at symaptic junctions

(ch 71), and 0) wtraxenous injection of ad
renahne causes arousal and anxiety m man,
whereas injection of adrenahne mto the cerebral

xentnclcs gjixcs signs of depression and drow«i

DCSS

Assay of Adres.aun’e

ASD Noradren ALDm

The assay of adrenaline in blood, tissue fluids or

extracts can be accomplished m many ways, and
both biological and chemical methods are avail

able Since both adrenalme and noradrenaline are

well established chemical entities, there is no in

ternational standard All re«ult5 are expressed in

terms of the weight of pure amine
ITith the growth of pharmacological knowledge,

It has been realized that some of the earlier meth
exJs such as that co&cersed with the effect of ad
renaline on the amplitude of the frog heart are

not sjiectGc, and that it max be difficult to di tin

gui«h between adrenaline and noradrenaline This

difficulty IS overcome by prelimmarx purification

of the extract which increases both the sjMcificity

and the sensitivity of the final assay procedure

Adrenaline may be concentrated by ad orption

on to aluminium hydroxide or an lon-excbange

ream, whereas adreoaline and aoradrenalice may
be separated with the aid of paper chromatog
raphy and eluted from the paper pnor to assay

In order to establish the relatixe concentration of

adrenaline and noradrenaline in any extract, and
in order to avoid the confusion introduced by m
terfenng substances, it is advisable to use two or

more methods in parallel

Bioassats The<=e include

Cot and ral bhwd pressure Ka a«saj imolvmg
the pre>«sor effect of catechol amines m the anes

tbetized or spinal cat has long been used The re

'ponse to the sample and to standard ^olutiODs is

measured and an attempt made to ‘sandwich’ the

re*tponse of the unknown between a greater and a

smaller do«e of standard The u®e of the hexame
tfaonium treated rat prondes a particularly sensi

tixe preparation (Crawford and Out^choom), and

whereas the blood pressure of both the cat and rat

•The contraction of the melsnophorcs of the

horned toad which results from adrenaline admin-
istratioa, aKo occurs when the animat l>ec>mcs
excited Since in the latter instance the effect is

abolished if the circulation to the melanophorcs is

occluded.but not when the skin nerves are cut the

effect must lie due to a chemical substance, pre

«umab1j adrenaline, in the blood
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13 more sensitive to noradrenaline than to adren

ahne, that of the rat u particularlj so Amounts
of noradrenaline of the order of 0 050 of 1 /ig can

be measured with accuracy

Rat uterue In this test the isolated rat uterus is

suspended in a bath of raodiEedTj rode solution to

which constant amounts of acetjlcholine are

added regularly Contractions of the organ are in

duccd which are readily inhibited bj adrenaline

Unknown solutions are assayed bj comparison of

tbe effect observed with that produced by stand

ard solutions The rat uterus is much less sensitive

to noradrenaline than to adrenaline and with good
preparations less than 0 0001 of 1 »ig of adrenaline

can be detected

VasoeonttncCion in rabbit ear The vasoconstne

tion induced by adrenaline in the perfused rabbit

ear provides by far the most sensitive assay for

adrenaline available The vessels are sensitised by
denervation and the diameter of the central artery

measured microscopically at intervals Adrenaline

can be detected in a concentration of lO"** grams
per milliliter or less The rabbit car « also sensi

live to 5 hydroxytryptamine but this effect can

be blocked with lysergic acid diethylamide

Intestinal museU Catecholamines geoeratiy in

hibit the smooth muscle of the gut and studies

employing a segment of rabbit intestine were car

ned out over 40 years ago Rat colon is particu

larljr sensitive to noradwnaUae, whereas the rectal

cecum of the fowl is much better suited for (he

assay of adrenaline since it is able to detect 0 002

of B microgram
CnEMicAL ASSATS These are geaerally more

convenient but less sensitive and specific than bio

assays

Colorimetne Colonmetnc assays arc based on
the oxidation of adrenaline to the pink adreno

chrome and other pink indole compounds or the

u«e of adrenaline as a reducing agent Thus arseno

molybdic acid is reduced by adrenaline to a blue

compound

Fio 6S 4 Showing the effects of adrenaline
upon the blood pressure and the uterus (in situ)

ot a pregnant eat before and after the admimstra
tion of dibonamine The intravenous injection of
25 mg per kilogram is indicated by the arrows
(From Nickerson and Goodman )

•X

Fluortmeirte The observation that adrenaline

became fluorescent in alkaline solution was made
by Paget in 1930, and an assay utilizing this fact

was proposed 4 years later (Gaddum and Schild)

In recent years, with a revival of interest in fluon

metnc methods, new assays have been desenbed

Though sensitive, these assays are as yet non

specific

The ErPEcrs or Cebtain Substances upon
THE Acnov OP Adbevaline

A number of terms are uaed in the discussion of

the action of drugs which interfere with the action

of adrenaline and like substances Thus the aboli

tion of the effect of sympathetic stimulation is

called a tympaiholytte action whereas a drug

which abolishes tbe excitor action of adrenaline is

called adrenolylte The term adrenergic blocking

agent may be applied to a drug which has either

an adrenolytic or a sympatholytic action or both

The first adrenergic blocking agents to be dis

covered were derivatives of ergot Ergoloxine or

ergotumine block tbe pressor effects of adrenaline

and sympathetic stimulation but the vasodilator

action IS not interfered with For this reason cer

tain effects of adrenslme administration or of

syTOpatbetic stimulation appear to be reversed by
the ergot alkaloids Thus as just noted, only a

depie*sor effect is obtainable with adrenaline if

ergotoxinebasbeen administered previously Also,

after ergotoxme adrenaline causes expansion of

the melsnophores of tbe frog instead of the usual

contraction The hyperglycemic response to ad
renahne is abolished after treatment with ergot

alkaloids Ergotoxme is made up of three alka

loids ergoconune ergoenstme, and ergocryptine,

which are derivatives of lysergic acid These sub

stances also markedly increase the motor activity

of the uterus This property is lost upon hydrogen
ation to respectively dehydroergocomme, ens

Vine and myptine Voft tbe cardiovasculaT eSetts

are little affected The action on the capillaries

blood pressure and bronchioles of histamine and

adrenaline are antagonistic, and adrenalectomized

animals show an increased susceptibility to his

tamine administration The blood concentrating

effect of histamine administration is lessened or

prevented by a previous injection of adrenaline

There is also some evidence that histamine in

creases the output of adrenaline from the medulla

Other antagonists of adrenaline and of sympa
tbetic effects have been discovered more recently

Thej} halo alkylamines (of which difienamine and

dibemyhne are examples) possess particularly

powerful adrenergic blocking properties (see fig

58 4) The blockade develops slowly , due to the

tn VIVO formation of active intermediates but is

then highly specific and persistent Dibenamme

and dibenzyltno reverse the pressor effect of ad

renahne although, unlike ergotoxme, the hyper*
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glycemic action of adrenalino is little affected

Nor are the inhibitory effects of adrenaline upon

the virgin cat’s uterus or the intestine modified

by these drugs Dibenamine (N,N dibenzyl p-

chloroethylamine) and dibenzylme (phenoxy

bcaxamine) have the structures shown below

>CH,

^N-CH,—CEfiCI

)Gn/

Dtbenamtne

OH,

Dibemyhne

Adrenergic blocking activity la also possessed

by the bsn^adiaeanet, or Fourneau compounds,

such as 95SF (piporoxan) and 88SF (proaympal)

and the imidazoUnes Of the imidazolines, tolazo

line (prigcolme, benzazolme, or priacol) and pheo

tolamino (regitine, C 7337) are best known The
blockade produced by both senes is relatively

transient and the} are useful in the diagnosis of

pheocbromoc} toma
Other compounds may be mentioned here which

also block gangliomo transmission A^icetme acts

b} depolarizing the ganghoo cel!, which it first

stimulates and then paralyzes The mertenium

compounds (hexa and decamethonmm) compete

with naturally formed acetylcholine for "posses

c! gsKgh\ff/i ivP.’.V, tis# IS /or

ebemical receptors of the cell Once in position,

the posts} naptic membrane is stabilized and de

polarization rendered more difficult This ability

of the methonium compounds depends upon their

resemblance to acetylcholine, being also qualer

nar} nitrogen compounds The methonium com

pounds are useful clinically for the reduction of

blood pressure and for their curarelike action

AdBENALINELIKE SUBSTANCEa

An extract containing ephedrtne has been used

in Chinese medicine for thousands of years, the

pure alkaloid was obtained by Nagai, who gave it

Its present name, in 1887 The chemical resem

blance to adrenaline may be seen in the formula

This alkaloid is closely similar to adrenaline in its

action, causing bronchiolar relaxation, vasocon

stnction, hyperglycemia, inhibition of intestinal

muscle, and excitation of other smooth muscle

It has also a calongemc action, its pressor effect

(Curtis) 13 reversed bj ergotoxine and reduced by
cocaine Ephedrme is about 100 times less power
ful than adrenaline, but its effects arc more pro

longed Because of its more lasting effect, it is

often combined with adrenaline in commercial

preparattoas Unlike adrenaline, it is active when
taken by mouth According to the theory of Gad
dum and Kwiatkowski

, ephedrme exerts its action

after a fashion analogous to that by which esenne

enhances the action of acetylcholine (ch 71)

namely, by inhibiting the oxidative deamination
of adrenaline by ammo oxidate Tyramine is a

sympathomimetic amine formed by the action of

bacteria upon protein (decarboxylation of tyro

sme) It is also secreted by the salivary glands of

certain mollusks It is chemically allied to adren
alinc and resembles the latter in several of its

actions, e g , It elevates the blood pressure and

stimulates the uJerme muscle Its structural for

mula IS

rpromine (/ {4' hyJroxyphenyl) 2 ammo ethane)

Amphetanune or ienzedrsne is a compound closely

allied chemically to adrenaline, as shown in the

following formula

CH,

Am^brArrrtriK vV-pderrsW ommoprupurnf)

This 8}*mpathomimetic amiae has also a stimu

latiog action upon the mental processes somewhat
like that of caffeine, inducing wakefulness, post

ponmg mental fatigue, and relieving nervous de

pression

A number of other syunpatbomimetic amines

are knows Details of these should be sought in

the review by Beyer and in current textbooks of

pharmacology

The skins of certain toads secrete substances

{bufolmtm and hu/olenedtne) similar m action to

adrenaline, the secretion of these substances is

increased during nervous excitement

The Euplotment op Adbexaune iv Medicine

CH,

^
^CHOH—^H—NH—CH,

Ephedrme (I hydroxy 1 phenyl

2 methylammopropane)

Adrenaline is used (1) to staunch bleeding from
accessible mucous surfaces (epistaxis, hemateme
Bis) or from the skin Because of its pressor effect

it is of no value and may do harm m pulmonary
hemorrhage and other forms of internal bleeding,

(2) to shrink mucous surfaces, especially those of
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the no«e and then frequently <i«ed m combina

tjon with ephetlr>ne
, (3) to relax the muselc of tbe

bronchioles m asthma, the relief following its u«e

IS very striking, (4) to combat certain allergic

conditions, e g ,
serum sickness and to antagonize

the effects of the histaminelike substances sup

posedly liberated in the skm in fcuch conditions as

urticaria and giant edema, (5) to stimulate the

respiration or to resuscitate the heart which has

cessed to beat, in the latter event it may be given

by injection into the cardiac musculature Adren
nbne IS of \alue m syncope due to Stokes Adams
di-ea^e (p 193) It should be raeolioned that the

administration of adrenaline during chloroform

anesthesia is attended by the danger of inducing

ventricular fibrillation (p 200) (6) to enhance

and prolong the action of cocaine and similar local

anesthetics the vasoconstriction thus induced

retards the ab'~orptioD of the<e substances, thus

prolonging their effects and reducing their toxic

ity It IS also used as an aid in spinal anesthesia,

and (7) noradrenaline has been used in certain

hy potensive states for its vasoconstrictor action

The RrauLATiON of the SEcnenovs
OF THF Adrenal Medctlla

tnder resting conditions the adrenal medulla

releases \erj little secretion into the circubtion,

a recent estimate of the adrenaline equivalent for

both adrenals m dogs is about 50 miig per kilo-

gram per minute (Satake) On the other hand m
states of stress (see emergency function below)

or during stimulation of the splanchnic ncric, the

output of pressor amine is greatly increased—to

50 to 75 pg per minute per adrenal m the d<^

Lliiott in 1012 found that the content of pressor

aniinis of inncnated adrenals fell on stimubtion

of the splanchnic nen e More detailed informa

tion has been obtained in the dog (Houssay and

Rapela) for the output of adrenaline and nor

adrenaline under vanous conditions The output

of adrenaline at rest w os 10 mpg per kilc^mm per

minute and 400 mpg per kilogram per minute

after stimulation of the splanchnic nene The
corrc«iJonding figures for norudrcnalioe were 2

mvg at rest and 80 mpg per kilogram per minute

afUr the nerve stimubtion Clearly the discharge

of catechol amines is markedly increased

Tliere is bttlc doubt that the activity of the

adren il medulla lies under direct nervous control

Denervation of the gland suppresses the release

of hormone and the content of hormone declines

Proccilurcs which normally cau«e the discharge

of mcilulbry hormone are ineffective m the

dcncrvaled gland Such factors as a fall in pres

sure in the carotid sinus, emotional evcitemrat,

asphyxu, and a fall in blood sugar appear to act

rcflcvly upon the adrenal through centers in the

diencephalon and midbram The location of the«e

centers has been investigated by Hanson and
Magoun They found that electrical stimulation

of vanous sites in the hypothabmus midbram,

and medulla evoked signs of adrenal medullary

activnly , and it has since been shown by Vogt that

these regions are chanctenzed by a high content

of noradrtnalme The diabetes which follows

puncture of the floor of the fourth ventncle (Ber

nard) has been found to be due, at least m part,

to increased adrenal medullary activity

In simple terms the adrenal medulla may be

considered to respond to a circulatory stress tend

ing to lower the blood pressure by releasing

largely noradrenaline vvhich constricts the arte

noles and increases the peripheral resistance

Metabolic stresses, on the other hand, such as a

sudden fall in the blood sugar level, are countered

by the discharge of adrenaline which frees sugar

from the liver and bars the uptake of sugar by
the muscles In order to respond appropriately to

such stimuli it might be expected that a dual

mechanism exists in the medulla for the release

of adrenaline and/or noradrenalme Information

ID favor of such a mechanism is accumubting

Measurement of the proportion of adrenaliuc and

noradrenaline m adrenal vein blood has shown
that the relative amounts change in accordance

with the above concept Scandinavian histol

ogists have obbined evidence which indicates

that some cells of the meduUa contain mainly

adrenaline, whereas others contain mainly nor

adrenaline There may also be special islets of

noradrenaline secretory cells Chromaffin cell

tumors in man may contain predominantly ad

reualine or noradrenaline, anti some evclusively

noradrenaline Further, it has been shown that

electnca! excitation of different regions of the

hy-polhabmus may hberate preferentially ad

renaliDC or noradrenaline

Emotional excitement is a strong stimulus to

sympathetic and adrenal medulbry activity

Studies by Elmadjian and his colleagues on the

human indicate that active, aggressiie emotional

dispbys are rebted to mcreased excretion of nor

adrenaline, whereas tense anxious, but passiie

emotional displays are rebted to increased excre-

tion of adrcnalme m the unne There also seems

to be a rebtiouship between the adrenal content

of noradrenaline and the typical behavior in

different species Aggressive anunals (cat, lion)

have large amounts of nonadrenabne in the adre-

nal medulh, whereas timid animals (rabbit,

gumcapig) have little Tlie mdication cvists then,



Chapttr 58 THE ADRENAL GLANDS 1031

that aggressive c\oitcmcnt leads mainly to an
increased Llood concentration of noradrenaline,

and that emotion of a restrained or defensive

tj-pe affects mamlj the blood content of adren

ahne

The adrenal medulla is supplied hj pregan

glionic sjTnpatlietic nene fibers and the mcdul

larj cells themselves replace the ordinary ganglion

colls Because of this relationship, stimuli arc

transmitter! to the merlulla chohncrgicaUj The
pressor effect of splanchmc stimulation in cats,

or of the close arterial injection of acetylcholine,

can be almost completely abolished by large doses

of nicotine, whereas pretreatment with the anti

chohnesterase esenne enhances t!ie effect of such

fitimulation

The Roar or the Adbenae Medcll.!

IV THE Bony

The adrenal medulla is not essential to life In

animals one adrenal may be removed completely

and the medulla of the other cvcised without any

apparent lU effect—the animat surviv cs the opera

tion mdellmtely

The emeuqtvct TneoRY or aorenai. fdnc
Ttov Cannon and his colleagues hav c fumislicd

convmcing evidence that the medulla liberates

its secretion in significant amounts only under

conditions which call for unusual effort on the

part of the body to perform work, to prevent

changes in its internal environment or to resist

threatened dangers In such times of stress the

medullary secretion, it is believed, reinforces the

sympathetic nervous system Through this hor

mona! nervous cooperation, the several bodily

reactions associated with such states of emergency

are raised to maximal eflSciency Cannon and his

associates employed the denervated heart as an
indicator of adrenahne liberation The operation

for denervation comprised section of the vagi and

removal of the stellate and second thoracic gan

gha of the sympathetic chain, so that the heart

was completely isolated from nervous control

Inasmuch os in their erpemnents any effect due

to a change in the temperature of the blood was

avcluded, a pronounced acceleration of a heart so

prepared was taken to be the result of a chemical

substance earned la the blood stream IVight,

rage, pain, asphyxia, anesthesia, muscular activ-

ity, exposure to cold, stunulation of a sensory

nerve, and several other conditions, caused within

10 seconds an mcrease in heart rate of from 20 to

40 beats per minute Removal of the adrenals,

their denervation, or hgation of the adrenal veins,

prevented effect The conclusion, therefore,

IS justified that the various conditions mentioned

Cause the reflex liberation of the medullary hor-

mone The denervated heart responds to as htlfe

as I part of adrenahne m 1400 milhon parts of

blood In some of Cannon's expenmenta, cats

were frightened by the barking of a dog, the rate

of the denervated heart mcreased by from 15 to

30 beats per minute The cardiac acceleration was
accompanied by pupillary dilation, erection of the

hairs, and spittmg IVlien motor activity , e g

,

struggling in the animal holder, accompanied the

emotional excitement, the cardiac acceleration

was more pronounced (40 to 80 beats per mm
ute) Even minor muscular mov ements without

emotion, eg, extending the legs, walking, or

turning the body
,
caused an acceleration of from

6 to 20 beats per nunute

The hyperglycemia and glycosuna resuitmg

from emotional excitement in man and ammats

13 probably asaoemted with the discharge of ad

rcnalmc, since it has been shown that tlie con

tmued nse in blood sugar which occurs during the

emotional reactions (sham rage) following re-

moval of the cerebral corter (p 1239) 18 dependent

upon the adrenals The blood sugar continues to

nse after this operation, though the glycogen

stores of the bver are removed from nervous con

trol by sectioning the hepatic nerves On the other

hand, the effect docs not occur after removal of

the adrenals, even though the hepatic nerves are

intact In those instances in which the emotional

state does not follow the operation of decortica-

tion, the hyTicrgly cemio effect also fails to appear

Puncture of the floor of the fourth ventncle or

stimulation of the adrenal nerves also causes

hyTierglycemia after the hepatic nerv es have been

previously cut

Hiough duect evadenco is difficult to obtain it

IS reasonable to assume that besides the effects

mentioned above, adrenaline when secreted mto
the blood stream brings about other actions which

we have seen to be charactenstic of its action

when injected

A recapitulation of the actions of the sympatho-

adrenal system will show how useful th^ several

actions are in fitting an animal for defense or

flight, for attack or pursuit (1) The nse in genera]

blood pressure accompanied by dilation of the

vesseb of the contracting skeletal muscles, and
of the coronary artenea, and the mcreased force

and output of the heart, raise the circulatory

system to a state of maximal efficiency (2) Hy-
perglycemia indicates the mobilization of the

carbohydrate stores of the bver thus, an ade

quate supply of fuel for the active muscles is
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ensured, muscular fatigue occurs lc«3 readil) (3)

Increased oxj gen capaeitj of the blood is brought

aliout bj the discharge of red cells from the

spleen (4) Bronchiolar dilation and an increase

m the rale and depth of respiration pcrroit an

increased o\j gen intake to supply the tissue cells,

at the same time the el of oxygen consumption

of the latter is raised (5) Shortened coagulation

time of the blood lessens the danger from hemor-

rhage (G) rinallj, the emotional manifestations

of man and the fighting attitudes or defense reac

tions of \anous animals are sjTnpathoadrenal

effects, e g ,
pupillary dilation, and, possibl}

,
the

startled expression due to contraction of Mueller’s

orbital muscle which retracts the upper cjclid,

cutaneous vasoconstriction, acceleration of the

heart, contraction of smooth muscle in the skin

causing “gooseflesh” in man. and the erection of

the hairs, quills or feathers of animals, sweating,

saluarj secretion (cat),* and the color changes of

some cold blooded animals

Hovicver, it la important to bear in mind that

the above reactions arc not easenUal to survival

In Cannon's studies, completely sympathccto*

mizcd cats with denervated adrenal medullac

lived entirelj normal Uveam the laboratorj Only

when the animals were placed m an emergency

situation did Uic effects of the operation become

evident Then the changes set out m the preced

mg paragraph were reduced in intensity or absent

Tlie TONUS TIIEOBT Of ADBENAL rONCTIO*!

It has been suggested that the meduUoadrenal
sccretioo maintains the sjinpathetic nerve end

mgs in a state of sensitivit} or tone and (hat the

height of the normal blood pressure is dependent

upon the continuous discharge of the hormone into

the blood Low blood pressure has been asenbed

to adrenaline deficiency (so called hjpoadrenale

nual and essential hjpertenaian to the liberation

of adrenaline in excess (hjpcradrenalenna) But
the evidence against such conjectures is conclusive,

the theory has been entirely discredited For

example, if one adrenal is excised and (be other

curcted or burned away, no fall in Wood pressure

occurs, so long as a sufficient amount of cortical

tissue H left intact Furthermore, we have seen

that adrenaline does not increase the peripheral

resistance (which is the basis of essential byper

tension), and neither noradrenaline nor adrenaline

IS found in greater than usual amounts in the od

’ It IS an interesting and perhaps a signiSrant
fact that in the cat, in which spitting is a defense

reaction, sympathetic stimulation causes a pro
fuse watery flow of juice from the salivary glands
In other animats Bjmpathetic stimulation causes
a scanty flow of viscid saliva, a water) secretion

being caused by parasympathetic excitation

lenals of hypertensive subjects There are, how
ever, certain types of hjpcrtension, namely those

associated with pheoehromocvtomata or adrenal

hyperplasia, which are due to hypersecretion of

the hormones of the adrenal medulla

P«EOCllBOilOCYTOMA AND IlTPERPLABtA OF THE
ADBEVAL UEDULLA Pheochromocj toma is a tumor
composed of chromaffin tissue arising either in the

adrenal medulla itself or in an outlying collection

of chromaffin cells .(paraganglia Zuckerkandl s

organ) The secretion of one of these growths, or

of a simple hyperplasia of the adrenal medulla, is

a rare cause of bjpertension, though not as rare

as It once was thought to be The h>pertension

may be due to the presence in the circulation of

unusual amounts of adrenaline, or of noradrena

line, or of both hormones of which the tumor or

hyperplastic medullary tissue contains excessive

amounts Noradrenaline rather than adrenaline is

usuatl) in greatest concentration and may con

slitute 90 per cent of the gland’s hormone content

Both hormones have been found m excess in the

urine of subjects of this t)pe of arterial hvperten

Bion The hjpeTteasion may be paroxjgsnal, with

sometimes a violent onset, or the excessive secre

tion of tbo hormones may be continuous, the high

blood pressure then being sustained and indis

tinguishable, clinically from essential hyporten

ston Hyperglycemia and glycosuria especially

when the disease is paroxysmal, may occur, pallor,

rapid pulse and profuse sweating usually accom

pao) the attack Peripheral circulatory collapse

may ensue during a paroxysm which is thought to

be analogous to the shock mammals which follows

(be injection of large doses of adrenaline, or hypo

tension and circulatory collapse may result from

surgical removal of the tumor This is attributed

to the depressed tone of the vasomotor center,

made evident only after the abolition of the cxccs

sive adrenal secretion Adrenal hypertension can

be distinguished from essential and other hyper

tensive states by means of Goldcnberg’s bcnzodi

oxane test Benxodioxanes temporarily nboli«h,

through their adrenergic blocking action, hj-per

tension of adrenal origin but not that due to other

causes Alternatively, in ca^es of paroxjsmal hy

perlension drugs which stimulate the adrenal

medulla, such as histamine or melhacholine, may
be given inorder to determine whether a paroxjsm

can be initiated

Stmpithiv

It has been mentioned that the prompt accelera-

tion of the denervated heart does not occur m
adtunalectomizcd animals during excitement,

sensory nerve stimulation, etc Cannon and his

colleagues found, however, that a slotrlj detelop

ttiff acceleration of the denervated heart oceurred

during excitement or muscular activity though
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the adrenals had been extirpated The merense m
heart rate took about a mmute to dcxclop,

readied it**maximum in about 3 minutes and then

graduallj subsided Its occurrenee n as not pre

\entcd b> the removal of all acccs'orj adrenal

tissue, bj hiTioplij scctomj or bj the excision of

the tlijToid, parathj roids, or fionads, or bj dencr

vation of the liver It v\as abolished, however, by
b> removal of the svTnpathctic chains Itnasalso

found liiat the characteristic slow acceleration of

the heart occurrctl when the lower abdominal

sympathetic chain was stimulated Tlic bttcr

nerv e contains fibers "upplj ing the smooth muscle

of the slan which arc responsible for the erection

of tile tail hairs Secretion of the denervated

sahvarj glands, contraction of the nictitating

membrane, a nsc in blood pressure and of blood

«ugar also resulted from the stimulation of tlie

abdominal sympathetic These effects as well as

the cardiac acceleration occurred though the cord

Iiad been dmded in the thoracic region, and the

sympathetic chain above this level removed A
material onginatingm the hind part of the animal

w as evndentlj convej cd in the blood stream to the

heart and other structures mentioned Blocking

the blood flow returmag from the area supplied

by the stimulated nerve or removal of the patch

of skin prev ented the cardiac respon«e As a re

^ult of these rc^arches, Cannon and bis asso-

ciates concluded that during sjTupathetic stimula

tiOQ a chemical substance resembling adrenabne

in Its action was liberated from the sj-mpathctic

endings suppljing the smooth muscle of the »km
They named this substance iympalhxn

Cannonand Roscnfalueth found thatsiinpathin

and adrenabne showed certain differences in ac

tion Preparations of adrenaline (eg, U S P
epinephrine) exhibited both excitatory and m
hibitorj actions, whereas there appeared to be

two types of "jTnpathin
,
one which they named

sjmpathxn F (excitatory) was formed at the

tcmunals of some sympathetic nerves such as

vasoconstnetors, whereas the other type called

atjmpcUktn I (inhibitory), was produced at other

nerve terminals such as those in the small intes

tine But s3Tnpathin E w as found to be not purely

excitatory, and symipathin I not purely inbila

tojy This rather confusing state of affairs has

been clarified by the discovery of the existence of

two hormones of the adrenal medulla SympaUun
E is now considered to be noradrenaline, as first

suggested by Bacq, sympatbin I is thought to be

adrenaline itself von Euler proposes that the

quahfjnng letter E and I should be substituted

by N (for noradrenaline) and A (for adrenabne)

It is clear that noradrenabne rather tluin adren
aline is the prcxlominant humor liberated at

nerve endings and m this context it is interesting

to find that the excretion of noradrenaline in the

unne 19 within normal limits m patients following

bilateral adrenalectomy, whereas the content of

adrenaline falls markedly

The Vdrenal Cortex

TIic cortex of the adrenal unlike the medulla

13 essential to life Removal of more than about

five sixths of this part of the adrenal causes death

watiiiQ a few (lavs unless replacement therapv is

instituted Removal of the mtcrrenal body of

Elasmobranch fishes (p 1022) is also fatal but

comparative work on the amphibia is complicated

by the difficulty of complete removal of the organ

without serious damage to the kidney Stewart

and Rogoff found that the avenge survival time

of dogs after complete double adrenalcctomv was

10 days and the maximal time 15 day s They ob

served that pregnant or pseudopregnant amroaU
survived mueii longer and suggested that some

substance formed at this time substituted for the

adrCQsl hormone The substance in question is

probably progesterone (p 10S6) and indeed it has

since boon shown tliat progcisterone admim tra

tion prolongs the life of adrcnalectomized dogs

rats and ferrets Numerous attempts were made
to extract some substance from the adrenal gland

which was able to maintain hfe and m 1927,

Stewart and Rogoff and Hartman announced the

preparation of suitable extracts Both groups used

watery extracts of the organ but in 1930 Swingle

and Pfiffner demonstrated that with the aid of

hpid solvents a very potent substance could be

extracted from the cortex wluch mamtimed adre

nalectomized animals indefinitely and could be

used successfully in the treatment of patients

suffering from a deficiency of adrenal cortical

hormone (Addison s disease) At this time it n as

thought by Hartman that the adrenal cortex

produced a single hormone, and he called this

corlm Subsequent work has established the exist

ence of a number of active adrenal hormones

which, since they arc steroid compounds are

termed odrenaf steroids

Tbe Effects of Biiateuvl

AuRENVlECTOaV

During the short period of survival charac

tenstic of the completely adrcnalectonuzed am
mal, a vanety of mamfestations of adrenal corti

cal deficiency can be detected The«e are also

present in the patient suffering from reduced
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Fio 53 5 Characteristic changes in melabo
lism, circulation, and blood concentration to a
group of adrenalectomiaed animaU following with
dra^al of extract (From Ilarrop and associates )

adrenal function There is a loss of appetite

(particularly for fats), vomiting, diarrhea, rapid

loss of weight, muscular weakness and prostra

tion, pronounced diuresis until the later stages, a

fall in body temperature, hypotension, and a re

duction in the basal metabolic rate of about 20

per cent (see fig 58 5) The blood becomes con

centrated (due to loss of plasma iiater) and shows

a fall in the serum sodium and glucose, and a nse

in nonprotem nitrogen, phosphate, calcium, and
especially potassium The urinary excretion of

sodium IS increased (pp 554-555) and that of po-

tassium reduced There is a reduced excretion of

urinary nitrogen and other signs of renal failure

Although there is a spontaneous diuresis the elim

ination of ingested water is defective The glyco-

gen store of the L\er and muscles is diminished

\Vhen placed in a cold environment the metabolic

response of the adrenalectomized animal is less

than normal and any form of stress is poorly met

Many of the above changes are detectable within

42 hours of the operation Postmortem examina

tion freriuently shows congestion of the gastro-

intcstuial tract and pancreas Tliere may be ero

sionsm the mucosa of the stomach and intestine,

and gastric ulcers may be observed, the gastnc

juice ma> lack hjdrochlonc acid—aehlorhydna

It will be seen that the adrenal cortex exerts an

lofluence over a xnde vanetj of bodily functions

As might be expected the mdividual suffering

from adrenal cortical insufficiency is extremely

susceptible to the damaging effects of a wide

vancty of stimuli such as changes in the envuon

mental temperature, traumatic injunes, bums,

^severe muscular exercise, infections, and the ^

ministration of toxic agents such as histamine and
diphtheria toxin Such stimuli may be grouped to

gether as slresses A supply of adrenal cortical

hormones will greatly increase the resistance of

an adrenalectomized individual to such noxious

agents The adrenal cortex also appears to be

concerned m some way with the maintenance of

the nutrition of certain nerv ous tissues, degenera-

tive changes have been noted in autonomic gan

gha (ccmcal, stellate, and celiac) following adre

nalectomy, and almost complete lo«s of function

of the vasomotor and cardiac accelerator nerves

m adrenalectomized ammals has been desenbed

The rcbtion of the adrenal cortical hormone to

the development of renal hypertension is de

senbed in chapter 27, and the role of the adrenal

cortex in lactation is mentioned m chapter 60

Changes such as tho«e outlined above can be

prevented or reversed by the administration of

adrenal cortical extracts, and even comatose

animats can be restored to health In treated

adrenalectomized bitches, for example, heat will

occur and pregnancy and lactation ensue nor

mally Adrenalectomized puppies given cortical

extract wdl continue to grow
The part pla>ed by adrenal hormones in salt

and water metabolism merits a little more atten

tion (see abo cb 34) In adrenalectomized am
mab, as well as m human adrenal insufficiency,

there is a marked reduction in total base due

mainly to the loss of sodium, apparently through

diminished rcabsorption by the renal tubules

whereas the potassium concentration of the scrum

IS raised above normal The renal excretion of

potassium is reduced and, perhaps most impor

tant, there is a shift of potassium from the intra

cellular to the extracellular fluids In combination

with an increased ehmination of water by the

kidney marked dehydration results Under these

conditions the administration of sodium chlonde

to adrenalectomized animals and a reduction in

the potassium intake exert a remarkably bene

ficial effect On the other band, the withdrawal of

salt from the diet mcreases the seventy of the

condition The sodium rather than the chlonde

ion IS important factor

The reduction of blood sodium was observed

ongmaliy by Bauman and Kurland, and the ef

fects of transfusions of saline in sustaining adre

nalectomized animals were dc«cnbed by Stewart

and Rogoff, and by Hartman, but the importance

of sodium loss in the development of the sjTnp-

toms was first pointed out by Loeb and his

associates, and by Harrop The value of a low po

tassium content of the diet m the surviv al of adro-
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nalectomjzpfl nnJmals^^ospho^^n b\ AllersaDc] hi?

associates Completfl> adrrnakctoniizcd animal?

can be mamtainod in good bealtli without licat

raent b> a cortical hormone if placed upon a diet

low in potassium but high in sodium clilondeand,

in order to prevent the acidosis which olliemi^e

develops, containing sodium citrate nic ten

dencj to hjpogljccmia IS controlletl bj a high

carboh>dmtc diet Tlic^e measures, however, do
not completclj restore an animal to n pb3 Sio-

logical state, for thoj are unable to withstand

stress or to perform work with full efficiencj

The PiiTsioLocicAL Actions op

Adrfnae Cortical Extract

Extracts of the adrenal cortex contain a large

number of steroids, of which onl} a minority ore

of importance ph} siologicall} In view of the w ide

spectrum of actnatj of tlie adrenal rtcroids it is

convenient to classify them into three groups

according to the charaetenstic action of each

steroid Tlie<c are

1 The glueecorhcotdi, winch particuIarJj affect

carbohydrate metabolism

2 Tlie tMncraiocorticmds, which are highlj

active in the control of mineral and water metab-

olism

3 The andrcffente eorhmdi
Before examining each group in more detail it

must be pointed out that representatives of each

group possess overlapping actintics Thus corti

EOne, which is classed as a glucocorticoid, also

acts on salt and water metaboli'm, and con

vereely, aldosterone, which is a highly potent

rmnerafocorficoirf, possesses very cfeflnrte gibco-

corticoid activity It is possible, as Bu&h has sug

gested, that the adrenal steroids could be grouped

according to whether they are secreted under

‘steady state’ conditions independently of pilui

tary control, or as a stress function/ being dis

charged m response to stress stimuli na pituitary

adrenocorticotrophic hormone

The glucocorticoids are characterized as a class

by the presence of an oxygen atom at position

11 (see pp 103S 1039) either as a doubly bound

oxy gen or as an hy droxj 1 group In the absence of

this grouping there is little or no effect on carbo

hydrate, fat, or protein metabolism whereas an

hydroxyl group in addition at position 17, as m
cortisone, enhances the activity of the steroid

The most important compounds in this group are

cortisone (or Kendall s compound E), 17 hy

droxy corticosterone (compound F), and corti

costerone (compound B)

The fundamental action of the glucocorticoids

lies in the domain of glucose production and utih

zation for in the <ialt maintained adrenalectomized

rat there is apparently bttle abnormality in the

Btmage of carbohydrate until a penod of fasting

13 instituted, when hypoglycemia develops and

the store of glycogen in the liver is rapidly de

pletcd Administration of adrenal steroids is

followed by a large increase m liver glycogen

The glucocorticoids exert their effects in a variety

of ways Tlicre is an increase in the catabolism of

tissue protein witli the carbon fraction of the

ammo acids being used for the prcxluction of

glucose Bctause of this stimulation of gluconeo-

genc«is the glucocorticoids exert a marked anti

insulin action Administration of these corticoids

exacerbates {habefes and will mduee diabetes m
the force fed normal mdmdual, the diabetes so

protiueod is ameliorated bv znsuhn only with

dilBcuUy There are indications that cortienl ex

tracts ilecrease the amount of glucose that is

utilized Tlie duili administration of cortisone to

rats fed a high carbohydrate diet results m a

severe hy pergly cemia and glycosuria and the

increased unnary nitrogen accounts for onlv a

fraction of the glucose presentm the unne (Ingle)

The glucocorticoids cause the mobilization of

fat from the fat depots and mcrea^ the fat eon

tent of the In er Is otliing more need be said here

coneenung the role played by the adrenal eortex

in the metabolism of carbohydrate and fat mas
much as tlieee subjects hav e been dealt with in

chapters 4S and 49

The point of action of the adrenal hormones m
the roetabobc processes touched upon above is

not efear ^uc/ies on the enzyme content of \ar

lous tissues, before and after adrenalectomy

,

indicate that a variety of enzvmes may be re

duced in amount, but it has not y et been possible

to go much further than this

tinder stressful conditions there is an increased

liberation of glucocorticoids This action is modi

ated I’M* the adrenocorticotrophic hormone of the

pituitary and docs not occurm the hypophysecto

mized indivndual tMiereas the glucocorticoids

are highly active m increasing resistance to stre=s,

the mineralocorticoids are relatively ineffective

Allied to their protective action m stress is the

effect the glucocorticoids exert on muscular effi

ciency One characteristic of adrenal cortical

insufficiency is the early onset of muscular weak

ness and fatigue Admmisfration of cortisone

restores the normal work performance of muscles

The mmerahcoriicmds exert their most stnking

action upon the kidney
,
although there is mcreas

evidence for a generalized effect m the body

,



1036 DUCTLESS GLANDS OE ENDOCRINES Section VII

possiblj on cell surfaces In the adrenalectomized

anunal there is an abnormallj large eTcretion of

sodium and chloride bj the kidnej and this

phenomenon may be abohshed bj administratum

of adrenal cortical extract Study of the indindual

steroids isolated from the cortex indicated, until

qiute recently, that de«iox3 corticosterone (desoxy

corticosterone acetate = DOCA) nas the most

potent in the regulation of electrolj te metabolism

However, there alwaj-s remained m the mother

liquor of the extract an actiie, noacrj’stalhne

residue termed simply the amorphous fraction

Most of the biological actinty effective m pro

longing the life of adrenalectomiied animals under

low stress conditions remained m the amorphous

fraction In 19S2 Simpson, Tait, Wettslein,

Neher, von Euw, and Ileichstein announced the

crj stalhzation of a new steroid from adrenal ex

tracts which was from 30 to 100 times more active

than desoxj corticosterone in promoting sodium

retention and was effective m the rat ui amounts

of 0 I pg or less Sodium retention in mao can

be demonstrated with doses of 100 pg Imtially

the compound nas termed electrocortin, but fol

lowing the determination of the structure of the

steroid, the oamc aldosterone was su^ested m
1054, and has since been generally adopted Aldo

stcrone is unique among the adrenal steroids m
possessing an aldehyde group at position 18 (p

1030)

Among the “classical” adrenal steroids, desozy

corlieosterone exlnbits the greatest influence on

the kidney This compound increases the con

centration of sodium m the body fluids, but re

duces the concentration of potassium It also

reduces the intracellular concentration of polas

Slum and increases that of sodium (fig 5S 6) and

with prolonged administration, the concentration

EFFECT OF DOCA UPON THE CONCENIUATION
OF INTRACEUUlAil No AND g

Ooa Sect

*KCt

Fio 68 6 The replacement intraccllularly of

potassium and sodium m the muscles of normal
dogs under the influence of desoxj corticosterone

acetate (DOCA) The efiect is inhibited iqr the
administration of KCl (From Locb )

of sodium may nearly equal that of potassium

The administration of potassium almost com
pletely corrects the abnormal quantitative rela

tionstup of these electrolytes Through its ae

tion in causmg sodium and water retention, the

administration of desoxj corticosterone maj be

followed by a great increase in plasma volume
and edema, especially if the intake of sodium is

increased With overdosage, more serious effects

may result such as hypertension, dilation of the

nght ventricle, and pulmonary congestion Death

from cardiac failure has resulted from its climcal

use The rapid increase in plasma volume, and,

as a result of this, the extra burden thrown upon

the cardiovascular sjstem are thought to be the

most important factors leading to these lU eSects

although depression of the potassium concentra

tion of the body fluids may be the lethal factor

in some instances Loeb and his associates have

shown that administration of desoxycorticos

terone to animals may lower the potassium level

to the point where paralysis results In dogs given

desoxjcorticosterone for several successive da}*s,

a condition resembling diabetes insipidus devel

ops The water intake, especially if salt is ad

ministered as well, is increased by from 6 to 10

fold The output of unne rises accordingl} and

its spcciflc gravity falls The administration of

potassium salts or a reduction in the sodium m
take is undoubtedlj of benefit in patients icceiv

mg large doses of desoxycorticosterone

The actions of aldosterone differ m some re

spccts from those of desoxj corticosterone A
comparison of the relative potency of the two

hormones shows that aldosterone is about 2o

tunes as active as dcsoxj corticosterone m mam
(aimng life m adrenalectomized dogs, and about

5 tunes as effectivem promoting potassium excre

lion in adrenalectomized rats In the raainte

nance of sodium and potassium balance in human
adrenal lasufEcicncy aldosterone is the more po-

tent by a factor of 30 or so Prolonged admimstra

tion of aldosterone does not, at present appear

to produce hj-pertension or edema though, hke

desoxycorticosterone, it results in chlonde reten

tion and increased potassium excretion

Ibe production, and function, of the androgenic

eorlicoids produced bj the adrenal gland has occa

sioned much controversj Tjqncal of the ob«erv'a

tioDS that must be taken into consideration is

the fact that adrenalectomy disrupts sexual func

tion In the rat, for example, there is a loss of

hbido in the male and a suppression of the cstrous

cycles in the female Since normal sexual actmtj

IS restored in ennnnk given salt, it may be pre-
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sumcd that the adrenal etcroida are not essential

in reproductive processes On the other hand>

estrogens, androgens, and progesterone can be

extracted from the adrenal cortex nn<l are found

not onlj m normal unne but that of cunuclis and

of o\ancctonuzcd women It is possible ttiat the

secretion of androgen bj the adrenal is concerned

m the persistence of libido after gonadal removal

(p 1075)

Among numerous ol^en^ations concerning the

possible rclationsliip of adrenal hormones to re

production, the foUoiring arc of interest here

Special cells (the cells of Stilling) appear m the

adrenal cortex of the frog durmg the mating sea

son The oxuines of hjTiophj'sectomized tadpoles

arc increased m weight by injections of cortical

extract Stimulation of tlie adrenal cortex in the

castrated rat bj administration of adrenocortioo

trophic hormone has been found to increase tJie

weight of the accessorj rcproductne organs In

women the mtermcnatrual periods are said to be

shortened bj from 3 to 5 dap by giving cortical

extract (Hartman and a&socutes) There is a
marhcd increasem the excretion of adrenal andro

gens in both bop and girls at pubcrt> Sexual

abnormalities are a striking feature of the sjm

drome associated with certain tumors of the

adrenal gland (p 1CK3)

In view of the common origin of the genital

organs and the adrenal cortex from the celomic

epvlhehum, and the closely similar chemical

structure of the hormones derived from the two

“ources (see pp 9S9 and 1039), it is perhaps not

surprising that the steroids produced maj over

lap m their activities Further, it is important

to note that the adrenal glands of immature

mice contam an T zone of cells with an acido-

phiUc cytoplasm and prominent basophilic nu

clei, it immediately mvests the medulla In the

male, the Xzone collap-^ as a result of the

direct action of the androgens produced at pu

berty, if castration is performed, the X zone

persists and maj enlarge In the immature fe

male the X zone continues to dereliqj up to

puberty and can then pereist for several mmiths

untd it too disappears possibly under the mflu

ence of androgen The function of the X zone

IS not clear A somewhat similar zone is dis

tinguishable as the fetal cortex in the newborn

human In this case the greater part of the cor

tex at birth (apart from a penpheral layer of

cortical cells whch develops mto the definitive

cortex) 13 destined to inv olute and disappear in

the first months of extrautenne hfe Dcqnte

considerable rewarch, the function of the fetal

cortex IS also obscure although it is speculated

that the cells produce androgen According to

Beoir«cbl<e and Lanman, to cite recent workere,

it would seem that the fetal cortex is trophically

stimulated by chonomc gonadotrophin (p 1093),

or possiblj futcmizing hormone (p 971) from

the fetal pituitarj, and that upon withdrawal

of this hormone at birth, involution occurs

The adrenal cortex possc'sees spheres of mflu

ence additional to those described abov e In the

rat it has been found that desoxj corticosterone

mil restore the rate of protrtA of >oung adrenal

cctomized rats to normal, and that the amor
plious fraction is almost as active Corticosterone

and cortisone are not active m this respect and

m general cortisone acts to suppress growth

Chnicallj cortisone has frequently been found to

induce a negative nitrogen balance this effect

ina5 be modified bj increasing the diet and supply

of protein Administration of adrenal cortical hor

mono or the application of (stix^ful) stimuli

leading to the discharge of cortical hormone pro-

duces a dissolution o/ l]/mphoei/ies and a/all tn the

lymphocyte count in the blood There is also an

eonnopenta WiDi high dosage of cortisone there

is an atrophy of the thjxnus, spleen, and bmiph
nodes There maj bo an increase in the titer of

circulating antibodies in certain specie^ Recent

work has emphasized the effects of the adrenal

steroids, and particularly cortisone on meso

dermal tissues Inflamination of these tissues

(connective tissue, synovial membranes, reticu

lum), which IS prominent m the so called col

Joffen diseases, is abruptly arrested by cortisone

Cortisone also delays wound keahng by inter

ference with the formation of granulation tissue

and fibrosis Desoxj corticosterone in contrast

markedly stimulates the fibroblasts and ground

substance Cortisone also appears to inhibit the

enzjTne hyaluromdase and thus to decrease cell

permeability

Outline of the Biocheuxstht of the
Adbevocobtical Hormones

There is good evidence that the adrenal cor

tical hormones are produced m the adrenal from

cholesterol, which is in turn synthesized from

acetate This is indicated by the finding that

when an adrenal gland is perfused vnth

labeled cholesterol, labeled corticosterone and

17 hydroxy corticosterone are produced Addi

tionally , mcubation of adrenal shces, or perfusion

of isolated adrenal glands with labeled acetate,

resulte m the formation of labeled cholesterol

and corticosteroid It has been found that the
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cholesterol content of the adrenal cortex is re

duced b> half bj the injection of pituitary ad
renocorticotrophic hormone, by trauma, or in

states of stress (Long and associates) The fall

13 greatest some 5 to 6 hours after administra

tion of ACTII and requires about 2-t hours for

the restoration of the normal le\el No similar

reduction m the cholesterol content of other or

gans has been observed to follow the injection

of ACTII, so that the response appears to be

specific to the adrenal cortex An increase m
li\er gljcogcn accompanies the fall in adrenal

cholesterol and is taken as an indication of the

release of glucocorticoids

The ascorbic acid content of the adrenal is

reduced by 50 per cent or more by ACTII or

by trauma This finding has been much used as

an index of the release of ACTII by various

stimuli and forms the basis of an assay method

for ACTH In the nt, injection of ACTII re

suits m a depletion of adrenal ascorbic acid which

IS maximal m about 1 hour The concentration

of ascorbic acid is nsing m 3 hours and is restored

to normal or above in 12 hours The significance

of ascorbic acid with respect to adrenal cortical

function 18
,
however, unknown, since in llie

guinea pig elaboration of the adrenal corticoids

has been found to continue in the scorbutic am
mai, that is m the absence of ascorbic acid

Anal>sis of extracts of ox glands has cstab

lishcd the existence of between 20 and 30 steroids

in the adrenal Sevtn arc of major importance

although others are probablj essential as inter

mediates in the synthesis of the discharged hor

monc The seven hiofogicaflj active corticoids

are corticosterone, desoxj corticosterone 11

dchj drocortieosterone, 17 hjdroxj corticosterone

Oijdrocortisonc), 17 hjdroxj 11 debjdrocorti

costeronc (cortisone), 17hjdroxj ll-dcsoxjcor

tieostercmc, and aldosleionc Their formulas

and the various avnonjins, are illustrated in

figure 58 1

Corticosterone was isolated by Reicbstem and

his associates, and bj Kendall and his colleagues,

in 1937, and was later sjmthesized bj the former

workers It is abo known as Kendall s compound

B De«oxv corticosterone, lacking the hjdroxjl

group at carbon 11, was later sjTitbesizcd by

Steiger and Rciehstcin from stigmastcrol but is

pn>ont in minor amount m the adrenal

The adrenal corticoids are included in the

group of Cji-steroids, that is steroids with 2

mcthjl groups as well as a side cliain of 2 carbon

atoms at Cm They abo have a A*-3 ketone

grouping believed to be essential for corticoid

activity and a characteristic a ketol (—CO

—

CH^II) grouping in the side chain attached at

Cji The oxygen component on carbon II ap
pears to confer on the molecule activity m re-

lation to carbohydrate metabohsm, for such

properties arc minimal m desoxj corticosterone

Aldosterone is unique in possessing an aldehy de

grouping at carbon 18

As recorded earlier, the adrenal gland secretes

steroids which exert an effect upon the genital

tract These include ettrone, progesterone, 17 ' S'
kydroxypTogesterone, A* androstenedioneS 17 and

{A‘ androstenetrione-3 11,17) The
last three of these compounds are androgenic

and the last two have a ketone group at position

17 and are known as adrenal neutral 17 kelo

sterotdi (17 KS) The 17 ketosteroids cxcretetl in

normal unne are adrenosterone, dehydroisoandro

slerone, and 11 hydroxytsoandrosterone Cortical

steroids of both the 11 oxy and the 11 desovy

senes arc also excreted m the unne Tlie«e and

the 17 KS are excretwl in increased amount m
adrenal tumors or follow^ng the administration

of ACTH
Adrenosterone is the most active androgen m

the adrenal cortex, and has the formula

Adrenosterone

The nxturvl cortical hormove The cor

ticoid content of human adrenal vein blood has

now been studied by a number of workers and

it appears that the mam constituents are hvdro

cortisone and corticosterone Aldosterone is also

secreted in low concentration but in a potent

amount The human, monkey, sheep and guinea

pig secrete primarily hydrocortisone the rabbit

and rat primanly corticosterone, the dog and

cat mainly hydrocortisone with some corticos

terone, and the ferret, ox and cow a mixture of

both in roughly equal parts There is, however,

a conswlcrablc variation within any one species

For further information on this subject see the

review by Ilechtcr and Pincus

UaiNART EXCRETION AND ASsAT A Wide variety

of steroids may be isolated from human unne and

It w well established that a number originate in

the adrenal glands They are excreted both in the

free fonn and following conjugation with glu
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Simpson and Tait nhich led to the isolation of

aldosterone

In the chemical analysis of unnarj steroids the

neutralll lelostcrotdsunti be studied or attention

given to the reducit g sleroide formatdehydogente

eleroids acelaldehydogentc steroids J7 ketogentc

steroids total 17 kydfoxysleroids Porter Sifter

chromogenic steroids and so on In these proce

durcs A fraction of the urinary steroids is examined
in detail but the data obtained seldom permits

presentation of the results in terms of a particular

substance ^\ith the use of paper cAromatodrapAie

methods it is possible to identify individual ster

Olds in extracts of urine but highly quantitative

observations cannot yet be made In the past

much emphasis has been put on the analysis of

urinary steroids for assessing adrenal cortical ac

tmty in the human patient The recent introduc

tion of radioactive hydrocortisone labeled with

C'* in nng A has made possible a more direct

method (Peterson and Wymgaarden Cope and
Black) for measuriog the rate of production of

endogenous hydrocortisone

The neutral 17 ketosleroids possess an oxygen

atom attached at carbon 17 there is no side chain

Tl ey arise from precursors secreted largely by the

adrenal cortex and testis and ooly m a minor dc
gree by the ovaries In men some tuo thirds of

the neutral 17 ketosteroids are derived from the

adrenal cortex Following the appropriate extrac

tion procedure the quantity of 17 ketosleroids is

determined colorimetrically with the aid of the

Zimmermun reaction Here steroids containing the

group—CO—CHi give a purple color when treated

with m-dmitrobetizene m the pre«eace of alkali

The output of 17 ketosteroids is not constant

throughout the life cycle In both men and women
It rises sharply at puberty reaches a maximum at

about 25 years of age (Hamburger) and sub^e

qucntly slowly declines The mean output in

healthy 25 year old males is 14 mg per day aod
in women of the same age 9 mg per day Incases
of tumors of the adrenal cortex the excretion of

17 ketosteroids is generally increased and values

of more than 1000 mg per day have been found

In Addison a diseuie (p 1042) the output of 17

ketosteroids is usually abnormally low

The Reqcl-itiov of Adheaal Cortical

Hormove Slcretiov

It is clear tliat the adrenal cortex, unlike Ihc

medulla is under Immoral and not nervous con

tro! This IS indicated by the marked adrenal

atrophy which follows remo\ al of the hypophysis

and the enlargement of the gland which is pro-

duced by administration of ACTH Iloweter,

the fact that complete adrenalectomy is fatal

whereas hypophysectomy is compatible with

life, shows that the adrenal cortex of the bjTxiph

yaectonuzed animal is functional to some ex

tent

1 Androgenic corlicoids Little is known re

garding the factors regulating the secretion of

these steroids ilkins observed that the vinl

izmg effects associated with adrenal cortical

hjTieipIasia in young girls could be controlled

by cortisone administration and suggested that

the cortisone was acting by depressing the pitu

itary release of ACTH and therefore the adrenal

cortical release of androgenic substances Such

a vujw implies a dependence of adrenal androgen

secretion on ACTH
£ Glucocorticoids The secretion of corticos

terone and 17 hydroxy corticosterone is almost

entirely dependent on the pituitary release of

ACTH Hypophysectomy markedly reduces the

glucocorticoid content of adrenal xein blood

whereas injection of \CTH giics a rapid and

dramatic increase in the concentration of hor

mone m this blood The regulation of secretion

of the adrenal glucocorticoids becomes a question

of the regulation of the secretion of pituitary

ACTH (seech 56)

S Minerolocorlicoid (aldosterone) Unlike other

adrenal corticoids the secretion of aldosterone

appears to be relatively free from hypophysial

control Evidence in favor of this conclusian in

eludes the following (a) in the hypophysecto-

mixed rat, the output of aldosterone will vary

in response to changes m the electrolyte intake

(b) in the hypophysectomised dog the secretion

of aldosterone remains at about normal value

whereas that of other steroids falls markedly

(c) similarly in hypophysectomized man the

unnary aldosterone levels are nearly normal (d)

when cortisone is injected the adrenal output

of hydrocortisone is depressed but not that

of aldosterone Nevertheless it is known that

ACTH stimulates the production of aldosterone

by the adrenal cortex although the mechanism

concerned is obscure It has been suggested that

the secretion of aldosterone is controlled directly

by the blood level of circulating electrolytes

but Farrell points out that the secretory rate

of aldosterone can be tripled dunng hemorrhagi.

without any associated change m plasma dec

trolytee or even m the presence of increasing

plasma sodium levels Further ablation of the

dicncephalon in the dog results in a profound

fall in aldosterone output without significant

changes in serum electrolytes This latter fact

IS in line with Farrell s view tliat the secretion

of this steroid is controlled by a factor arising

withm the head, but not nccessanly m the by
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pophj'sis Rauschtolb and Farrell found that, m
the dog removal of the bead grcatlj deprcs«c3

the secretion rate of aldosterone, but section of

the nervous connections between the head and

trunk IS without effect if the \ oscular connections

are intact In later work, Farrell has produced

sufficstive evidence that some humoral factor

originating in the region of the dorsal dicnccpha

Ion IS dirccll) coDcemed mth the regulation of

aldosterone release

Some Therapeutic Uses of Corfwone

Great interest has been aroused vnthin recent

jears, and both laboratory and clmical rc«carch

into the functions of the adrenal cortex have

been intensified, by tlie dramatic discovery of

Hcnch and his associates of the therapeutic

value of compound E (cortisone) in acute then

matism and rheumatoid artlintis. In acute rheu-

matism there is rapid reduction of fev cr, and of

the ‘’wellrng and pain in the joints, following

the oral or parenteral administration of cortisone

The high sedimentation rate which occurs in

this disease is restored to the normal by this

steroid Compound F Oijdrocortisone) and the

adrenotrophic hormone of the hypophysis, ACTH
(through Its stimulation of the production and

hbcratiOD of the cortical hormones), have a eim

Uarly beneficial effect Rheumatoid arthntis ts

m most cases benefitted by the«c compounds,

sometimes dramatically, but improvement as a

rule IS not sustained after treatment has been

discontinued

The adrenal steroids effect amehoratiou of

these arthritic diseases though there is no evi

dence of adrenal insufficiency Inasmuch as such

large doses are required, much greater than are

employed m the treatment of Addison’s disease,

it 13 not credible that these compounds act by

correcting s hormone deficiency That they act

pharmacologically, rather than by replacement,

there can be little doubt In the dosage onploy ed

they appear to exert a specific effect upon the

metabolism of the collagenous tissues (connec

tiv e tisme fibers embedded m cement or ground

substance containing hyaluronic scid) of jomts,

skin, artenes, and many other structures The
results of Opsahls C'qieriments may provide a
clue to this action She found that m mice,

adrenal cortical extracts inhibited the enzy-jne

hyaluromdase, as shown by a reduction of the

‘ spreadmg effect” of the enzyme Compounds

A, E and F exhibit this inhibitmg acbon, but

compound E was the moat effective

The tkerapeuiic talue of cortisone and d^y
drocortisone has been investigated m a laige

number of di«cases, many of them apparently

quite unrelated to one another The disjascs

upon whose course cortisone, dchydrocortisone

or ACTH has been found to have a favorable

effect though in many cas^ this has been «hght

or evanescent, can for the most part be grouped

under three mam headings as shown below

Collagenout diteatee (eollagenoses)

Acute fhcumati«m (rheumatic fever)

Rheumatoid arthntis

Rheumatoid spondylitis

P«onalic arthntis

Sclcrodcnna

PenartentM nodo«a

Dermatomyositis

Allergic dtstaset or diseases due la abnormal sensi

littlg oj cellt

Bronchial asthma
Allergic rhinitis (hay fever)

Contact or atopic dennatitis

Urticana

Lymphalte and mytlogenoue diseases

Acute and chronic lymphatic leukemias

Lymphosarcoma
Hodgkin e di«ea«c

Lymphoid thyroiditis (struma lyaphoniato«a)

^fyetogcnous leukemia

Sareoido»is

Multiple myeloma

In the foUowang list are a number of other patho-

logical stales in which ACTH or cortisone has

been employed wath vanable succe«s and which

cannot be placed in any of the above categoncs

ulcerative cohtis acute inflammatory eye di**

eases alcoholism with delirium tremens or

Kor^koff s psy chosis, chrome nephrosis, ater

hou^ Fndenchsen syndrome, Loeffler’s syn

drome, and the adrecogexutal syndrome

Deleterious effects irhich may reaxtUfrom eorUsme
or ACTH treatment A number of eenous adverse

effects may result from treatment with the'e

agents Prolonged cortisone therapy may lead to

adrenocortical atrophy CoUap«e and death from
acute adrenal insufficiency may follow cessation

of treatment Several instances of the develop
meat of Cushing s disea«e {ch 50), e g ,

hirsutism

rounding of the facial contours, osteoporosis

ky'phosis and hypertension have been reported

from the continued administration of ACTH
Mental aberrations ranging from an exaggerated
sense of w ell being (euphona)

, moodiness or mild

anxiety states to definite psvcho«es eg paranoia

have been reported following cortisone therapy
Wound healing 13 apparently delayed by corti'one
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and resistance to certain infections la lowered

Hamsters can be infected with poliomj clilis virus

by intrapentoneal injection, and develop a highl}

virulent form of the disease if pretreated with

cortisone, but animals similarly injected but not

receiving the hormone, could not be infected

(Shwartzman) The spread of a tuberculous infec

tion from a previously localized focus is thought

to be a serious complication uhich may follow

cortisone therapy Peptic ulcers are not uncommon
aith prolonged treatment and perforation of the

bonel m cases of ulcerative colitis has sometimes

occurred

Disease of the Adreval Cortex in Man

Addison’s Disease

The syndrome known todaj as Addison a dis

ease was first described (in 1855) bj Thomas
Addison and ascribed by him to tuberculous

disease of the adrenals Expcnmental and dim
cal obscr\8tions since that tune have fully sub

stantiatcd Addison’s condusion that the disease

IS due to adrenal invohemcnt Tuberculous dis

ease of the gland is found, hovicicr, m on]} a
proportion of the cases It has also been shonn

that deficiency of the cortex and not of the me
duUa w the essential cause of the disease The
condition is most common between the ages of

30 and 50, and is found more often in men than

m women Its chief features, which closely re-

semble those seen in adrenalectomized animals,

are (a) muscular weakness and languor, (b) low

blood pressure and reduced circulation rate, (c)

gastrointestinal disturbances, loss of appetite

(anoreMa), hypochlorhj dria, and vonutmg, (d)

pigmentation of the skin and mucous mem
brancs, bronzing, or tanning—a dirty brown cu

taneous discoloration being a classical symptom of

the disease, (e) lowered metabobc rate, subnor

mal temperature, sodmm loss and a nse m serum

potassium, reduced blood \olume (plasma loss),

dehydration, and loss of weight, (f) renal insuffi

ciency with consequent nse in blood nonprotem

nitrogen, (g) depression of the sexual functions,

(h) hypo^ycemia, which may be an immediate

cause of death, (i) abnormal electroencephalo-

gram slowing of a rhythm and reduced number

of /3 iraves, and 0) changes in the electrocardio-

gram, e g , low voltage, flat or inverted T, pro

longalion of P R and QRS, and depression of

RS T The pigmentation of the skin may bo so

deep that the patient is mistaken for a mulatto,

It 13 most pronounced m those regions nipples,

abdomen, etc , where the normal pigmentation is

greatest (fig 58 7) The palms of the hands and

soles of the feet remain pale The discoloration is

4 10 SS 7 Showing pigmentation of the eVin together with patches of dcpigmcntation m a patient

with Additon s disease (From Kepler )
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due to the exccssue accumulation of the normal

cutaneous pigment, mdanin This is deported

chiefly m the basal cells of the ejndcrmia, but pig

ment granules are also found in the dermis The
change in pigment metabolism which cau'»C9 the

deposits IS unknown ’

Addison’s disease, unless treated with cortical

hormone or with a diet of high salt and low potas

Slum content is almost mvariablj fatal wilhm

from 1 to 3 jears The high salt, low potassium

diet exerts an almost specific cfTect m adrenal in

sufficiencj, but dosoxj corticosterone acetate is

most usually eraplojed, it is given in oil or as

pellets inserted subcutaneouslj However, as al

rcadj mentioned, there are certain disadvantages

associated with the use of this corticoid , n marked

antidiuresis and edema mth 'odium retention and

loss of potassium occurs when a certain dosage is

exceeded A high sodium and low potassium con

tent of the diet enhances the adverse effects Nor

does the dcsoxj compound constitute a complete

replacement therapj
,
for the tendency to hj^po

* Bloch found that sections of normal skin be
came deepb pigmented when placed m a dilute
scilutioR of 3 4 dih>droxyphenyIatantne albino
ekm treated sunilarly remained unpigmented So
lutjoss of other aroznatic compounds (eg tjro
sine tr^Titophane pjrogallol etc ) did not cause
pigmentation of skin sections Bloch concluded
that dihydroxyphenylalantne which he called
dopa was the precursor of melanin the conver
Sion being brought about bv an oxidizing ensjane
(dopa oxidase) in the skm Until recentlv tjrosin
a«e present IS potato fungi and other plants and
which 18 capable of catalj-zmg the conversion of
tyrosine to dopa ’ has been believed to be ab
«ent from manmialian tissues But since its dts
cQvery m animals this enzyme has been assigned
the role of catalyzing the reactions, tyrosine to
dopa ' and ' dopa to melanin (see Lerner and

Fitzpatrick) Tyrosinase is now believed or
thought to be identical with Bloch s dopa oxidase
(see scheme below)

HOoCHr-CHNiri—COO0

Tyrosine

I ^CH;-CHNH,-CQOH

s 4 DihyJrozyphenytalamne (dopa)

I

Melanin

The reactions resulting in melanin production
are inhibited by ascorbic acid and under certain

circumstances bv cortical steroids bo far the
foregoing facts have not led to a satisfactorv

theor> of the cause of the pigmentation in Addi
son s disease

glyccraia during fasting and the EEG and EGG
abnormabties are not corrected Cortisone given

with DOCA prondes a more complete replace

ment therapy m Addison’s disease

Acute adrenal cortical liiTiofunction maj be en

countered followang adrenal surgerj or in patients

with chrome adrenal insufficiencj who have been

subjected to a sudden stress Bilateral adrenal

licmorrhage ma> occur, most often m children,

and the en«uing condition is known as the Water

house Fredenehsen syndrome

Tumors of the Adrenal Corfci Idrenogenttal

Syndrome Pseudohermaphroditism*

Tumors composed of cortical tissue which se

cretes an excess of androgemc compounds may
arisem the adrenal itself or m aberrant collections

of cortical cells (adrenal ‘rests ) which are found

ID the broad ligament of the uterus, m the neigh

borhood of tlie testes or in the retroperitoneal tis

sue of the abdomen or pclvns Such growths or a

diffuse hvpcrplasta of the adrenal cortex, may oc

cur ID children or adults and are associated with

extraordmarj abnormalities of development es

pecially of the accessory organs of sex and of the

secondary sex characters (p 1072)

When cortical hvpcrplasia or a tumor com
posed of cortical tissue occurs m y oung children

puberty appears prematurely a male cluld of 4

or S years for example may show the sexual de-

velopment of an adult (fig 53 S) The testes and

penis are enlarged, hair may appear upon the

chest pubis and face and there may be preco

CIOU3 sexual desire Often there is also unusual

muscular development or extreme obesity There

13 early ossification of the epipby'ses Male chil

dren showing these characteristics liave been de

senbed as resembling * an infant Hercules (Her

culean type of Weber) or a burly brewers

drayman” (Guthne) Growth is rapid as a rule,

but the epipby’ses fuse early young subjects of

the disease, therefore, do not reach full stature

In UtUe girls the breasts hypertrophy
,
hair ap

pears on the mons venens and around the vailva,

the uterus develops prematurely, the chtons is

hypertrophied, and there is sometimes precocious

menstruation In appearance such children re-

* Pscudohennaphroditism is defined as a condi
tionin w hich the gonads of one sex only are present
but the externa] genitalia combine features of both
sexes «o that from inspection of them alone it is

diffieiilt or impossible to determine the sex In true
hermaphroditism both ovan-in an ) testicular tis

sues are present it is an embr^ ological aberration
and not due to a hyperfunctional adrenal cortex
(see aI<o ch GO)
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eembla stout Lttle women Women who are sub-

jects of this disease become mannish in appear

ance and disposition (vinli®m,fig 589) The^oice

deepens, menstruation ceases, the breasts atro

phy, and hair may grow upon the chest, face and

limbs, homosexuality la a common feature The
unnary cNcretion of androgens (17 ketoslcroids)

Fto SS 8 enlarged abdomen and precocious
sexual development of a bo} aged 30 months A
mass palpated m the abdomen was probably a eu
nrarcnal cortical tumor (Prom liowntrco and
Dali)

IS mcreased several fold In some adult female

subjects, the vinhsm is accompanied by glycosu

na and decreased sugar tolerance, due apparently

to an increased production of glucocorticoids

This type is known as the Achard Tiers syndrome

and was described by these authors as the “dia

betes of bearded women ” Adult male subjects of

cortical tumors, as a rule, give no endence of en

doenne disturbances In some, howeter, an ex

aggcration of the male characters is manifest e g

,

enlargement of the penis, a tendency to hirsutism,

an increased sexual appetite In others, the tu

mor secretes excessive amounts of estrogen when

a certain degree of femimzation is obsened, eg ,

enlargement of the mammae, atroph} of the

testes, and a feminine distribution of fat

It might be expected that with the increase m
active adrenal cortical tissue, changes in electro-

lyte balance corresponding to those foUowing in

jections of adrenal cortical hormone, namely a

nsem blood sodium and a fall in potassium, w ould

be found But actually such changes occur only in

a proportion of cases and are, as a rule, moderate

in degree On the other hand, there may be on as

sociated depression of adrenal salt retaining fae

tors with the appearance of Addisonian symp

toms, due to atrophy of the opposite adrenal

Surgical removal of the tumor or hyperplastic

tissue IS the preferred treatment when possible

Sometimes as a result of atrophy of the normal
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adrenal tissue, acute cortical insutEciencj de-

\ elops after operation In order to forestall such a
crisis, treatment with a cortical hormone w insti-

tuted preoperatnelj The administntion of cor-

tisone is sometimes successful m suppressing

adrenal hjpcrplasm, the elevated blood Je\el of

this hormone tends to inliibit the output ofACTII
and, a-s a consequence, to reduce its stimulating

effect upon the hjpcrplastic ti«suc Tlib, treat-

ment, how ei cr, is of httle benefit if the disea<se la

due to a tumor whose nctiutj is independent of

pituitarj control

Broster and Vines have made the interesting

discoverj that hjqierplastic adrenal cortical tissue

or tumor tissue, in cases of vinhsm, contains targe

numbers of cells which have an afiimty for fuchsia

(fuchsinophil cells) Cells possessing this property

arc normally absent from the mature adrenal or

present only m very imall numbers They arc a
characteristic feature, however, of the fetal ad
renal of both sexes between the lOtb and 17th

weeks (m the case of the male) and between the

!Ith and 15th weeks (in the case of the female),

but disappear thereafter These observers suggest

that vinli«ni is due to the elaboration of a tnaseu-

hniziag hormone by the fuchsinophil cells, and
that the female fetus normally passes through a
male phase The importance o! the fuchsinophil

cells in the production of hjporadrenocortiea)

miBitsstatscaa hss been questioned, boirerer, by
Soffer

Pnmary Aldosleromsm

With the isolation of aldosterone as a highly

potent mineralocorticoid, and with the develop-

ment of assaja for this steroid, the existence of

tumors pnmanly secreting aldosterone has been

establisbed The syndrome of ‘pnmrj/ oldosfcron-

^sm' was first described by Conn in 1954, and
many cases have now been detected The major

clinical manifestations of the syndrome consist of

periodic severe muscular weakness, intermittent

tetany and paresthesia, polyima and polydipsia,

and hypertension The blood sodium level is

raised, that of potassium lowered, there is aa al-

kalosis Only mineral metabolism appears to be
affected Surgical treatment is advised at present

Clinical Tests ofAdrenal Cortical Function

In mild or atypical cases of adrenocortical in-

sufficiency the following tests may be employed

for its detection

/ Eostnopemc response to ACTII is one of the

most sensitive tests In normal persons, a 50 per

cent reduction in circulating eosinophils results

from the administration of a test dose of cortico

trophui, whereas the response is absent or much
reduced m adrenocortical insufficiency

i Rohinson Kepler Foxcer test to ingested wa
ter Normally diuresis commences withm 30 to

45 minutes after drinking water m adrenal m
sufficiency the excretion of the excess water is

much delayed

5 Culler Power Wilder test The urinary cxcre

tion of sodium chloride during a 53 hour period of

ngidly restricted salt intake accompanied by the
administration of potassium Normally le«8 than
ISO mg per 190 cc of urine js excreted m the last

4 hours of the test The subject of adrenal insuffi

ciency excretes a much larger quantity This test

IS potentially dangerous, for unless the adrenal

insufficiency is of mild or moderate degree, an
adrenal crisis may be precipitated

Other determinations arc, the tendency to hy
pc^lyccmia during fasting, the sensitivity to m
aultn, estimation of urinary 17 KS (which are re

duecd in adrenal insufficiency and increased m
normals by ACTH administration), and the uric

Acid creatinine ratio which is normally increased

by cortical stimulation
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THE PARATHYROID GLANDS

Development and Btrlctlre

The paratbjTOid glacda are the amallest endo

cnne orgaos in the body They remained unrecog

meed aa structurea distinct from the thyroid gland

(to which they are often closely applied) until

Sandstrom a description in 1880 Although Sand
Strom was of the view that the structures repre

sented remnants of embryonic thyroid tissue, and
named them accordingly, the glands actually arise

quite independently of the thyroid as outgrowths

of the endoderm of the third and fourth pharyn
geal pouches Tjpicallj thoro arc two pairs of

glands, frequently called parathyroids Iff and IV
to indicate the giU clefts of origin Inasmuch as

parathyroids III tend to follow the thymus during

development, whereas parathyroids IV become
associated with the thyroid gland, the position of

the two pairs in the adult becomes reversed from

that in the embryo It is of importance that in the

human, parathyroid glands may occasionally be

found in the anterior, or posterior, mediastinum

not associated with remnants of the thymus Para

thyroids III are constantly found in all vertebrates

above the fishes, whereas parathyroids IV are ab

sent in some species In the human, the eupenor

pair of parathyroids (IV) are referred to as the

external whereas the inferior pair (III) are termed

the internal parathyroids The terms 'internal'

and ‘external’ signify the proximity of the gland

e\’t<reAeislene}seii<ect,

of the thyroid lobe The human parathyroids are

roughlj oval in shape, about 6 mm in length, and

weigh about 35 mg each Pathologically, glands

weighing aa much as 250 grams have been reported

1 he cells of the parathy roids are densely packed

in mas«es separated by capillary blood sinuaes,

they sometimes form cords Two main types of

epithelial cell maybe distinguished in the gland of

the adult human chief, or pnnapal cells which

contain gly cogen and possess a clear cytoplasm,

and oxyphil cells which have a granular cytoplasm

which stains intensely with acid dyes, and lack

glycogen The principal cells are, apparently, the

essential secreting cells of the gland inasmuch as

they are the only ones prc'ent In the human gland

up to the 10th year and indeed, are the only ones

present at any age m most animals Cunou«ly,

there is no clear cytological evidence of secretory

activity in the«e cells, although the physiological

evidence of an endocrine function is irrefutable

'The function of the oxyphil cells, which appear
near puberty, is as yet unknown
The nch blood supply of the parathyroids is

denved from the superior and infenor thyToid ar

tenea Interference with these vessels during thy
roidectomy may occasionally result in hjpopara
thy roidiam Branches of the recurrent and superior

laryngeal nerves innervate the glands and are

probably entirely vasomotor

Early Studies and Covcefts

The most prominent indication of inadequate

function of the parathyroid glands is the oc

currence of tetany This symptom was long

known to occur rather frequently after surgical

thyroidectomy but was attributed to infection of

the operation wound (Kocher), or to thyroid de

ficiency (Reverden) Attempts to induce tetany

expenmentally introduced complications, for in

1884 Schiff observed that thyroid removal m
cats and dogs produced tetany and proved fatal,

whereas bltle effect was observed in the rabbit

The difficulty was resolved by Gley in 1891, who
pointed out that the inferior parathyToids he

caudal to the thyroid m the rabbit and that they

were not affected by thyroidectomy However,
it was left to Vassale and Generale (1900) to

differentiate between thyroid and parathyroid

function by showing that removal of all the para

thyroids, while leaving the thyroids intact, led

to a fatal tetany The cause of the tetany is a

fall m the blood calcium level, as discovered by
MacCallum and Voegthn (1909) The same
workers showed that administration of calcium

salts could avert the convulsions

For a number of years it was believed that

the tetany occurnng after parathyroidectomy

was due to the accumulation of a toxin within

the body, but this vnew was eonfoiuidcd, and

the endoenne nature of the parathyroids estab-

lished, when several independent workers, Han
son, Berman, and CoUip, succeeded, around 1923,

in obtaining consistently potent extracts of para*

KUS
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tbyroid hormone It then became possible to re-

late chnical observations to the effects produced

cvpenmentallv bj o\erdosagc witii the extract

Effects of PARATinnoioECTOiii—

T

etanf

The effects obseried /ollomng expenmental

remo\’al of the parath>roid glands \arj jq )d

tensitj according to the species studied, althoui^

comparable metabohe changes occur m all In

general, joung animals arc more susceptible than

older ones to the effects of parathyroid depn

^•atlon, and herbnores tolerate the operation

better than camnores The existence of acces

fiorj parathsToids offers onlj a partial evplana

tion, inasmuch as tetany is induced in the rat

oiil> with difficult; following complete parathy

roidectomy The high phosphorus and Ion eal

cium content o! the meat diet of carai\orcs

prohablj accentuates the effects of parathyroid

ectomj

In ihe dog, which has been studied most ex

tensively, signs of paratlijToid hormone defi

ciencj maj appear mthm 24 hours of operation

The*c include (1) a fall w serum eaktum from

the normal level of about 10 mg per 100 ml
to 6 mg or less The fall maj be \erj abrupt,

reaching the latter value or loiter m 24 houre,

or may be dclajed for 48 to 72 hours or so (2)

A me in serum inoryanic phosphate from a nor

mal level of about 5 mg per 100 ml to 0 mg
or higher (3) The ttrtnary cxcrelum of aUaum
and phosphorus is reduced this despite an in

crease m the blood level of the latter mineral

(4) Fibrillary tieilchings of the muscles appear,

followed by tome or clonic Oerkmg) muscular

contractions The jaws are clenched and the

hrabs are either stiffly extended or jerk xno

lently, the head is doreiflexed Sometimes there

are automatic swimminglike movements of the

forehmbs (5) The skeletal muscles show m
creased ezct(abih(i/toagalvamcstunulus(p 1050)

and to mechamcal excitation Cardiac muscle also

displaja hypenmtabihty The time constant of

accommodation IS increased (see p 1124) (6) The
muscle phosphocreahne is reduced and its rate

of resynthe^is slower than normal (7) There is

rapid, noisy breathing ftiyperpnea), hyperpyrexia

and tachycardia, and sahvation (8) Deedh usu

ally follows m the dog and is due to asphyxia

through spasm of the laryngeal and thoraac

muscles

The above sjTnptoms consbtute the condition

known as tetany and because the complex con

be produced m other waj-s, Erdheim designated

it as lelanut paraOiyreopnta The tetanic symp

toms are closely related to the serum calcium

level As this falls the symptoms mild at first

(perhaps merely slight stiffness of the lund Umbs),
become gradually more severe and when the

serum calcium has fallen to between 5 and 6 mg
per 100 mt ,

the tetanic state is usually fully

dci'eloped Chronically
,
the bones become denser

and cataracts may develop m the eyes As might

be expected, the tetanic convulsions can be re

hexed or averted by Injection of calcium salts

In man, in infants and very young children

tetany is usually seen m association with nckets

It may occur in the new bom due to a temporary

inadequate production of parathyroid hormone
In the adult, tetanv may follow accidental rc

mova) of the parathyToid glands during thyroid

ectomy, or removal of a hyperfunctional ade

noma The symptoms are usually less intense

than those seen in parathyroidectomized am
mats, and the condition runs a more chrome

course The scrum calcium hes usually between

4 and 7 mg per 100 ml , rapid respirations and

high (emperature are not usually seen The out

standing feature is (he heightened neuromuscular

excitability Though jerking mov ements and gen

erahzcd convulsions may occur m children thev

arc unusual in adulU The hypertonic state of

the muscles causes the hands and feet to be

drawn into typical attitudes which are spoken

of as carpopedal spasm (fig 59 1) The hands are

flexed at the wnsts and the fingers flexed at

the metacarpophalangeal but extended at the

interphalangeal joints The thumb is adducted

into the palm This position constitutes the «o-

called atxowheur’s hand of tetany The feet are

extended at the ankles and the toes plantar

flexed Spasms of the ej e muscles may be seen

and, occasionally
,
spasmodic retention of unne

occurs Id infantile tetany spa^m of the muscles

of the glottis IS not uncommon causing mspira

tory Btndor (larynywmtM sfndulus) tVhen severe

the laryngeal spasm causes complete closure of

the glottis for a tune, cyanosis results and when

asphyxiation seems imminent a sharp mspira

tion occurs accompamed by a high pitched
* crowing sound ” These\ anous forms ofmuscular

spaam are grouped under the general term spas

mophtlia

In association with the lack of parathyToid

hormone, there is a tendency toward metastatic

calcification Calaracis frequently occur The

teeth are not affected in the adult but if the

condition sets m during infancy , the roots may
be hyi>oplastie Enamel defects are often seen
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Fio 59 1 Tetany (description m text) (Upper
photograph from lurvis Stewart lower photo-
graph from Cabot

)

Latent tetany Frcquentlj the serum calcium

remains just above the critical level at which

definite tetanic symptoms appear EmotioD some
undue strain upon the organism e g pregnancy

lactation or a failure in general liealtb may
how ev cr precipitate an attack of manifest tetany

m a sulject who has been suffering from the

disease in latent form Certain tests are employed

to unmask this incipient form of the disease (1)

C/tosteks sign tappmg over the facial nenre in

front of the ear causes twitcl mg or spasm of the

facial mu®clea (2) Trousseau s sign occlusion of

the circulation m the arm by means of a blood

pre«sure armlet causes the hand to assume the

typical attitude (the effect is probably due to

the anoxemia induced in the muscles of the hand
and forearm) (3) 1 on BonsdorJTs phenomerum

the facilitation of the muscular spasms caused

by hypmentibtion during the occlusion of the

circulation to the arm and (4) Erb s sign in

creased excitabihty of the neuromuscular ap

paratus to a galvanic current Stimulation of the

median nerve in adults or the peroneal nerve in

children produces muscular contraction with

weaker currents than normal and contraction

may be preferentially elicited by an anodal open

mg current rather than the anodal closing current

ns IS normally the case In mild cases of tetany,

numbness and tmghng of the fingers and toes

may be reported

Othew Fowms Of Tetany

These mth the chief changes m blood chem
istry are shown in table 59 I

Infantile AND IDIOPATHIC TETANY Tetany oc

casionally arises spontaneou«ly in infants and

may then be due to parathyroid deficiency Spon

taneous or idiopathic tetany as it is sometimes

called occurs bI<o though rarely m adults as a

rc«ult of defective parathyroid function Tetany

arismg in this way does not differ essentially from

that following parathyroidectomy The tetany of

infanta 13 usually however an accompaniment

of nckets and so far as is known is then not

due to paratliyroid deficiency During the active

stage of nckets tlic serum calcium is little if at

all depressed but during the healing stage of

the disease calcium is diverted to the bones and

the calaum of the serum falls It is at this time

that tetany occurs Tetany may also be produced

m raclutic rats by placing them upon an anti

rachitic diet (Hess and associates)

The tetanies of osteoiialacia and spree

Osteomalacia is a disease of the bones of adults

Ita pathogenesis is essentially the same as that

of nckets The serum calcium is often very low-

tetany 13 of common occurrence Tetany occurs

in celxac nckets and nontropical sprue In the latter

disease the absorption of fat and of calcium is

defective and the serum calcium depressed Tet-

any also Eomotimes occurs in tropical iprue

Tetany associated wTxn alk.vlosis (ovstoic

HTPLRPNEIC, AND BICARBONATE TETANY) In py

lone obstruction dilation of the stomach or as

a result of persistent vomiting from other causes

the loss of chloride in the vomitus causes a change

m the acid base balance toward the alkaline side

Tetany follows Alkalosis is also the apparent

cause of the tetanv which results from increased

pulmonary ventilation In this case it is the ex

cessivc elimination of carbon dioxide which is

the cause of the mcrcascd blood alkalinity Alka
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TABLE 59 I*

Typti oj tetany

^ Calcium

j

Bjcubonate
o( Dtood Oitorme

i PK Phosphorus

Infantile or idiopathic tetany
,

Ueduced

1

Normal Normal Normal Normal or

reduced
Tetanj of osteomalacia

Tetanies of sprue and celiac rickets

Iteduced

j

Reduced
,

Normal

Normal

Normal Normal or

reduced

Ciastnc tetanj Normal Increased Reduced Increased Increased
Bicarbonate tetanj

Hyperpncic tetany

Normal '

Norma)
Increased

Increased

Reduced Increased

Increased
Paralhjroid tetanj

(1) Experimental 1

(2) Postoperative

Reduced
Reduced

Normal
Normal

Normal Increased

Redwed Norms} Normo) or
' increased

Norms} or

increased

Iacres

Citrate telanv Reduced
1

_
Tetany due to calcium and vitamin D Reduced — —

deficiency 1 1

Tetany due to magnesium deficiency Normal
1

— — _
Guanidine tetany Norma! or

slightly

reduced
1

Increased

* \^ith modificationf and additions from MacQailum

losis IS also evidently the cause of tlic tctanylike

seizures winch sometimes follow the adnutustra

tion of large quantities of sodium bicarbonate

for therapeutic purposes

Phosphate tetant Phosphate tetany is phk
duced expcnmcntally The intravenous injection

of 0 5 gram per kilogram of either the acid or

the alkaline sodium (or potassium) phosphate

mto animals causes a profound and rapid fall

in the serum calcium In dogs, it is only after

the injection of the alkaline salts, however, that

tetany occurs This difference is probably due

to the different effects of the two salts upon the

the acid base balance—the one tending to cause

alkalosis and a reduction in the lomzation of

calcium, the other acido'iis and a relative m
crease in the concentration of calaum ions (see

below) The injection of a neutral mixture of

the two salts or of phosphonc acid itself doea

not cause tetany

Cxtrath tetanv An intravenous injection of

sodium citrate is a le‘’s sure way to induce tetany,

but m a certain proportion of animals typical con

vulsions follow within 15 or 20 miDutes after the

injection The serum calcium la lowered

Tetany cite to calcium and vitamin d de
nciENCT The serum calcium of rats on a diet

lacking in calcium, falls, after a period of from 3

to 7 weeks,, to a low level, but tetan;v doea not de

velop unless the diet is also devoid of vitamin D
Even when both calcium and vitamin D are absent

from the diet, tetany does not appear spontane

ousiy, but typical convulsive seuures can be in

duced by stimulation iiith the galvanic current or

by a sudden sound

Milkjntr Hypocalcemia and tetany sometimes

occur ID eo^s after calving as a result of the loss

of calcium m the milk The condition is treated

by inflating the udder with air nhich suppresses

milk secretion and causes a rise in the serum cal

cium or by the intravenous injection of calcium

A similar condition is seen in sheep after lambing

and IS then referred to as ' lambing sickness or

"ewe distemper ’

hrlxaNESiUM DEFiciENCT TETANT The general

features of this tjT?e of tetany are mdistingiii'h

able from those due to calcium deficiency It has

been produced in rats, dogs, and young cattle by

feeding diets deficient in magnesium Calves

reared on whole milk, which has a low magnesium
content (001 per 100 ml ), frequently show severe

tetany and may die m convulsions The blood cal

ctum and phosphorus are within normal limits but

the magnesium is reduced to little more than half

the normal value This type of tetanj isnotknoiin

to occur in the human subject

Pathogenesis of Tetant

AlacCallum and Voegthn discovered (1909)

that the serum calcium was ln^anablJ depressed
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in tetania parathjToopnva and that the condition

was immediately relieved by the intra%enons in

jection of calcium In the years following the

recognition of the connection between tetany and

the parathyroids, and up to the work of Mac
Callum and Vocgtlin, the tetanic slate was be

he\ed to be due to some endogenous toxic me
taboUtc (e g , guanidine) which was destroy ed in

some way by the parathyTOids, but accumulated

in the blood and tissues after parathyroidectomy

W ith the general recognition of these facts the

calcium deficiency theory of tetany came mto
bcuig The low serum calcium found in other

forms of tetany, that is, produced otherwise than

by parathyroid deficiency, e g ,
the tetanies of

rickets, osteomalacia, and sprue, also indicates

that calcium deficiency is the direct cause of the

neuromuscular hyperexcitability m these con

ditions Depression of the serum calcium also

explains the con^iilsions following the injection

of phosphate It is generally accepted that the

detennimng factor in the production of tetany

is the concentration of xonwd calcium in the

plasma and extracellular fluids of the body, rather

than the total cafatim concentration For example,

m nephritis with a low scrum protein, the total

calcium of the scrum may be reduced to 3 or4 mg
per 100 ml

,
yet tetany docs not occur presum

ably bccau«c the concentration of ionic calcium

has not been reduced to the critical level As
shown by the expenmenta of Locb upon frog

muscle, the sodium and potassium ions tend to

increase neuromuscular excitability the calcium

and magnesium ions to depress it The calcium

concentration of the tissues themselves (muscle

or brain) is not altered m tetany
,
the increased

I'xrAaVi'iAy wucfii, VKm?ure,

appear to be due to an imbalance between the

concentration of lomc calcium in the extracellular

and intracellular fluids

It IS difficult to assess the importance of hyper

phosphatemia as a factor in the production of

tetany, for a reciprocal relationship exists m the

blood between the concentrations of calcium and

phosphorus Phosphate retention or phosphate

injection causes a fall m the calcium of the serum,

a rise in the concentration of the calcium of the

scrum, on the other hand, tends to depress the

blood inorgamc phosphorus Nevertheless, tetany

can result from a reduction ui the serum calaum

as in infantile nckets and osteomalacia with a

normal concentration of blood phosphate Hyper-

plio«pliatcmia, therefore, though undoubtedly in

creasing the seventy of the tetamc symptoms,

does not appear to play the pnmary role m their

development

The tetany of alkalosis cannot be explamed

upon the basis of calcium deficiency, inasmuch

as in this type the scrum calcium is not signifi-

cantly lowered It is su^ested, however, that

the shift of the acid base balance of the blood

toward the alkaline side causes a reduction m
the lomc calcium fraction without altcnng the

concentration of the total calcium of the serum

The following equation illustrates the possible

relationship between the concentrations of cal

cium, bicarbonate, phosphate, and hy drogen ions

ICs^] IHCOri [H"P0.1 „
in*]

“ ^

According to this equation, an mcrease in the

concentration of the bicarbonate ions or of phos

phatc ions, or a fall m the concentration of hy

dro^n ions would cause a reduction in the con

centration of ionized calcium without a change

ID the total calcium level of the scrum

Certam observations are m conformity with

such an hypothesis The bemficial effect upon

tetany of the administration of an acidifying

salt such as ammonium chloride, smee it is not

accompamed by a nsc in the total calcium of the

serum, and the difference, already mentioned,

between the actions of the alkahne and acid

phosphates may be explamed ujxm such

a basis

The question of the neuromuscular mechanism*
responsible for the tetanic seizures has not re

ceived a decisive answer D N Paton and his as

eociates sectioned the cord in parathyroideeto

mixed, and. 'll chioj/i

and tonic spasms, but the tremors and the fibril

Jary twitchings were abolished only by section of

the penpberal nerves The«e re«ulls indicated that

the tome and clonic spasms were supraspinal in

ongiQ whereas the finer movements were depend

ent upon spinal centers West more recently con

eluded that the suprcpinal centers were not in

volved, since the characteristic tome and clonic

spasms i^rsisted after section of the cord m the

upjier thoracic region The integrity of the spinal

reOex arcs was however, considered to be essential

for the tonic and clonic manifestations since they

were abolished after section of the dorsal roots

The fibrillary movements and the increased elcc

tncal excitability of the muscles appeared to be

dependent upon a penpheral mechanism They
persisted for at lea*t 21 hours after section of both

aiferent and efferent nerves In contradiction of

West’s conclusions, Greenberg and his colleagues
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state that m rats, tetamc movemeota of the hind

limbs, but not of the forelirabs, are abolished by
transection of the cord at the level of the eeaenth

spinal segment They conclude that activity of

nervous centers above the spinal level is essential

for the development of both the tome and clonic

seizures

TitFirMENT OP TrrANV

Though the sjmptoms of tetany are rapidly

abohshed by the intravenous adniimstration of

calaiira salts, the beneficial effect is of short

duration Calcium bj mouth is of httJe value

in acute tetany, but is of some value in the more

chronic forms Acidifying salts, c g ,
ammonium

chloride, are also of benefit A smgle in]ectioa

of parathjToid extract ivill reUeve the condition

m a few hours and hold it m abej ance for several

days In chrome tetany (e g ,
postoperative) ir-

ndiated ergosterol m the form of dihjdrotachj-

sterol or cilciforol is of great value, especially

when combmed with n high calcium and a low

phosphorus intake The ncccssitj of maintaining

a high calcium, low phosphorus ratio prevents

the u«e of a milk diet because of its high pbos

pliorus content According to Anderson and

L>all, adiustment of the ealcium and phosphorus

of the diet (05 to 065 gram of phosphorus,

daily) IS capable alone of controlling the symp
toms Lactose or dextrin in the diet tends to

reduce tetanic neuromuscular hyperexcitabdity,

for the organic acids produced during the fer*

mentation of these carbohjdrates lower mtesli*

nal pH, and thereby mcrease calcium absorption

Aerrjovs op RisisxpjTjruo

Extract (PARATnoRsiovE)

The bebef in the calcium regulating function

of the parathyroids, which followed naturally

upon the discovery that hypocalcemia was an
accompamment of parathjrovd deficiency, was

confirmed m 1924, when Hanson obtained an
active extract of the gland At about the &ime

time, Colhp obtained an extract from beef para

thyroids which also possessed a powerful hyper-

calcemic effect The mtrav enoua or subcutaneous

admmistration of this extract to parathyroid

ectoraizcd dogs will mamtam the serum calcium

at the normal level Violent tetamc symptoms
are abohshed witlun 3 or 4 hours after the in-

jection of 10 or 20 units, and by the doily ad

ministration of considerably smaller doses than

this the animal is maintained m good health

indefinitely If, after the calcium has been raised

to normal, the administration of the hormone is

Fio 59 2 Curves of scrum calcium blood phos
phorus, and nonprotein nitrogen reproduced from
Colhp s article ue«cribing the effects of parathy
roid extract The curve representing the nonpro
tein nitrogen is not from the same animal as are
the curves of serum calcium and blood phosphorus

continued in frequently repeated doses (10 to 20

units twice dailj, or oftener) or if given m such

dosage to a normal -immal, overdosage effects

are produced These are (1) Earhj change in

blood chemxstry The serum calcium nses abruptly

and withm from 24 to 48 hours usually reaches

a concentration of from IS to 22 mg per 100

cc (fig 50^) During this time the morgamc
phosphorus «howB a moderate fall followed by

& return to normal and a small nse There is a

slight nse in the potassium and magnesium of

the scrum (2) Eorlp sympkmt During the nso

m serum calcium there is loss of appetite, de

prcssioQ and weakness, polyuna, vomitmg, diar

rhea, and dehydration (3) The unnery excretion

of calcium and phosphorus is greatly increased

The increased excretion of phosphorus precedes

tfic nse in serum cafcium and the mcrease m
unnarj' calcium There is little change m tlie

fecal excretion of these elements (4) Later blood

changes are a reduction m the hy percalcemia by
2 or 3 mg per 100 ml

,
a pronounced nse in

the plasma morgamc phosphorus a 4-fold m
crease m blood nonprotem mtrogen, a reduction

m blood volume by 15 per cent due to plasma

loss and, in consequence, concentration of the

blood and a great increase m its viscositv (5)

Later sympUms At the time that these blood

changes are occurnng urgent syToptoma appear

—

vomiting of bloody fluid and sometimes tfie pas

sage of blood stained stools, signs of renal failure,

and great prostration ending in death (6) At
autopsy the gastrointestinal mucosa is found to

be the seat of extensive hemorrhages, and the

stomach and upper part of the mtcstmal canal

contain a quantity of bloody fluid

All the manifestations are intensified by a high
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calcium diet or the administration of calcium

salts

The preceding description applies chiefly to

dogs The scrum calcium of herbnorous animals,

rats, mice, rabbits and guinea pigs, responds

much less readilj to the extract and the post

mortem picture so charactcnstio of its effects m
dogs and cats is not seen In herbivorous animals,

on the other hand, repeated do«cs cause the de

po«it of calcium in the soft tissues (mctastatie

calcification), particularlj of the arterial tree,

this IS infrequent in dogs In the human subject,

hypercalcemia is produced about as easily as it

13 m dogs In both man and dogs tolerance to

the hormone not infrequently becomes estab-

lished after a certain number of do^es

Therapeutic (physiological) do^es administered

to a normal man, or to a subject of hypopam
thjToidism, cause a moderate increase m phos

phorus and calcium excretion, a fall in serum

phosphorus, and a nse m serum calcium, i e ,
a

complete reversal of the biochemical abnormal

ities caused by parathj roidectomy (fig 59 3)

The excess calcium in the scrum following para

thormoDC oxerdosage is derived from the skcle

ton, there is no increase in the absorption of

Tir 503 ^^howlng the etTects of parathyroid
hormone upon the serum calcium and phosphorus,
and ui>on the urinary excretion of these minerals
in a ca«e of hjpoparathyroidisni (From AIbnglit
and Lllsnorth )

Fio 59 4 Showing trabeculae of humen of cat
on (A) a high calcium diet and (B) on a low cal

eium diet (Redrawn from Bauer Aub and AI
bright

)

calcium from the gut Bauer, Aub, and Albnght

have shown that repealed doses of the extract

to rabbits causes a reduction of the trabeculae

of the epiphyses indicating that they sene as

a store of calcium, which is rapidly mobilized

by the hormone (fig 59 4) By the administra

tion of parathormone over long periods, a con

dition corresponding to osteitis fibrosa c}*stiea

of man («ee below) has been produced by Bo-

dansky and Jaffe in guinea pigs, and by others

in rats and puppies There is a marked dcmin

eraluation and resorption of bone and replace-

ment with fibrous tissue Continued adimmstra

tion of the hormone to expenmental ammals

results ID gross and microscopical changes m the

paraUijToid glands, they become much reduced

ID sire and their cells appear shrunken, show

hydropic degeneration and a dimmution in the

number of mitotic figures Such changes indicate

that the administered hormone has depressed

the functional activity of the glands

Cheuistrt or the Pahaththoid IIorsiove

The active principle contained in extracts of

parathyroid glands (parathormone) has not been

prepared in pure form It is a water soluble protein

which has still to be cry stalized The Collip prepa

ration waa obtained by boiling fresh glands for 1

hour with 5 per cent by droehlonc acid The cooled

solution was then made alkaline, to pH 8, by tbs

addition of sodium hy dioxide, follow ed by hydro

chlonc acid until a maximal i»oeIectric precipita

tion of protein containing the active pnnciple,

occurred Subsequent workers have modified this

procedure and have obtained better yields and

purer preparations The hormone is soluble in

water, 60 per cent alcohol, and warm SO per cent

glyeerol, and is insoluble in absolute alcohol,

ether, benzene, and acetone Its potency is lost
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upon acid bydrol} «is, treatment with strong alkali,

exposure to oxidizing agents, or incubation with

the proteoly tic enz>TDes pep«in and trj p^in Para
thormone appears to pos'e«s no prosthetic group,

it IS not a gl> coprotein To be effective the hor

monc mu«t be given bj injection, it is inactive

when given by mouth Upon continued administrs

tion parath\roid hormone lo«es its effectiveness

This IS geiiernllj believed to be due to the produc

tion of an antihormone, although Selje suggests

the effect an'es from a change in the reaction of

the bones to the hormone Clinically, an inability

to respond to endoQenovt parathjroid hormone
ha« been described, and is termed p«eutloh}po

parathyroidi<=m (Albright, Burncts, Smith, and
Parson, 1942)

Afsay The standard as«aj procedures are ba«cd

upon the changes in the le^eI of serum calcium in

normal or parath^roidectomized dogs Ilovvcvcr,

with the demoDotration of independent actions of

parathjroid hormone in the excretion of phos
pLate and the mobilization of calcium, mcthwls

ba"ed on the excretion of phosphate have been
devised, as well os modified serum calcium assays

None has jet achieved wide application One
U S P or Hanson unit is *foo of the amount re

quired to rai<e the calcium level of the blood semis
of normal healthy male dogs, weighing 10 to 12

kg
,
by 1 mg per lOO ml ihis unit is of the

Collip unit, which is also stilt in u<e

Calcium and Phospborus Metabolism

Before proceeding to a (iiscu««ioa of the mode
of action of parathjTOid hormone, it will be ad*

vantageous at this point to revieiv the metabo*

hsm of calcium and phosphorus

Calcium 18 an indispensable mineral, it is a

constituent of all animal fluids and solid tissues

and 18 of unportance m a janetj of phj'siological

processes Among these may be listed (I) co-

agulation of the blood (ch 12), (2) formation of

bone (p 1062), (3) cardiac rhythmicity (ch 14),

(4) maintenance of normal neuromuscular ex-

citability (p 1052) and (5) milk production

(p 1099)

The DisTBiBunON of Calctom in the Boot

Calcium constitutes about 2 per cent of the

weight of the adult bodj
,
and about 99 per cent

of the total quantity is contained m the skeleton

The muscles contain about 8 mg per 100 grams

net weight, plasma or serum from 9 to J1 5 mg
per 100 ml The red corpuscles contain only mi-

nute amounts, so that the content of whole

blood IS between 4 5 and G mg per 100 ml The
other body fluids, eg, IjTnph, aqueous humor,

ascitic and edema fluids, etc ,
contain it in some*

CaO in Cmmi

what lower concentration, whereas the concen

tration m the cerebrospinal fluid la only about

5 mg per 100 ml Vcgtigiblc amounts of calcium

are deposited m the skeleton before the fifth

month of intrautenne life, and ncarlj 70 per cent

of the skeletal calcium of the new born is the

result of deposition dunng the last 2 months of

prenatal life (fig 59 5) The mother suffers a

much greater lo«s of cakium to the suckling

child BTiereas onlj about 20 grams of the ele-

ment arc loH dunng pregnancy, o\pr 80 grams

are secreted in the mdk during a normal lac-

tation period

The Suite o/ die Calcium tn (lie Blood

Prartjcally alJ the ralwum of blood, as ;u5t

mentioned, is contained in the plasma, after

clotting it 15 all present m the serum, and it is

upon this that determinations are usuallj made
The clot itself contains mere traces

The calcium of blood exists in two main forms,

noTidiffumUe and diffusible The nondiffusible

form IS bound to the serum proteins, both al

bunun and globulin fractions (but chiefly to the

aibuDun fraction) m the proportion of about

084 mg per gram of protein It remains in the

serum when the latter is dialjzed or subjected

to ultrafiltration The nondiffusible part con

stitutes about 45 per cent (from 4 to 5 mg per

100 cc ) of the total serum calcium The diffus-

ible portion amounts to 55 per cent or so (5 to

65 mg per 100 cc) of the total calcium, when
the serum is ultrafiltered this fraction parses mto
the filtrate Nearly all (he diffusible calcium of

the serum m tn the ionized form The previous

Ion figures which haie been giien for the con

centration of ionized caluum (1 5 to 2 mg per

100 cc ) are, according to McLean and Hastings,

erroneous They state that only a \erj small

amount of diffusible umomzed calcium (about

0^ mg per 100 cc ) is present, it is in the form
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of a citratolike compound The ionized calcium

IS m the form of calcium carbonate and phos-

phate The following is a summarj’ of the cal-

cium fractions in serum

Serum calcium

Nondiffu^ible

Diffusible

Ionized

Unionized

per 100 cc

4 0 to 5 0
5 0 to 6 5

4 75 to 6 25

0 25

that given with the unknown fluid is taken as

having the same concentration as the unknown
According to McLean and Hastings, the loniza

tion of calcium in the body is determined pn
manlyby an equilibrium between calcium and pro-

tein which may be expressed according to the law

of mass action as

(Ca**) X (Protein-) ^ ^
(Ca Protein)

(at 25“ C and pH 725)

The nondiffusible calcium, as might be expected,

vanes with the protein concentration of the

pla“ma For example, in Bnght’s disease (with

low plasma protein, and without phosphate

retention) the decline m serum calcium roughly

parallels the fall in plasma albumin and the hy-

pocalcemia 13 due mainly to a reduction m the

nondiffusible fraction Ljmph, which has a lower

concentration of protein than plasma, has also

a lower calcium content

The calcium of the cerebrospinal fluid, which

IS practically protein iree, is almost entirely m
the diffusible form, and lias a concentration np
proxunately equal to that of the diffusible frac

tion in tlio plasma Tlie calcium concentration

of the cerebrospinal fluid has, therefore, been

taken as an index of the diffusible fraclion of

the plasma calcium upon the assumption that

the former fluid is simply an ultrafiltrate This

assumption is not warranted, inasmuch as it is

more probable that the cerebrospinal fluid is

secreted b> the choroid plexus (ch 70) Also, the

admimstration of parathyroid extract or the in

jection of calcium salts, both of which raise the

diffusible calcium of the plasma, causes little

increase in the calcium concentration of the cere

brospitial fluid
,
it is httle affected by parathyroid

ectomy

McLean and Hastings have devised a biological

method for the detcrnunation of the ionized cal

cium of the body fluids based upon the sen*itmly

of the frog a heart to the calcium ion coRCentra

tion In this method a modified Straub cannula is

p8«“ed through the aorta into the ventndc, tied

into po«ition, and then filled with the unknown
fluid (oerum, edema fluid, cerebrospinal fluid, etc

)

The amplitude of the contraction of the heart is

recorded on a moving drum, and the cannula emp
tied and refilled with one of a senes of standard

calcium chloride solutions graded in concentration

by 0 1 mmole per liter If the amplitude of coO
traction given by the unknown is greater than that

given by the standard, then a standard of high^
concentration is tried, and nee versa The calcium

solution giving a contraction which just matches

Id other words, the calcium in protein containing

fluids IS considered to be present as calcium pro

teinate which ionizes as a weak electrolyte into

calcium and protein ions, with a residue of protein

bound calcium—the nondiffusible calcium frac

tion The above equation may be used for the

calculation of the calcium ion concentration in

human serum or other protein containing fluids

providing that the total calcium and protein con

centrations are known

The Absobption avd Excretiov of

Calcium—Caicitjm BAUv^CE

Calcium IS found in food as both organic and

iDoi^nic compounds, but probably it is ab-

sorbed only in the inorganic form Absorption

occurs mamly from the upper part of the small

intestine The reaction of the intestinal contents

IS an important condition in the absorption of

this mineral, its salts, for the most part, being

readily soluble in acid but insoluble in alkaline

media Sugars, especially lactose, which in their

fermentation yield organic acids m the mtestine,

favor absorption Fats (free from vitamin D)

reduce calcium absorption on a high calaum, low

phosphorus intake, owing most probably to the

formation of insoluble calcium soaps, but for

some reason, perhaps the production of soluble

complexes with fatty acids, such fats increase

the absorption of calcium on a diet with a low

calcium phosphorus ratio Protein food fends

to mcreasc the absorption of calcium inasmuch

as the latter forms soluble complexes with cer-

tain ammo acids Soluble calcium salts, such as

the chlonde, carbonate, lactate, and gluconate,

but not the relatively insoluble phosphate, are

readily and, in moderate dosage, almost com-

pletely absorbed After the ingestion of a large

dose of a soluble calcium salt, tlie serum calaum

level rises, reaching its maximum value in about

2 hours The normal serum concentration is

reached again about 3 hours later It is not pos-

sible to maintain the calcium level above normal

for any con«iderab!e time bj the administration

of calcium salts
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Milk IS the best dietarj source of calcium,

but important amounts (up to 0 2 gram dailj)

of available calcium maj be obtained from

"hard drinking water The calcium of man>

vegetables is well utibzed b} the nt, the calcium

of carrots (and probably of certain other \ogc

tables as well) is rcadilj absorbed by the human
intestme, being ncarlj as ^aluable as that m
milk Spinach and other plant foods containing

oxalic or benzoic aad, which form rclativclj in

«olublo compounds with calcium, reduce calcium

absorption In cereals (wheat, oatmeal), owing

to their content of phytic acid (mositolhexaphos

phone acid) which combines with calcium and

magnesium to form an insoluble salt, much of

of the mineral is unavailable The action of phi-tic

acid in the intestine depresses the absorption of

calcium m other foods as well ^tTiole wheat

flour has a higher phjtic acid content than has

white flour and, therefore, is a poorer source of

absorbable calcium As mentioned elsewhere (p

DOS) the phosphoms of phj'tic acid is aI«o largely

unavailable These facts explain the decalcifying

action of certain cereals

Calaum is secreted into the small mteatme in

vanous digestne juices, but little is eliminated

through the wall of the colon The excretion of

caleium continues upon a calcium free diet or

during a fast and;, under these conditions the

body IS in negative calcium balance In man,
on an ordmarj mixed diet, the calcium of the

feces amounts daily to from 0 4 to 0 8 gram,
this, though a considerable amount is endogenous,

19 mainly the unabsorbablc calcium of the food

Smaller quantities of calcium are excreted m
the unne, an average of 150 mg being lost

daily by this route, though there are rather wide

variations An increase or decrease m the absorp

tion of calcium is reflected in parallel changes in

the unnary excretion

The calaum balance, that is the difference be
tween the quantity of calcium mgested and that

excreted in the urme and the feces is posUite

(calcium retention) during ffrowth, preffnancy ac

Tomegaly or after a penod of calaum starialwn

Sherman and Hawley found that children from
3 to 13 jears of age, upon a daily calcium mtake
of from 0 74 to I 02 grams of calcium, utilized

(i e
,
retained) from 0 15 to 0 62 gram per day,

the quantity retained was in proportion to the

nze of the child (0 01 gram, daily per kilogram)

In adults, Breitcr and his colleagues found that

the utilization of the calcium of milk varied from

153 to 30 3 per cent A negahie calaum bdUmee

13 observed in xnfanlile nckets, cehac and renal

Fio 590 Front and Bide views of skeletons of
twin brothers (albino rats) one of which had re

ceived a diet of normal calcium content (wheat
meat and milk) whereas the other had received a
low calcium diet (wheat and meat) (From Sher
man and MacLeod )

rickets, tpTve, osletmalaaa kyperparathyroid

ism, hyperlhyroidtsm (ch 57), dunng stano

lion or calaum defiaency and usually dunng
laclahon In infantile nckets, celiac nckets and

ostcomabcia (p 90S), ntamin D administration

reduces the negative balance, estabhshes cal

cium cqmlibnum, or induces a po«ittv e balance

The chief effect of the vntamm is to increase the

absorption of calcium through the alimentary

tract It also augments the calcification of bone

and cartibge Vitamins A and C are also con

ccraed in normal bone formation (ch 53 and 54)

The dailj calcium requuement and the calcium

content of vanous foods are given in chapter 55

(see also flg 59 6)

Phosphorus Metabolism

The adult body contains about 700 grams of

phosphorus of which some 80 to 85 per cent is

found m the bones and teeth The daily require-

ment (1 2 grams) is 1 5 tunes that of calcium

The mineral may be obtained from a wide vanety

of foods Because the foods containing most phos

phorus are also nch sources of calcium and pro-

tem it can be assumed that a diet containmg

sufficient protem and calcium also contains suf

fiaent phosphorus However, if an excess of cal

citim IS present, the absorption of phosphorus

may be unpeded due to the formation of insolu

ble calcium phosphates m the mtestmes

Inorganic phosphates comprise about one half

of the total blood phosphate In adults the nor

mal blood level is 35 ± 05 mg per 100 ml

In children the level is higher by 1 to 2 mg per

100 ml because of the actinties of growth hor

tnone The serum levels of phosphorus and cal

aumare closely linked, the one varying inversely

with the other The relationship is such that the

product of the total calaum m milligrams per
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100 ml and inorganic phosphorus m bulbgrams

per 100 ml IS approximately constant This

bthiy product ranges between 30 and 40 m adults

and 40 and 55 in growing children It Teas es

tablished by Howland and Kramer m 1922 that

rickets occurs m children if the product falls be
low 3o and that heahng takes place if it rises

above 40 Tlie scrum phosphorus is also said to

fluctuate directly with the blood sugar

Tiif rmernos of Parathyroid Hormove

The primary concern of parathyroid hormone
IS the maintenance of a normal level of ealcium

in the blood Following parathyroidectomy the

blood calcium falls to a low level which is how
ever maintained by residual homeostatic mccha
nisms If the parathyroidectomized arumal is

subjected to bleeding and replacement wnth cal

cium free blood then tl e blood calcium is restored

to the low basal lev el It is the function of para

thyroid hormone to raivj the blood calcium level

to tlut prevailing normally

The means by which parathyroid hormone is

able to maintain a normal blood calcium level is

not yet certain although some features are be
coming clear At one time there was considerable

argument over the queotion whether parathyroid

hormone CTcrted its action mainly through the

kidney or by a direct efTect on bone It now ap
pears that the hormone acts at both site*

Because the first change observed following the
administration of parathyroid hormone is a rise in

the urinary excretion of phosphate Albright and
his aoociatea adopted the view that the hormone
exctled it* paraaty action on phosphate tnetabo

lism nisworth suggested that the reabsorption of

phosphate from the kidney tubules was reduced
whereas in the opinion of Albright and Reifen

stein the phosphate dissolved in the tissue fluids

was affected in such a way as to make it more
readilv excreted by the kidney Tie ensuing fall

in serum phosphate and change in the calcinm

phospl orus solubility product produces reabsorp

tion of bone salt to restore the equilibrium and a
nsc in the level of serum calcium to maintain the

solulility product produced in the face of a low

scnim phosphate Since the hypercalcemia leads

to a loss of calcium in the urine there is a con

tmued solution of bone salt

Studies on nephrectomized animal* have been
prominent in experiments designed to test the

above Ivpothesis Thus some workers (Tweedy
Tseufeld and Collip) found that parathyroid ex

tracts were unable to roi«c the blood calcium level

when given todogs cats or rats following removal

of both kidney 8 ligation of the ureters or ligation

of the renal blood vessels If the flow of unne was

restored by opening the ureters then the usual

hypercalcemia followed injection of the hormone
Others (Ellsworth and Futcher Stoerck Monahan
and Freeman and Stewart and Bow’en) have since

recorded a characteristic hypercalcemia following

intravenous parathyroid hormone administration

to nephrectomized animals generally when the

kidney s are removed there is a steady rise in serum
phosphate which through the solubility product

will tend to reduce the serum calcium Mhen the

parathyroids are further removed there is a

prompt fall in serum ealcium indicating that en

dogcDOiis parathyroid hormone is able to keep up
the eerum calcium m the absence of the kidneys

The difficulties an«ing from the use of nephrecto

mixed animals and the reservations which must be

made in the interpretation of the findings are

underlined by the work of Gfollman who found

that if the blood levels of phosphate and calcium

are maintained within normal limits by peritoneal

dialysis the nephrectomized dog will respond to

parathyroid extract with an hypercalcemia An
extrarcnal action of parathyroid hormone was tbu#

established

The evidence m favor of an extrarenal action of

parathyroid hormone must not be taken to exclude

a direct effect on the kidney for recent work has

ehown that the reabsorption of phosphate is af

feoted Administration of parathyroid hormone
depresses the tubular transfer maximum (ch 34)

of the kidney

The production of experimental osteitis fibro<a

following parathyroid hormone adrmnistration

drew attention to the possibility of a direct action

of the hormone on bone Selye found m rats that

correlated with the hypercalcemia and hypercal

ciuna there was an incrca>e m the number of

oste<jcl8.st9VQbcinft(p lOfiS) VvitkcnuUaued treat

ment the osteoblasts increa«e m number whereas

the oeteoclaats are reduced a change which ac

cords with increased calcification of bone and a

return of the serum calcium to normal Osteoclast

proliferation and resorption of bone have also been

observed in nephrectomized animals following

treatment with parathyroid hormone Although

nephrectomy itself elicits similar though mild

bone changes such changes are prevented by para

thyroidectomy so that a direct action of tl e hor

mone on bone seems likely Conclusive evidence

to this effect was obtained by Barnieot andsubse

qucnlly by Chang Barnieot transplanted p eces

of panetal bone together with parathyroid tissue

to the cranial cavity of mice Intense osteoclastic

activity and resorption of bone was observed

perforation of the ^ne eometimes occurred Cal

ciferol and Vitamin A also known to affect bone

metabolism had a similar effect but as Chang

showed control grafts of cartilage gastricmueosa

pancreas bone marrow thyroid and other tissues

had no effect The hi«tological changes in bone
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following parathj roid homonc adminifitratton oc

cur quite rapidl> , McLean and Bloom obcerxed an
extensive proliferation of osteoclast? and destruc

tion of osteoblasts 6 hours after the administra

tion of a large do«e of hormone to rats

Although it appears quite certain that paratby

roid hormone acts directl> on bone, the nature of

this effect remains ob=cure One early Suggestion

was that the solvent power of the plasma for cal

cium IS increased, and McLean and co worLers

have produced evidence for the view that super

saturation of the pla«ma with bone salt occu« It

now seems that calcium is mobilized from the

deeper areas of bone and that citnc acid ma> be

involved in the metabolic processes concerned

(Talmage) The po5«ibiIitj that the hormone ma}
act upon the “unealciSed ’ bone matrix js al«o re

ceiving attention

In summary
,
then, it appears that the secretion

of the parathy-roid gland acts directly both upon
bone and the Lidney a

The CONTBOl. of PAR-V-ntYROID

GUVND ACTnVTTY

The ^cretion of paraUijTOid hormone is not

subject to nervous control, attention must be

directed instead to the concentration of calcium

and phosphate ions m the ph«£na Tliere is bttle

doubt that the «ccretion of hormone by the para

thvrotd ts stimulated by a lo« level of calcium

Perfusion of the thyroid paiathyroid compfev

with decalcified blood and injection of (he per

fusate into nomul dogs nised the scrum calcium

from 1 3 to 4 9 per cent vnthin 3 hours or le^s

Hy pcrplasuv of the parathyroid glands occurs in

those conditions having a tendency toward a low

scrum calcium, such as ncket« and pregnancy , and
has also been produced expenmentali) by estab-

lishing a chrome hypocalcemia Conv ersply , tbc

elevation of the serum calcium by the intravenous

infu'ion of calcium salts m normal man is fol

lowed by a dimmi«hed phosphate output by the

kidney despite a rising blood phosphate con

centration, a response associated with a low level

secretion of parathyTOid hormone

Currently , attention is also being paid to the

proposal that elevation of the plasma concen

irattoa of phosphate may call forth an increased

«ccrcti<in of p'lralhy roid hormone There is evT

dence in favor of the suggestion, although the

matter cannot be regarded as settled However,

if the point IS established, then any action of

ACTH and grow (h hormone on parathv roid func

tion may be attnbutetl to the clianges in phos

phatc metabolism mducod by the«G agents Tlie

parathyroid glands of iiy pophv «cctomizcil am
maU have been found to be smaller than tho«e

of control animals, but as a lowered «orum phos

phate IS also found m the hvj)ophy«ectoimzed

rabbit and rat, the changes m parathyroid «ire

may be presumed to be associated with the

altered blood levels of phosphate and perhaps

of calcium There is little evidence in favor of

a pituitary parathyrotrophic factor

No functional relationship between the thy

roid, adrenals, or gonads and the parathyTOids

has been demonstrated

HT?EnpMiATrmtoiDj«M

Although the terms osteitis fibrosa general-

tsala, osteiits fibrosa q/sUea or eon Reckling-

hausen s disease ore «ometimcs regarded as syn

onyTDOus with hyperparsthyroidi’m mactualitv

they repreaent an adv'aaced stage of the dis-

ea<e Tlie bone clianges that occur include de

calcification, the formation of cysthke cavities,

and resorption of the bony tissue of the trabeculae

and shaft which become largely replaced by

fibrous (issue {fig 59 7) In «ievere ca«es there

may be (1) pain m the bones (2) evtreme hypo-

(omcity of the skeletal muscles (3) elevation of

serum calcium (sometimes up to 20 mg per 100

ml or more but usually not above 15 or 16 mg

)

(fig 59 8) (4) fall m the serum morgamc phos

phate (to below 3 mg per 100 ml ) and a nse

in serum alkalme phosphatase (5) mcrcased un
nary elimination of calcium and phosphate, and

polyuna together with occurrence of renal ca!

Fiq 59 7 Showinu section of humerus from & ea-.e of generalized osteitis fibrosa cystica (From
Hunter and TSirnbul! after Hill and Lucej )
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Fio 69 8 Showing the chemistry of blood in

hyperparathyroidism and the effect of removal of

the parathyroid tumor (From Hunter )

cull and renal damage (this latter mai take the

form of peritubular calcium deposits leading to

interstitial fibro«is and cjstic dilation of the tu

bules (Anderson)), (G) metastatic calcification

may be observed in the subconjunctival tissue su

pcrficial Ujeta of the cornea lungs, artenes, and

heart, (7) spontaneous fractures, deformity of

the bones of the bmbs or spine, and reduced or

irregular density of bone is indicated by X ra>,

and (8) some degree of anemia due to fibrosis

of the bone marrow Howcier as emphasized bj

Reifcnstem and Howard, it is possible to have

four kinds of hyperparathjroidism, namely, (1)

chemical hyperparathyroidism without bone and

kidney disease, (2) hyperparathyroidism mth
kidney

,
but n ithout bone, disease, (3) hyperpara

thyroidism mth bone, but without kidney in

volvcraent, and (4) classical hypcrparathy'roidism

mth both bone and kidney damage These dif

ferential effects may possibly depend on such

factors as the dietary supply of calcium and

phosphorus

Primary hyperpaTalhyrcndism is most fre

qucntly associated with the presence of an ade

noma of one or more parathyroid glands As

shown by Mandl in 102G the condition is re

Iiei cd by removal of the tumor, but the operation

may be followed by an episode of low scrum cal

cium and tetany due partly to the inactivity of

the rc«idual parathyroid tissue (which had been

compensatonly depressed by the overactive ade

noma) and partly to an increased demand for

minerals by the heabng, minerahzing bones

Secondary hyperparathyroidwn generally fol

lows procedures which tend to reduce the blood

calcium level or rai'C the scrum phosphate It

may be induced expenmentally by (V> the pro-

vision of a low calcium diet (rats and rabbits),

^ (2) lack of vitamin D (chicks), (3) daily injec-

tions of phosphate over a period of weeks, and

(4) surgical reduction of renal tissue, of expen

mental nephritis—the former procedure pro-

ducing dwarfing m rats and a condition resem

bimg the renal nckets of children (Pappenheuner)

In the human subject, hy perplasia of parathyroid

tissue may occur physiologically in pregnancy

and lactation, and pathologically in association

with renal disease which reduces kidney funo

tion and produces a retention of phosphate

TnEHAPEcnc Uses op Parathttioid Extract

Although the administration of parathyroid

hormone would seem to be the treatment of

choice m tetany, its use in the clinic is limited

because of the production of antihonnoncs with

frequent injection There is also the tendency

toward deminerahzation of bone (which may be

utihzed ebnically in the treatment of heavy

metal poisoning) to be considered In view of

this, large doses of calcium (os chloride), lactate,

or gluconate are given in tetany together with

a high calcium diet and dihydrotachy sterol

Attempts to move extraskclctal deposits of

calcium by means of parathormone have not

met with success This is not uneTpected, mas
much as the action of the hormone m mobilizing

calcium and phosphorus is confined to the skcle

ton and may actually induce calcification of

soft tissue (see p 1069)

Tbe Relation op Vitahiv D to

Pasathtroid FcNcnov

The actions of parathyroid hormone and of vita

mm D share many points in common This is prob

ably due to the fact that both agents act to main
tain a normal blood calcium level In the absence

of vitamin D the parathyroid glands become hy

peraclive Higgins and Shcard found that the para

thyroids of chicks deprived of ultraviolet light

became hyperplastic but were restored to normal

appearance by the administration of cod liver oil

Also the effects of overdosage of vitamin D are

redaced by elimination of parathyroid function

Hess \\ein«tock and Kivkm found in monkeys

that hypercalcemia is le«s readily induced by ir

radiated ergostcrol after parathyroidectomy In

dogs, Taylor, Yield Bramon and l\ay found that

the toxic overdosage effects of irradiated ergo«

terol were less severe than usual in parathy roidcc

tomized dogs They al"0 showed that the overdos

age effects of parathy roid hormone and irradiated

ergosterol were similar in that both substances

cause the same degree of hypercalcemia (fig 599)

and hyperphosphatemia and a n»e in the nonpro

teiD nitrogen of the blood The symptoms during
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Fig 509 Senim calcium curve of a dog lEIustrating the effect of a large do«e of irradiated ergostero
given intravenously in divided do es over a period of 4 hours Note the prolonged effect upon the
serum calcium (From Tajlor, Weld, Dramon, and Kay)

life and the postmortem findings after poisoning

with either material are identical and those species

(herbivora) resistant to paralhorrooDe are eimi
larjy resistant to overdosage with vitamia D It

has aI«o been shown that either parath>roid hor
mone or irradiated ergostero! gives rise to meta
static calcification and to bony changes analagous
to osteitis fibro«a cj stica The effect of the vitamin
upon the serum calcium is slower to appear than
that of the hormone The bj percalcenua of the
vitamin once established, persists for some weeks
(fig 69 9)

Clmicall}, a product of irradiated ergosterol,

dihydrotachjatero! (AT ZO), is used as a 8ub<titute

for parathyroid hormone, since its effect does not
dimmish on repeated administration Dihjdro
tachjsterol is less potent in promoting the ab«orp
tion of calcium from the alimentary canal than
calciferol (vitamin Dj), and is also favored for

that reason

Unlike Vitamin D, parathyroid hormone does
not increase the absorption of calcium from the

intestine

Bone

The Composition of Bone

Osseous (issue freed from fatty marrow is com-
posed of organic matenal (mainly protein), nater,

and minerals The chief protein constituent is

ossein, but there are al«o small quantities of

osseomucoid and an albuminoid ^^ater consb

tutes about 25 per cent of the bone uci^t, 30

per cent organic matenal, and 45 per eeat uior

game constituents The nunerals consist of cal

cium, phosphorus, and magnesium, and small

quantities of potassium, sodium, chlorine, fluo-

rine, and iron Citrate is present in bone, indeed,

70 per cent of the body s entire store of citrate

IS contained in the skeleton The existence of a

diffusible citratebke compound of calcium in

«mrum has been mentioned That citrate and cal

cium metabolism are intimately associated seems

established, but the nature of the relationship

IS unknonn Recent nork suggests that citrate

may be m\olved m the mechanism through which

parathyroid hormone releases calcium from bone
(sec also pp 1054 and 1058)

Calcium makes up from 15 to 18 per cent of

the weight of frc<h osseous tissue and from 20

to 35 per cent of the weight of bone which has

been dned and extracted with ether

Bone calcium exists m two forms, calcium

carbonate (CaCO>) and tncalcmm phosphate

Ca»(P04)*‘ The ash of bone amounts to about

60 per cent of its dry weight Calcium const!

tutes about 36 per cent of the ash, phosphorus

about 16 per cent, magnesium 0 5 per cent, and

COj 5 5 per cent The ratio of calcium to phos-

phorus is approximately 2 2 1 The ratio of re

sidual calcium (i e , calcium other than that

present as carbonate) to nsiduaf phosphorus

(phosphorus not combined with magnesium) is

about 2 1 This is, approximately, the ratio of

the two mmerals m tncalcium phosphate Mag
nesmm is present mamly as Mgj(P04)* The
proportions of the three chief compounds m bone

ash are CajfPOd* 80 per cent, CaCOi 13 per

* Small amounts of calcium chlorideand calcium
fluonde are also present
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TABLE 59 2

Calcium of bone {dog)

I Whole Bons
1

Fr«h 1

1

Dry^

txtrxeted

Pli(»cdM>riis

Rato

Total calcium

(per cent)

IS 2o 36 2 2 1

Residual cal

eium (per
:

cent)

31 2 1

cent, and Mgj(POdi 2 per cent Some of the

foregoing data arc given in table S9 2

Ricket} bone contains a loner percentage of ash

and larger proportions of water and organic ma
tenal The ratio of calcium to phosphorus how
ever remains unchanged whether the rickets (ex

penmental) develops upon a lo v calcium or a low

phosphorus diet The magnesium content of bone

is said to be increased in rickets and in osteoma

laeis

It IS now general!} believed that the calcium

carbonate and calcium phosphate of bone are pres

cut not as separate compounds simply mixed (o

gether w ith smaller amounts of other mineral salts

but as a complex chemical structure

From n companion of the refractive indices and

\ ray dilTraetion patterns of bone and dental

enamel on the one hand and certain crystallioe

mineraU composed mainl} of eakuim and pbos

phorus Ta}Ior and Sheard concluded that the in

organic solid phase of bone and of dental enamel

resembled the apatite senes (podohte Ouorapa

tite etc) Fluorapstite which many considered to

be nearest m chemical structure to the bone salt

has the formula Ca o(P04)iFt In bone hydroxv

apatite Ca t(P04)i(OH)j in which Oil replaces F
or a closely similar compound is very generally

though not unanimously accepted os the predonu

nant compound in bone The bone salt is laid down
in the form of minute cr}sta!s Compounds in

which sodium magnesium and other minerals are

substituted for calcium are also found in bone
The ratio of total calcium to phosphorus 22 1

(or 10 atoms of calcium to 6 of phosphorus) and

that of residual calcium to residual phosphorus

2 1 (0 atoms of calcium to 6 of phosphorus) which

exist in bone aI«o support this conclusion

Pathological calcifications e g salivar} calculi

arterial or pulmonar> calcifications are believed

to be similar in chemical composition to bone

Hastings and his associates hold a similar view id

respect to a cr}8talline compound related to the

apatite senes as being the mam mmeraJ coostit

uent of bone

It should be emphasized that adult bone is

not simply an inert structural material but

hving tissue whose mineral composition fluctu

ates under the influence of other bod} functions

The trabeculae of the bone, as showm by Aub
and associates, constitute a calcium store readily

available when necessary for the maintenance

of the calcium requirements of other tissues

when the exogenous supplies are deficient For

this reason though calcium continues to be

excreted when an animal is kept even for a

long period upon a calcium free diet no change

tn the serum calcium level occurs ParathjToid

extract as mentioned elsewhere raised the serum

calcium through its action m mobilizing these

calcium stores

In birds the extraordinary demand made upon
calcium metabolism for the production of the egg

ehell has been provided for by the development

of osseous tissue within the marrow spaces of the

long bones Ucakening of the essential skeletal

structure which otherwise might result from the

withdrawal of the miDerxl during the egg laying

season is thus avoided The growth of this so

called medullary bone is stimulated by estrogens

Mormall} its growth appears to be under the

control of the ovarian secretion it is cyclical or

seasonal m character and is associated with other

phenomena of the mating season of birds eg the

appearance of serum vitcllin in the circulation an

increase in plasma fat and phospholipid and pro

nounced b>T>ercalcemia

The bones also serve a detoxicating function

elements such as lead radium fluorine and ar

seme being removed from circulation and depos

ited in the bones and teeth Mottled enamel

(chalky white patches upon the surfaces of the

teeth) IS attributed to an excess of fluonne in the

food or drinking water though smaller amounts of

fl tonne are said to be beneficial for the develop

meat of the teeth and to prevent dental canes

The mobilization of bone calcium plajs a very

minor role in maintaining the normal blood reac

tion against the ingestion or production of excess

acid Some reduction in bone calcium can be de

tected however in animals after the admmistra

tion of hydrochloric acid

Bose Formation

The Hietologg of Developing Bone

There are two types of ossification tnlramem

branaue and intracarhlaginoua or endochondral

The bones of the cranial vault the maxilla and

the mandible are formed through the ossification

of membranes The bones of the limbs and trunk

and the base of the skull arc first modeled in carti

lage which becomes transformed into bone by both
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endochondral nnd intramembnnous (t e , pcnos
feal) forms of o'i'ificalion Studies with radrosc

live isotopes have shown that calcium and phos
photus arc first laid down in the epiphysis of the

developing bone and arc later tran«ferred to the

shaft (diaphysis) where a primary center of ossifi

cationappcars and enlarging spreads toward both
ends of the bone Secondary centers appear eub'ic

quently in the epipli> sis The deposition of calcium

IS hastened by vitamin D The cartilage cells just

ahead of the spreading zone of calcification show
active proliferation and become arranged in longi

tudtnal rons (dg 5910) Thetran«forniatjonof tho

calcified cartilage into true bone is brought about
in the following fashion The cells of the deeper

layers of the membrane covering the cartilage

(penchondnum) give oS long proce6‘>e3 to form a
meshwork of interlacing fibers The®0 cells arc re

/erred to as oaUohtash The fibrous framework thus

laid down soon becomes impregnated with calcium
salts with tie formation of a lajer of true bone
just beneath the penchondnum or periosteum as

it must now be called The subperiosteal process

which IS es®enttallj the same as that whereby the

cranial bones are developed from membrane is

well advanced whereas the interior of the bone
still conoists merely of calcified cartilage The lat

ter however soon becomes invaded by blood ves

sets from the penosteum and by large roultmu

cleated cells (20 to 40 ft) know n as ostcaelasls These

cells which have a pronounced eroding action

upon the mineralized cartilage probablj through

the production of an enzyme tunnel channels

ti rough it for the convej ance of the blood vessels

and excavate small cavities The o'ccavatioos m
which the osteoclasts lie are known as Howahtp $

lacunae Osteoblasts which have advanced into the

interior of the blood vessels cause the formation

of true os«coua tissue in the walls of the spaces

formed by the osteoclasts

At a somewhat later date than that at which the

primary ossification center appears m the shaft a
secondarj or epiphyseal center appears m one or

both ends of the bone The calcification process

and subsequent ossification follow the same course

as that described for the diaphysis The epiphyseal

and diaphyseal areas however remain separated

from one another by a lajer of uncalcified carti

lage the epiphyseal plate until a certain age

which vanes between different bones

Through the combined action of osteodasteand

osteoblasts a complete replacement of the calci

fied cartilage results and the structure character

istic of bone gradually evolves The center of the

shaft becomes hollowed out to form the medullary

canal The spaces which have been formed by the

osteoclasts in the shaft of the bone itself become

joined together and constructed into the system of

fl^atcrsian canals which serve as conduits for the

transmission of blood vessels In the ends of the

Fio 59 10 Dcvclopu g bone proximal phalanx
of a 3 month human fetus kni Unchanged car
tilage ktti columns of cartilage cells iiri) zone
of calcifxing cartilage kn, vestiges of walls of
broken down cartilage cavities pk pencliondral
(penosteal) bone (black) ph penchondnum
(periosteum) and * connection between perios
tcum and primary marrow As yet no endoehon
dral bone formation (From Maximow and Bloom
after Sobotta

)

bones the spaces are much larger and irregular

and becoming filled with red marrow constitute the

characteristic spongy or cancellous bone of this

region The walls of these spaces appear in cross

section as interlacing bars of osseous tissue and
are usually referred to as trabeculae The bone
forming the walls of the Haversian canals is laid

down iQ a senes of concentric tubular lamellae

As each lamella is completed it imprisons the

ooteoblssts Within small lacunae from which nu
mcrous fine canals are given oB into these the

processes of the osteoblasts penetrate The osteo

blasts in these situations lose their osteogenetic

function but do not disappear In the developed

bone they are referred to simply as osseous cells or

osCeocytes

A long bone grows in length at the junction of

the epiphysis with the diaphysis and m thickness

through the activity of the osteoblasts of the

deeper layers of the periosteum The Haversian

canals and the marrow cavity are aleo lined wnth a

membrane (the endosteum) containing osteoblasts

through which increased width of the bone is also

brought about
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The osteoblasts and osteoclasts are concerned

not onlj with the development and growth of bone,

but are active throughout life and are responsible.

It IS believed, to a large extent at any rate, for the

lability of adult osseous tissue (p 1052) Healthv

bone IS con«tantIj being broken down, resorbed,

and repaired Several conditions may alter the

balance one way or the other between these two

proeesees, e g ,
the relation of the calcium intake

to the calcium requirement and the activities of

various ductless glands—parathyroid, thyroid, pi

tuitar> etc Large numbers of osteoclasts are in

evidence when bone resorption is taking place

Osteoclastic activity is, therefore, pronounced

when remodeling of bone is occurring, as in the

removal of excess callus or in the restoration to

normal dimensions of the enlarged end of a bone in

healing rickets, in certain bone diseases, and in

wasting diseases In old age also, the resorplive

process outatnps the processes of repair, the bones

become rarefied (sends osteoporosis) and more
fragile Ham and some other authonties deny that

the osteoclasts are active agents in the removal

of the bone tissue, claiming that the appear

anco of the«e cells is merely meidentel or sequen

tial to the resorption process

IVhen bone formation is m the ascendancy, as

during the repair of a fracture, the osteoblasts

show active proliferation

Newly formed bone is stained selectively in tnvo

by madder, a red d>e, or by aluarin, a derivative

of it These are, therefore, valuable agents for the

investigation of the growth of bone in the living

animal or of the action of parathyroid hormone
and other influences upon bone metabolism The
dje which IS given orally, is deposited with the

mineral constituents, calcium and phosphorus

A coNSiDER.^no’v or toe factors cvderlt

INQ the c^LariciTiov PROCESS Several theories

'icr»t Vimi 'KifrJina.'Ji ’m *co ‘irns

processes undcrljmg the deposition of calaum

salts m the cartilaginous matrix

1 A protein constituent of cartilage, it has been

supposed adsorbs calcium, for which it exhibits a

special affinitj, the calcium subsequently com
bines with phosphorus to form tricalcium phos

phate Wells showed, for example, that bone salts

w ere depo«ited in a piece of boiled cartilage placed

in the abdominal cavity

2 The saturation of a solution with a salt such

as calcium pho"phate and the precipitation of the

latter m solid form is determined by the product

of the concentrations of the Ca'*^ and PO<“ ions in

the solution, i e , upon the ion proditcl (Ca"*^) X
(PO»“), and not upon the total quantities of cal

cium and phosphorus pre«ent The ion product at

which the solution is just saturated is called the

'<t’‘btUiy product The presence of protein in the so

lution reduces the degree of ionization, part of the

calmum, as we have seen, becoming bound to form
calcium proteinate, a w eak electrolj te The bodj

fluids are, therefore, capable of dissolving more
calcium phosphate than is a protein free solution

similar in its salt composition to that of plasma

The COt dissolved in the body fluids also iDcrea«es

their ability to hold calcium salts m solution Any
reduction m the protein concentration or in the

CXDt ten«ion in the body fluids would, therefore,

be expected to favor the deposition of calcium

salts

An explanation of the calcification process upon
a basts afforded by the foregoing considerations

has been advanced by Howland It is assumed that

the fluids bathing the cartilage cells have, in com
mon w-ith other extravaicular fluids, a lower pro

tein concentration than has plasma It is further

suggested that since the cartilaginous matrix has

a low metabolism, the COi tension of the fluids

bathing its cells is lower than that of plasma, the

pH of these fluids will, therefore, tend to be higher

Such conditions, it » argued, must favor the depo

sition of calcium salts A low concentration of in

organic phosphorus and of calcium m the plasma
will, on the other band, tend to retard caleifica

tion, this would be completely arrested if the ion

product were below the value at which precipita

tion occurs In practice, Howland and his asso

ciates have employed the product of the total cal

cium and inorganic phosphorus, each expre**ed in

milligrams per 100 ml , as an index of the ealciGca

tion process m inlantile rickets They state that in

children with active rickets the product is practi

cally alwa>8 below 40, and when the disease is

ecvere, below 30, whereas in normal children it is

between 50 and 60 (i c
.
11 mg of Ca X 5 mg of

P 55) It is obvious that a fall in either inorganic

phosphorus or calcium would tend to lower the

Ca X P product, actually two varieties of rickets

•ww; 'am ihiusjhiurtts Ttiiii i* ’<uw

calcium type It is now recognized, however, that

these are simply different stages of the disease and

that the level of the inorganic phosphorus alone is

a more useful entenon by which to judge the ex

tent of the calcification defect than the Ca X P
product For example, when ncketa is progressing

the inorganic phosphorus of the plasma is lowered

to between 3 and 4 mg or less per 100 ml , but the

serum calcium is not far from the normal level

During the stage of healing i c
,
of active calcifica

tion, the inorganic phosphorus of the blood tends

to nse and the serum calcium to fall, there

might, therefore, be little change in the Ca X P
product

Another factor considered to be of importance

in the calcification proee's is the tupersaiuraCion

of the body fluids with calcium salts That is,

quite apart from the greater solubility of calcium

salts in fluids contaimng protein and COi
,
the
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concentrations of calcium phosphate and calcium

carbonate in the bodv fluids arc constantly mam
tamed above their saturation limits, oning to the

extreme sloivncss nith which final equihbnum bo

tween the solid and liquid phases i3 established

Precipitation of the^c salts from solution will con

tmuesolongas the ion product is above that of the

saturation level

Calcification, however, cannot be explained

upon a phj “icochemical basis alone, the activity

of living cells is also involved in the process Ship

ley, Howland, and Kramer showed, lor example,

that m experiments in cilro, calcification was in

hibited by a protoplasmic poi«on such as HCN
Two view s have been expre««cd as to the nature of

the vital processes concerned

3 att, from a comparison of the shapes of cal

cium phosphate particles precipitated m certain

inert colloids with tho«e formed in bone, concluded

that calcification was not a simple precipitation of

calcium phosphate from solution but was due to

the active sccrefion by the osteoblasts of bone
salts derived from the calcium and phosphorus of

the blood

4 According to Robison and his colleagues, cal

ciEcation sa primarily dependent upon enzyme ac

tion through which the fluids in immediate relation

to cartilage cells become highly supersaturated

with calcium phosphate The«e observers have ac

cumulated much evidence in favor of their view

The} have demonstrated the pre«OQceiR bone (and

also in plasma and other tt«sues, see below) of an
enzyme capable of bydrol>zins various phosphoric

eaters, c g ,
hexo«emooophosphate, glycerophos

phate,etc This enzyme is called pAosp^ctase It is

believed to be a product of the osteoblasts, the

proliferating cartilage cells and the cells of the

inner la)er of the periosteum According to this

conception of the calcification process, the enzyme
liberates inorganic phosphate from phosphoric es

ters and raises locally, the concentration of the

PO<“ ion The product of the concentrations of the

Ca"*^ and POi“ ions then exceeds the solubility

product of calcium phosphate, which is in con<e

quence deposited in the cartilagenous matrix

Evidence bearing upon this hypothesis is as fol

lows

1 It was shown by Robison that when the bend
of a bone from a rachitic rat was immersed in a
eolutioQ of calcium hexo<emonophospbate at body
temperature, a deposit of calcium phosphate oc

cuned in the zone of preparatory calcification (p

10S2) Thiswaaattnbuted totheliberationbyphos

phatase of inorganic phosphate from a phosphoric

ester, thus raising the product of the concentra

tions of PO 4
* and Ca*^ 10ns

2 Shipley, Kramer, and Howland found that

calcification of a rachitic bone occurred if placed

in normal serum Calcification aleo resulted if the

bone were placed in a sterile solution of inorgame

salts containing sodium chloride, sodium bicarbo

Date, and magnesium sulfate, together with cal-

cium and inorganic phosphate m the same concen-

trations as in normal serum Thej concluded that

living processes were concerned, since calcification

was inhibited b} IICN The} believed, however,

that phosphatase could have pJa} ed no part in the

proce«9for the artificial solution did not, of course

contain a phosphoric ester

3 Robison claimed that the result of the experi

ment just described was dependent upon the fact

that in the solution u®ed, the concentration of the

calcium phosphorus compound was near the point

at which spontaneous precipitation might be ex

pected to occur In normal plasma, as already men
tioned, calcium and phosphorus remain in solution

at these concentrations because it contains protein

which dcpre<‘Cs the ionization of calcium, the ion

product upon which precipitation depends is,

therefore, considerabJylower RobjeoaandSoames
showed that calcium phosphate precipitates after

a few da}s from a solution such as that employed

by 8hiple> and asoociates if simplj allowed to

stand It was found indeed by the latter workers

that the addition of protein to the extent of 1 or 2

per cent inhibited the calcification of the immersed
bone Robi*on and Soames showed later that

though calcification of rachitic bone will occur

when immersed in a solution containing calcium

and phosphorus if the conccatraCions are su/B

eienti} high, 1 e
,
Ca X P product over 40 (4 mg

of phosphorous and JO mg of calcium per 100 cc ),

calcification will not occur if the product is lower

than this unices a phosphoric ester is added Quite

small amounts of the ester (glycerophosphate)

were suiEcieot to cause calcification

4 Phosphatase is present in bone in largest

amounts when and where active calcification is

taking place (see below), which strongly suggests

that it plays an essential role in the calcification

process

5 Oriaio facts have been cited as opposed to

the phosphatase hypothesis (a) m rickets the

phosphatase activity of bone and plasma is in

created rather than the reverse, and in the blood

of rachitic rats the percentage of phosphoric esters

hydrolyzable by phosphatase is not below normal,

(b) norma! plasma contains only very small quan
titles nf phosphoric esters, which seem inadequate

to supply the inorganic phosphate necessary for

tbe calcification process, and (c) certain tissues

which do not calcify normally are nch in pho«pha
tase whereas other tissues, such as the arteries

which are frequently the site of pathological calci

Gcation, do not contain the enzyme
Robison did not contend, however, that the

phosphatase mechamsm is the only one concerned

in the calcification proce«s for, as mentioned

above calcification will occur la the absence of a
pbospbone ester provided tbe conceDtratioD?_,p
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cileium and inorganic phosphate are sufficient!)

high lie and his colleagues found that when bone
slices were treated with KCN or with certain fat

folvenls (alcohol chloroform or acetone) before

placing them in the supersaturated solution, calci

Ccation did not occur in the absence of glycero

phosphate These substance” however exerted

little or no inhibitor) effect if glycerophosphate

were present le the pho«phata'e mechanism
was not paralj’zed and calcification proceeded

formalin on the contrary prevented calcification

whether a phosphoric ester was present or not

The«e results in Ilobi«on s view point to two dis

tinct mechanisms governing the calcification proc

€«« (1) The pho«phata«e mechani«m poisoned by
formalin which produces in the fluids bathing the

cartilage cells a state of supersaturation >n respect

to bone salt (2) A mechanism poisoned by several

agents especially cyanide which is re«pon«ible

for the deposition of bone salts from a super«atu

rated solution whether this is the result of phos
pi ata«e action or is brought to the cartilage ma
trix from another source The nature of the second
mechanism i« unknown It mav be due Robison

suggests to a slight increase in the pH of the

matrix fluid brought about by some membrane
crjuihbrium Since this mechanism is inhibited or

P'lrah’zed by cyanide it is evidently dependent

also upon the activity of living cells

At the present time a satisfactory <le«cnp

tion of the processes underlying the calcifica

tion of bone cannot be provided Among the fac

tors contributing to the prevailing uncertainty

two arc prominent

1 There is no agreement concerning the precise

sttucture o( bone salt ot of the idenUty of the

mineral deposited during calcification Although

It 18 accepted that the material is of the general

nature of an apatite a complex of tncalcium pbos

phate and calcium hydroxide there is aI°o the

presence of carlionatc and its variable composition

in different areas to be accounted for Perhaps the

bone salt may be precipitated in one form and
then remodeled to another

2 The function of alkaline phosphatase remains
ol -cure Although there is little doubt that the

enryune is concerned m some way with calcifica

tion the view that the phosphatase may be con

ccrnel with the production and maturation of the

bone matrix prior to calcification rather than

with the deposition of bone salt is now thought
possible In this connection it is of interest that

ossifying areas of cartilage display a particular

affinity for calcium and phosphate even after boil

ing (Ualdman)
Additional suggestions are that the cniyme

might be concerned with the formation of a phos
ate ester acting as a template for the catalytic

crystalization of bone salt, of that it keeps the

surface of bone crystals free of ester phosphate

thus permitting continued crystal growth

The DISTRIBimOV A^D PROPERTIES OF *ALKA
' PHOSPHATASE Pliosphat'i'ic* IS present m

greatest amount m ossifying cartilage, in 'mailer

amount in formed bone, but is absent from

resting epiphyseal cartilage and from nonossifying

cartilage in other situations It was ®liown by

Robison to bt absent from the patella before the

appearance of the ossification tenter in this bone,

but present thereafter The ti?cth of y oung am
mala contain it m relatively large amounts It is

present in milk’ and also in the floral parts of

plants

The optimum pH for pho«phata«e activity is

around 9 0 Magnesium ions gfcatly incrca«e the

activity of the enzyme whereas calcium ions are

mildly inhibitory Pho'phata'C activity has been

demonstrated in a number of tissues (see table

59 3) The alkaline phosphata'c in plasma kid

ney and intestine are not necessanly identical

with that found in bone ina«much as the bone and

kidney phosphatase but not intestinal pbo’pha

ta'e are inhibited by bile acids Bone is appnr

ently the main if not the sole source of plasma

pho«phAta«c since tins IS not appreciably reduced

after the removal ol various organs (intestine kid

ney spleen pancreas etc )
Phosphatase is ex

crcled by the liver a marked n'e in pla«ma pboa

phatase therefore occurs in obstructive yaundice

and ID jaundice due to liver damage but not in

Ibe purely Lerooly tic ty pe (ch 39)

The pathological calcification of arteries such as

the aorta which Ivay states docs not contain the

enzyme cannot be Eatisfactonb explained upon

the pho'phataoe hypothe'is of Rol ison The phos

YhAta-'e. w. AyaoA. vi/L \V«. tfAnri wlvi t.ui®'ifts. roan,

tioned 18 reduced by the administration of irra

dialed ergostero! in amounts which cau«e the

withdrawal of calcium from the bones and calcifica

tion of the tissues whereas small do'es cause an

increase On the other hand it has been si own by

Kay that the pla«ma phospl atase is increased

often markedly in diseases involving exten«i%e

changes in bone structure (see table 59 4) Bone

and certain other tissues eg kidney serum and

semen but eapeciallv the human prostate contain

*Fh<Mphatase activity is expressed is the num
ber of milligrams of inorganic pbo«phonis liber

ated per gram of tissue from rorlium e glycero

phosphate after 48 hours hydrolysis^ at the

optimum pn and at a temperature of 38'C
•Kay and Graham have introduced a test by

which one may determine wl other a given sample
of nulk 1 as b»u properly pasteonzed The test is

based upon tie fact that tl e temperature used m
the pastcunzntiOD process destroys the activity of

the enzyme
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TABLt 50 3*

RelaUie phoiphalase oetiitfjr of tmue eztracU prepared under stmilar

eotidilions from lanoJis mammalian ligsKcsf

Tissue

1

Rttettoce

fwW)
Robison
(1913)

1

Ksy tl«S) 1
Kay

(
own

tfltl
1

Adult
Adult rat
—average

Rabbit C»l Mau

Iiile'-tine 1(W

Duodenum 50t 93t 57t 46

Jejunum loot loot
'

8ot 33

Ileum 1 53t
1

sit loot
1

15

Colon 31t 1 27t 1 6

Kidney 58 36 33 1 38
1

35
I

1

100

O'lsifMng cartilage 100

'ITioJe bone 20
1

10

1

®

1 7fi

Liver 16 43 12 4 4

Pancreas ' 8 11

Lung
1

10 1 26 7 20

Blood 14 1

Testis 12 13

Brnin cerebrum 3 ' 3 4 ?

Cardiac muscle 1
,

1 5

Skeletal inu<cle 4 1 1 2

Arterv ' Vil Nil

* Modifiedfrom Kft}
,
U D, Physiol Il«v

,
1932, 12, 3^

f Tbe figurG« in each column are relative one (o the other, but the dilTerent columas cannot be com
pared quantitatively

$ Mucosa only

TABLE 594*

Changes in (he phosphatase content of the plasma in disease

Oisrtsc Number M Cases

!

1

FbosphaUse Conteat of rUsau

Hishest tawest Slcia

Arthritis n-ithout bonj changes JI 0 33 0 11 0 17

Arthntis with bony changes 7 0 2o 0 09 0 17

Exophthalmic goiter ! 7 1 0 75 ' 0 27 0 47

8f
1

0 53t ,

0 19t 0 36t

Osteomyelitis 8 0 41 0 14 0 27

Fragilitas ooseum (infants or children) 6 0 66 1 0 16
1 0 41

Acromegaly 2 0 32 0 22 0 27
Rickets (infantile)t 13 1 7 0 42 1 03

Rickets (renal) 2 1 5 0 9 1 2

Adolescent rickets 1 >2 4

Osteitis fibrosa (generalized) 3 >2 5 1 5 >1 8

3t > 8t 1 06t >1 31f

Osteitis deformans 24 1 34 0 65 >1 7

• Modified from Kay H D ,
Physiol Rev , 1932, 12, 412

t Hunter (1930)

t Average for normal infants approximately same age = 0 32 arbitrary unit Average for normal

adults «= 0 10 to 0 21 unit
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&Q ‘ acid" phosphatase Ita optimum pH la be

tween 4 and 5 4 Ita concentration in the aetum is

increased in prostatic cancer with metastaaea

Defects op Ossificatiov and
Pathological Calcifications

Dveoies of Bone

Several of these ha\c already been considered

m other parts of the text—in/anfi7e ncketa,

on pages 447, 453, and 454, osleoTnalaeta on page

908, and osteilts fibrosa qjatica on page 1059

The hardness, strength, and ngidity of healthy

bone depend upon the proportions of the organic

and inorganic constituents incorporated into its

structure, much as the properties of a pbster

bandage depend upon the impregnation of the

cotton mesh with plaster of Pans The mineral

and fibrous components are of equal importance,

each reinforces the other The cotton bandage

has a certain tensile strength but lacks ngidity,

a cost of plaster of Fans alone has maximum
ngiditj, but IS brittle and readily broken or

crushed In most bone diseases the normal pro

portions between these two components are

altered In nckets and osteomalacia, for example,

the bone salts are reduced in relation to the

organic matenal In these diseases, as abo in

osteitis fibrosa eystica, the bones arc m conse

quence softer and more jneldmg than llie normal

In certain other bone conditions the proportion

of mineral to organic material is increas^ The
bone as a result is brittle and easily fractured

In other instances again there may be bttle

change m the proportion of the«e two matenab

but the mass of the bone is increased or dumn
i^hed with corresponding variations in strength

Osteitis deformans (Paget a dircase) i8 a disease

of the skeleton involving mainly the bones of the

skull, pelvis, limbs, and spine The cranium is en

larged and its wall greatly thickened, the Jong

bones of the limbs are massive andcurved theback

IS bowed (kyphosis) and its movements restneted

The organic matter of the bones is increased and

the calcium content decreased, but the total

amount of phosphorus is not far from normal A
pronounced degree of arteriosclerosis is frequently

a feature There is good evidence that the over

growth of osseous tissue is secondary to a primary

bone destruction Metabolic studies in this disease

have yielded little information though there >s

said to be a retention of calcium and phosphorus,

the blood alkaline phosphatase level is high

Fraffihtas ossjum (osleosenesis imperfecta) is a

congenital disease characterized b> thinness and

extreme fragility of the skeleton, especially of the

long bones and nbs The cranium shows defective

calcification Fractures result from the most trivial

tojunes or may occur without any apparent cause

UniOD and healing of the fractures occur, however,

as readily as m a normal bone The bones have a

low calcium content, the cortex is very thin, and
the medullary cavity dilated

Achondroplasia is a congenital disease m which
endochondral ossification (p 1062) of the limb

bones, especially the bumen and femora is de

fective Periosteal ossification is active The long

bones are, therefore, much shorter and thicker

than normal, strong, and dense A characteristic

type of dwarf results, short arms and legs with a

trunk and head of almost normal dimensions The
bones of the base of the skull fuse prematurely and

the development of certain facial bones is abnor
mal Achondroplastic dwarfs develop, as a result

of these abnormalities a distinctive facies, de

pressed nasal bridge (pug nose) a broad forehead

and prominent lower jaw
jl/ar61e or chalky bone (Albers Sehdnbergs dis

ease) In this ccmdiUon the density of the bone is

greatly increased, the cancellous tissue is filled

with a chalky material and the medullary canal

ma) be almost obliterated by the concentric thick

emng of the shaft The excessive calcification

however, renders the bones soft and brittle Calei

fieation of soft tissues (artenes lungs tendons)

IS often a feature The disease is exceedingly rare

The cau*e or causes of the foregoing osseous ab

normalities is unknown The possibility of some

endocrine disorder of course comes to mind but

there is little or no evidence of such
Renal nclets renal esleihs ^6ro«a eysliea, or

eeneraltsala This is a condition commencing most
usually in childhood and associated with chronic

oepbrilis, rarefaction of the skeleton dnarfism

low serum calcium and, sometimes, calcium de

posits in the soft tissues especially in the kidneys,

there are also acidosis and phosphate retention

The parathyroids show hyperplaoia )) e have seen

that a n«e m eerum phosphate causes a reciprocal

reduction in scrum calcium and it is usually held

that the hypocalcemia seen in this disease is due
to the retention of phosphate resulting from the

renal insufficiency The hypocalcemia so produced
causes. It IS presumed a dram of calcium from the

bones Increased excretion of phosphate into the

intestine as a result of the diminished excretion

by the ludney i\ith consequent depression of cal

cium absorption is possibly a contributory factor

in the production of the low serum calcium

Albnght and his colleagues suggest that renal os

teitu fibrosacjstica or generalisata is a more ap

propnate name for this disease than renal nckets

snaamuch as the histological changes in the bones

are indistinguishable from primary hyperparathy

nndism (p 1000) This bnngs up the question as to
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whether the dcmincralizatiDDof the Bkeletonisdue

to the h3'pcrparath\ roidi«m induced as a eoropen

satory reaction to the loii serum calcium In the

opinion ol Albnght and his associates, the Trith

dranal of cnlcmm from the skeleton is not directly

due to the parath) roid hj'perpla^ia i e , to the

parathyroid hormone itoelf, but to the acidosis

which results from the failure of the diseased to

nal tubules to produce ammonia Calcium is u^cd

as a ba‘c for the neutralization of aeid, the tend

enc> toivard a fallin «erum calcium is met b) the

withdrawal of calcium from the bones Parathyroid

hyperplasia occurs as a compensatory reaction to

the hypocalcemia The effect upon the bones was
found to re«pond to measures which reduce (he

acido«is

Calcxfication of Soft Tissues

Xhjrlrophc calajicaiion is the term npphed to

the deposition of calcium salts in dead, dying,

or chronically inflamctl tissues and in arras of

fatty or hyaline degeneration Thus areas of oc

crosis, infarcts, scar tisnie, caseous tuberculous

areas, and d^ncrated nerve cells tend to

undergo calcification Calcification also occurs

m the infarcts of the placenta w htch appear to

tlie later half of pregnancy Many of the

ampics of pathological calcifications to be de-

«cnbetl are simply special c\amplo3 of dystrophic

calcification The factors doteranrung the depon
lion of calcium salts in dcntalizcd tissues are

ob«cure It has been suggested that since the

CO] production m such tissue is minimal or en

tircly absent they mil have a more alLalinc

reaction, this, of course, would tend to cause

the deposition of calaum salts

CiT^/fiors cs thff oicnM gifva c>JO<^tf<nrs to

which (1) cslafied areas are scattered throughout

the skin and subcutaneous tissues (cafcinosis ctr

cumscTipla) or (2) a more generalized calcification

of ekm interstitial tissues tendons fa<=cia or mus
cles occurs (calcinosis untcersahs) When the cal

cification process involves predominantly the in

tcrstitial tissues of the muscles the condition la

usually referred to as myositis osstficam In calci

no«is the calcium and phosphorus levels of the

blood are normal Metabolic studies have in some
in<taQce8 revealed a retention of calcium la the

region of the calcified areas true bone fonnatioo

may occur Ca]cino«isof the superficial tissuesis in

many ca^es associated with scleroderma (a condi

tion characterized by induration of the skin due to

an increa«e in the intercellular collagenous ti suel

The cau«e of calcinosis is ob«cure the calcification

process mav be secondary to degenerative changes

m the tissues themselves There is no evidence

tliat it IS dependent upon an abnormality of para

thyroid function, though Selye has reported a con

dition in rats resembling scleroderma following

the sdiDinistration of parathyroid eMract

Abteriai, c.vLanav.Tio\ Arlmosclerosia is

Been in two mam forma (1) the aihposderosia

(aihere » cru«hod gram, porridge) of Marchand,

(2) the fnedinl sclerosis of Monckeberg

Metastatic CALCTncvno> Thistermconnotes

a transference of calcium from the skeleton to

the soft tissues It occurs m animals treated

wiUi excessive doses of parathyroid extract or

irradiated ergostcrol Though the calcium de-

posits may be found in any of the soft tissues,

the arteries kidneys and lungs are especially

auoceptible to calcification The fundus of the

stomach is also a common «ite It will be noted

that the three laxt mentioned organs eliminate

acid, and it has been suggested that since this

will leave the cells more alkalme in reaction a
condition fav-orable to calcium deposition ts ere

ated Metastatic calcification al«o occurs occa

sionally cbmcallv It has been reported in hyper

parathjToidism (p 1060), renal nekets and m
certam bone diseases, e g , multiple myelomata

It 13 very natural to assume that m conditions

of disturbed calcium metabolism and destructive

disease of bone the calcium deposits are simply

the result of the excess calcium in the circulation

It ts quite possible, however that m some in

stances at any rate, it is secondary to ti&sue

mjury and may therefore be m reahtv , a typ®

of dystrophic calcification induced by a toxic

agent ParathjTOid ex'tract and irradiated ergos

terol, for example besides their effects upon

calcium metabolism have a defimtely toxic ac

tion Furthermore^ metastatic calcification is m
some instances associated with hyiiocalcemia

H IS a fact of great mterest that the calcium

deposits in the arteries and in other soft tissues

m the various types of pathological calcification

have the same composition as the mam mineral

compounds of bone Evndence obtamed by both

chemical and physical methods support this con

du'^on In certain instances actual bone forma

tion occurs, even to the extent of produemg red

marrow tissue Areas of o‘»sification have been

obsened m the aorta and m the neighborhood

of calcium deposits in the necrotic kidney of the

rahbit Also, as shown by Huggins, if a section

of the mucosa of the bladder be transplanted

into the subcutaneous tissues it becomes the ate

of bone formation

Jlenat ealcuU (nephrdithiaaig Kid
Bey and bladder etones composed largely of

caleiius phosphate have been produced id expert
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mental animals (rats) by the administration of

irradiated ergosterol or parathyroid extract in ex-

cess They are apparently the result of the excre

tion in the urine of large amounts of calcium

liberated from the bones

Renal orTesical calculi are also associated with

various bone diseases of a destructive nature, they

are quite frequent in hyperparathyroidism Renal

calculi may be composed of calcium oxalate (in

acid unne), or of calcium carbonate or phosphate

(in alhalme unne), or of urates, uric acid or cys

tine There is an undoubted relationship between

the unnary excretion of citrate and the production

of calcium stones Citrate excretion is reduced m
those sufTenng from renal calcium deposits even

though the intake of citrate is greatly increased

In normal persons, the unnary excretion of citrate

runs parallel with the calcium excretion and vanes
Tkith the calcium of the diet It is suggested that

citrate in some way reduces the tendency toward

the precipitation of calcium Nephrolithiasis is

patticularly prevalent in the tropics and the pos

sibihty has been suggested that hypervitaminosis

D, due to overirradiation with ultraviolet light

and, possibly, deficiency of vitamin A are causa

tive factors The production of renal calculi in

animals by hypervitaminosis D, as mentioned
above, occurs only, honever, when doses are em
ployed which cause bone resorption and an m
creased concentration of calcium m the urine Such
results have, therefore, little bearing upon the

question of the production of urinary calculim the

human aubiect Also, though there is some evt

dence that avitaminosis A is conducive to the de
vclopment of unnary calculi in animals (the

cornification of the epithelium of the unnary tract

being, apparently
, a predisposing (actor), there is

little warrant for applying the results of animal

experiments to the question of urinary )ithia<is in

man
Albright’s syndrome {polyoalolic fibrous displa

sta, osteitis fibrosa diiseminata) This is a rare dis

caee mth bizarre manifestations, consisting of
bone cysts, fractures, patches of brown ptgmenta
tionin the skin, outnard boning of the femur, and,
in female children only, precocious puberty The
bony changes resemble those of osteitis fibrosa

cystica but arc more localized, they, as well as the

cutaneous pigmentation, often show a segmental
distribution, suggesting a neurological or develop
mental origin There is no evidence of parathyroid
OTcractmty or of a fault in any other endocrine
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60
THE ENDOCRINE ORGANS OF SEX

The Genetic Basis of Set

The sex glands—testes and ovaries—are known

also as the gonadi and are the primary orgaiu of

tex They furnish the male or female sex cells (sper

matosoa or ova^ and the hormones upon which

the uUimale maleness or femaleness of the indi

vidual depend Associated with the sex glands are

organs which are essential for procreation but

who«e activities are governed bj the secretions of

the sex glands The<e are the accetsory tex organt

and include the external genitalia as well as the

uterus, fallopian tubes and vagina m the female

and the seminal vehicles and prostate glands of the

male Certain sexual characteristics the tecondary

tei eharatitrs, make their appearance at the time

of sexual maturity (puberty) They include the oc

currence of hair on the pubis of the human male

or female, the deepening of the voice to men the

development of the mammary glands in women
and the psychic manifestations in both sexes Id

certoiR other forms the secondary sex characters

diflcr even more noticeably, (e g ,
the develop

menl of the antlers of stags, the diitiactive plum
age of birds the comb and wattles of the cockerel)

The genetic sex of an animal is determined at

the time of conjugation of the gameUs (sperma

tozoon and ovum) and depends upon which one

of two t}pes of chromosome is contained in the

sperm cell The cells of the human body contain

23 pairs of chromosomes During gametogene'is

the pairs are split so that each gamete contains a

single representative of each of the 23 pairs of

chtomosotnes, iti other words 23 chromosomes in

stead of tC This is the process of meiosis The part

ners in one pair of chromosomes of the male, the

sex chrnmo'omcs, are dissimilar, one X, is larger

than the other, Y, and during meiosis these are

separated so that one male gamete will contain an
X chromosome and the other a \ In the female
two \ chromosomes are in combination as the sex

cliromosomes, so that on meiotic division to form
ova each ovum comes to possess one X ebromo
some It will bo seen that the chromosomes deter

mining sox are earned by the gametes produced by
the male If an ovum is fertilized by a sperm bear
ing an \ chromosome then the combination XX
will be produced and result m the development of
a female On the other hand, if the fertilizing

sperm bears a Y chromosome, then the X\ com

bination produces a male It is perhaps worth

noting that in birds the hcterogametic sex (XY)
IS female, whereas the sex possessing two X chro

mosomes (XX) is male

Besides carrjing the genes concerned with sex

determination the sex chromosomes may also con

tain the genes controlling certain diseases and de

fects Hemophilia, color blindness and fishskin

disease (ichthyosis) are examples of such abnor

maiities Hemophilia and color blindness are

transmitted from grandfather to grandson,

through the intermediary of a normal earner fe

male and are conveyed on the X chromosome,

whereas ichthyosis passes from father to son txa

the Y chromosome If a man afflicted with bemo
philia marnes a normal woman the disease is not

transmitted to hts sons (XY), for the X chromo

some received from the mother does not carry the

defect and neither does the Y chromosome re

ceived from the father The daughters, however,

have received an abnormal factor in the X chro

mosome from the father as well as a normal one

from the mother but remain free of the disease

eince the abnormal character is recessive' and is

suppreosed by the dominant normal character

Should the daughters matry and a Y-eperm fer

tilize an ovum then a male (XV) zygote results

and the child will show the disease for one of the

abnonnalX chromosomes of the mother has paired
with the Y of the father The Y chromosome does

not offset the elTect of the abnormal X chromo
some It should be remembered that since the

mother possesses two X chromosomes a normal

and an abnormal one, it is an even chance which

one the child will receive A classic series of cases

of the disease may be found among the descend

ants of Queen Victona who was a earner Eleven
hemophilics are to be found in the three succeed

ing generations

Sex chromatin Since every cell of a male m-
dividual differs from that of a female, m that it

posscsxes a dissimilar sex chromosome, it might

be postulated that suitably refined cytological

techniques would prove capable of distinguishing

between male and female cells Such is so In

1919 Barr and Bertram reported the discoiery

of a sexual dimorphism m the neurone of the cat,

since then their findings have been extended to a

1072
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liG GO I Nucki of cells m epitl rm 1 pjnox^ccHI %crof i chr >mo»omil fim !c (left) and chfomo
£om&l male (right) Note the tex chromatin indicated t»> arroHS in tl c ictnile (Prom Grumbacb and
Barr

)

XTinetj of tissues and a \anely of species, m
eluding man The difference between male and

female cells lies in a special ma«s of ehromatui,

known as the sex chrotmlin which is characten«tic

of the female In man, skin biopsj preparations

smears from the oral mucous membrane, and
blood films yield satisfactorj preparations for

studj The sex chromatin is tjpicallj a piano*

convex mass, about 1 micron in diameter J>mg
clo«o to or m contact with the nuclear membrane
(fig 60 1) It stains readil> with basic d3 es and
IS Teulgen positn e indicaUng the presence of

deeoxiTibose nucleic acid The sax chromatin ap-

pears to be a chromosomal derivative since like

the chromosomes, it is consistently Feulgen posi

tive whereas the nucleolus (with which the sex

chromatm might be associated) is Fuelgen nega

tijf Thexp ay bo pridescp ihsi ihs ssx JwwEwecws?

influence the chromatin typical sexual dunor

phism has been found in the nuclei of individuals

of all ages from the early embryo to senility It

IS likely, although not prov en that the «ex chro-

matin of female cells represents certain regions of

the two X-chromocomes that adhere together

The importance of the discovery of sex chromatm

apart from its theoretical significance hes in the

diagnosis of the genetic sex of mdividuals with

sexual anomalies such as m ca«es of pseudober

maphroditism, gonadal agenesis etc These mil

be examined further below

Sex raCto If spermatozoa carrying N. chromo
Bomes and spermatozoa carrying \ chromosomes

are produced in equal numbers in the testis and
if each has an equal chance of fertilizing an ovum
then equal numbers of male and female individti

als should be conceived In actual fact in the

human more male embrjos than female develop

the primary eex ratio is greater than one Precise

figures arc difiicult to obtain for man but in the

pig Parkes concluded that the ratio must be about

160 iOO ID cattle It IS about ISO 100 Between con

ception and delivery there is an appreciable mor
tality which preferentially affects the male so that

the proportion at birth the secondary sex ratio

lower t^ing in the pig about lOo 100 In Bntam
the human secondary sex ratio is about 106 100

Through childhood and in adult life the male mor
tality exceeds that of the female <o that numeneal

equality of the sexes i« reached during adolescence

and thereafter the females outnumber the males

At around So years or so there are twice as many
women as men The cause of the primary sex ratio

IS uncertain It has been suggested that the sper

matozon beanng the smaller Y chromosomes are

more active than tbo«e carryung the larger \ chro

mo<ome so that more male spermatozoa than

female reach the ovum Alternatively the en

rmjaonntaftlseg'eaftaf frart cocrAffiivuroneArmf

of spermatozoon—attempts to control the primary

eex ratio have been made on this ba^is

The lIormonBl Factors iti Development of

the Cemtal System

Although the sex of an individual has been seen

to be determined genetically a variety of factors

may intervene to modify embryonic sexual devei

opment The gonads are derived from me«oderma!

pnmordia arising in the genital ndgea along the

dorsal surface of the celomic cavity E'^entiaily

they are bipoiential organs which can become

testes or ovaries The testicular and ovanan com
ponents are antagonistic and the balance nor

xnatly becomes tipped so that the resultant gonad
conforms to the genetic <»e\ of the individual

Experimentally in lower forms such as amphibia

and birds treatment with sex hormones can re

verse gonadal development so that a presumptive

testis becomes an ovary and vice versa In mam
mals gonadal reversal has not been achieved ex

penmentally but evidence in favor of a hormonal
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e/Tect on gonadal development has long been

derived from study of the bovine Sreemartm

Here a etenie female calf (a freemartin) is bom as

a twin with a normal male The sexual abnormal

I ties of the freemartin include a small undeveloped

uterus and an enlarged chtons The gonads are

intraabdommal and resemble testes to a variable

extent It is well established that the freemartin is

a genetic female (this has recently been confirmed

by sex chromatin studies) and that the condition

\s caused b> a hormone that teaches the female

embryo from the male twin through vascular

anastomoses between the partially fused placentas

(Keller and Tandler, Lilbe) In the unusual case

when fusion of the chorion did not occur, and the

female embryo remained free from masculiniaation

b> the male the female twin remained normal

Jlodificatjon of the development of the uccossory

«ex structures is more easily achieved Following

castration of the male rabbit fetus the male lubu

lar system (Holffian duets) regresses whereas the

coexistent female (MQlIerian) system persists and

differentiates into a female reproductive tract

together with female external genitalia (Jost)

Removal of the fetal ovary, on the other hand,

does not interfere with the dilTercnttation of a

female genital tract Testosterone given to cas

trated males or to females stimulates the develop

ment of the ma*cu1ine characters but docs not in

hibit the uterine horns or tubes There is thus good

evidence for the existence of a hormone secreted

by the testis at a very early stage of development

which results in the repression of the female pri

motdia The early observation of Bourn and Ancel

that the interstitial celts (p 1101) of the testis are

well developed at this time supports this view, but

the identity td the etuhryoTOc testicular Iwimone

IS unknown

The facts summarized above are of unportance

in the study of a v anety of sexual abnormafities

These include true and pseudohermaphroditism

and gonadal dy "genesis In cases of true hermaph

rodilum the individual possesses both ovanan

and testicular tissue There is generally "omc

degree of ambisexual development of the genital

tract but this, and the development of the sec-

ondary sexual characteristics, is highly variable

The chromosomal kx may be male or female

Twt3 variations of pseudohermaphrodiiism exist

the male and the female type In the male tyrpe

the individual lias testes only but exhibits de-

V clopmcnt of the female genital duct sy stem to a

V anable degree Tlie patients may appear male

or female, but arc genetically male Female pseu-

dohermaphroditcs possess only ovanes and show

variable mascuhne genital dev clopmcnt The sex

chromatin is fern ile A v’anety of causes underlie

these defects but, m the female, congenital vmli*-

mg adrenal hy perplasia is the most common In

tvpieal cases of gonadal dysgenesia the internal

and external genital structures are female but

remam infantile, and there is little dev clopmcnt

of the secondary sexual cliaractenstics Congeni-

tal anomalies may be present includmg webbed
neck, Ij mphedema of the extremities, coarctation

of the aorta, and various skeletal deformities

Following the description by H H Turner of a

secKs of ca«cs in 193S the condition gamed the

name of Turners syndrome Patients with this

Syndrome do not possess gonads as such but in

the position of the ovary there is a narrow ridge

of fibrous conncctiv e tissue On the basis of ex-

penniental studies on the effect of gonadectoray

in rabbit and mouse fetus Jost and If ilkins in

dependently predicted m 1950 that some pa-

tients with gonadal dysgenesis should be geneti-

cally male This prediction was proved correct

when study of the sox chromatin revealed that

more than SO per cent of cases had male nuclei

The factors underlying this condition are obscure

Tlie Effect of Fxcision of the Gonad*

—

Castration—Spaying

Removal of the gonads of a young animal pre-

vents the development of the accessory sex or

gans and the secondary sex characters fail to ap-

pear The effects of castration upon the secondary

characters are evident even in sucli simple forms

as the earthworm and hermit crab Castration of

the male frog prevents the appearance of the

sexual changes which normally occur during the

mating season The thumb-pad and fore-limb

muscles do not hypertrophy, tlie clasping reflex

cannot bo elicited and the animal does not emit

Its characteristic croak Tlie sexual dev elopment

of birds and mammals la profoundly affected by

castration Tlic castrated cockerel (capon), for

example has a greater proportion of body fat

than does the normal bird, whereas the comb,

wattles and spurs, and the sex instincts, do not

develop Development of the spurs and plumage,

however, IS not prev ented Corresponding effects

of gonadectomy are seen m the young turkey

cock and in the young of other avian «pecje«

Removal of the ovaries (spaymg) causes the

development of spurs, a comb resembling that of

a cock, and male plumage The spayed duck as-

sumed the plumage of the drake ‘

• Male plumage is considered to be the basic or
neutral type Its development is suppressed bv the
female sex hormone when thefemale ty peof plum
age appears Hence the male plumage appears
after ovariectomy and persists after testicular re

moval
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The effects of castration upon joung cattle,

hor«es and stags ore ucU known Castration of

joung bulls ciu«08 an increase m the size of the

skeleton and a greater deposition of fat The
mature development of the accc«sorj organa la

prevented The antlers of joung stags do not

develop after castration Castration of boys be-

fore pubert) retards ossification of tlie cpipbj-scs

of the long bone® v\ ith con'cquont enlargement of

the stature due to disproportionate lengthening

of the tower limbs There is a!®o adipositj, with

a tendenej toward a feminine distribution of the

fat The larjmx is not prominent, as m the mature

male, and the voice remains higli-pitched Hair

fails to grow upon the face and bodj
,
but la un-

usually plentiful on the head Tlie penis remams
infantile and sexual feeling is suppressed Such a
state 18 called ettnucfium Ovariectomy in women
IS foUovred by changes cluractcnstic of the mcno-

pau«e (p lOSO), namely, amenorrhea, atrophy of

the secondary sex organs and obesity If per-

formed before puberty the characteristic femmme
attributes do not appear, the girl tends to become

somewhat maam«h m type whereas the acces-

sory organs fail to develop fully and menstruation

docs not occur

Sexual desire in higher animab and in the

human subject is not necessarily entirely depend-

ent upon the gonads, particularly in the male

Ov anectomized adult female chimpanzees show

few signs of desire for mtercoure but ovanec-

tomized women may show as mucli erotic be-

havior after the tuwjfltjnnaa bus exhihitrd jnreva-

ously Castration of male primates often produces

no dumnution in the capacity to mate or (ta

man) to achieve sexual climax during coitus (Ford

and Beach) In lower mammals, such as the cat,

removal of the ovanes abolishes sexual behavior

It may be recalled that, following removal of the

gonads, androgens produced by the adrenal gland

may be responsible for some of the sexual re-

sponses observ ed

Transplantation or grafting experiments If the

excised gonad (testia or ovary) is transplanted to

another situation in the body and survives the

otherwise inevitable endocrine effects of castra

tion are prevented This fact first demonstrated

by Berthold in the cock m 1&19 proves conclu

sivelj that the gonad furnishes an internal secre

tion The studies of bomotransplaats show that

fenumzation of the capon, or masculmization of

the ov anectomized hen can be mduced by trmis

plantation of the gonad of the opposite sex

The Ovanes

Development of the oiartes The ovanes as well

as the testes, anse from the celoimc epithelium

Covering the inner aspect of the 'Wolffian body
The epithelial cells of this region assume a colum
nar form and proliferate to form several layers

which constitute the germinal epithelium whereas
the mesenchymal stroma underlying the germinal

epithelium becomes thickened to form the genital

rtdge By means of a localized multiplication of

cells in the germinal epithelium fingerhke proc

es«c8 arise which penetrate into the mesenchjTnal

stroma These processes are known as the primary

sex cords and contain both germinal and support

mg tissue Up to this point there is no difference

in the differentiation of an ovary or testis If the

gonad IS destined to become an ovary then the

germinal epithelium remains thickened and pro

lifcrates a set of secondary sex cords or cortical

cords which form the definitive cortex of the adult

ovary The primary sex cords become the adult

medulla In the process of testis formation the

genmoal epithelium becomes reduced m thickness

and the primary sex cords progress to become the

seminiferous tubules

5tnicfurc of the otary The adult ovary is a flat

tened oval structure (about 3 4 cm long) with one

ofitsedges the/tifus attachednatbemesovanum
to the broad ligament It consists of a dense stroma

of connective tissue which came® blood vessels

and 10 which are embedded the oocy tes and Gra

afian follicles id all stages of development The
stroma also contains smooth muscle fibers and
small numbers of large polyhedral epithelial cells

—the intershtial cells The surface of the ovary is

covered with a layer of epithelial cells, the germi

nal epithelium, which is continuous with the epi

thelium of the general peritoneum

The Graafian follicles It is possible that the

germinal epithelium covering the ovary retains

ita embryonic character and proclivities after

birth—until the end of the reproductive period

(to about the 45th year in women) The question

of postnatal formation of ova has been the sub

ject of much debate The general opinion is that

the ovary continues to form sex cells after birth

although at a diminishing rate A primordial fol

ftefe IS formed by invagination of a cord of cells

from the gemunal epithelium An island of cells

becomes separated, one of the group develops into

a primitive ovum whereas the rest form a surround

ing layer of granulosa cells At this time the pn
mordial follicle is about 45 microns in diameter

and becomes displaced towards the deeper regions

of the cortex It appears that the orderly arrange

ment of cells in the development of primordial

foUicIeB 15 governed by the ovum itself, for when
the ova are destroyed by X ray treatment the

germinal epithelium forms cords and clumps in

stead of follicles
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Tio €0 2 Successive stages in tb9 developmcot
of the ovum and Graafian follicle (diagrammatic)
EP germinal epithelium covering the surface of
the over)' C a cord of colls growing from the
ermina] epithelium into the ovarian substance
t primordial ovum encircled bj a single layer of
(granulosa) cells In 4 the mcmbrana granufoto
and the cumulus oopkorua are shown but the folti

cId has not yet reached full development F ova
nan stroma

The infantile ovary contains some 400 000 pn
mordial follicles, but subsequent development re

quires the participation of pituitary actmty «bich
becomes manifest at puberty As follicles develop

tno more layers of cells are produced from the

ovarian stroma The inner layer—the theca tnlema

—IS thought to be formed by some influence ex

erted upon the stroma cells by the granulosa cells

This layer is vascular and more cellular than the

outer layer—the lAeca rirlema—which is fibrous in

character At the same time that these changes are

occurring the granulosa cells multiply to form a
cell mass several layers deep now known as the

membranagranulMa in which two concentric zones

can be distinguished These become separated by
the accumulation of fluid (liquor follicidi) and a

cavity or antrum is formed It is at this time that

the follicle may be called a Graafian follicle The
cells of the inner zone of membrana granulosa sur

round the ovum and these are piled in pyramid

fashion in contrast with part of the wall of the

follicle This mass protruding into the antrum of

the follicle la the cumulus oophorva, or discus pro

ligerus

The growth of the follicle and the changes just

de"cnbed represent follicular maturation or npen
ing and dunng this process the follicle extends

outwards so that when mature the follicular wall

proiecla ftotn the surface of the ovary A mature
follicle may have a diameter of up to 10 mm and
contains an ovum some 100 to 150 microns across

bounded by a clear membrane the lona pelluctda

Full matunty of the ovum is heralded by the ex

ttusion of the first polar body and following this

the follicular wall ruptures and the ovum together

with some discus proligerus cells forming the

corona radtala is discharged It passes along the

Fallopian tube to the uterus

After discharge of the ovum the cavity of the

ruptured Graafian follicle may become filled with

a clot of blood The small body formed in this way
IS sometimes spoken of as the corpus kemorrhag

tcum The clot is soon replaced by a mass of cells

containing a yellow lipid material (luteal cells)

The«e are denved from the proliferation of the

epithelial cells of the membrana granulosa (granu

losa lutein eelU) and of the theca interna {theca

lutein cells) The follicle with its content of luteal

cells constitutes tbe corpus luteum (fig 60 3) The
circumference of the follicle by this time has be

come more vascular and capillaries penetrate into

the yellow cell mass The transformed follicle may
DOW be looked upon as a temporsrv organ of in

terna) secretion If fertilization of the ovum does

not occur, the life of the corpus luteum is short

In the human it persists for about 10 days and

then regresses Its vessels become obliterated the

luteal cells disintegrate and are replaced by fibrous

tissue sotbing then remains o! the follicle but a

pale scar—the corpus albicans On the other hand

if fertilization of the ovum occurs the corpus lu

teum continues to grow and m women attains a

diameter of three quarters of an inch or more by
the middle ot pregnancy It then commences to

FiQ 60J Section of corpus luteum showing lu

leal tissue under high magnification (From
Pafkes The Internal Secretions of the Ocary by
permission of Longmans Green & Co }
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shrink and is Gnallj absorbed by the Beveoth

month
Of the va«t number of ova and primordial fol

Iielea in the ovary only a few ever reach the Gra
afiao foflicfe stage la womeo, not more (hao one

or two ova are as a rule discharged each month,
or a total of 400 or bo during the entire reproduc

ti>e period The remaining follicles develop to

some extent and then undergo degenerative

changes to become alrelte foUidea Each of the

latter is finally replaced by fibrous tissue derived

from the theca and only a small scar, a corpus

fibrosum, remains

The factors which detemune Che rupture of the

ripe follicle are not definitely known but clearly

the pituitary gland The accumulation of fiuid and
the consequent increase in intrafollicular pressure

IS probably a factor in some animals, or tbe con

traction of tbe emooth muscle fibers of the etroms

may play a part In most species, including man
the follicle ruptures “spontaneously,’ but m the

rabbit, cat and ferret ovulation occurs only after

copulation

The Sexual Life of Females

Three sexual periods of diilerent lengths occur

m female mammals
1 A smgle long period occupying tbe greater

part of the ammal s life It commences at puberti/,

at which time the first ovulation occurs The ac«

cessorj organs of reproduction mature, sex de»

su^ IS aroused and tbe secondary sex charaetem

appear It ends with atrophic changes m the

ovary and accessory organs In women the tenm-

nation of this period is called tbe menopause (p

lOSO)

2 A period which recurs once or oftener each

year, known ns the sexual, or breeding

season In most «pccies it is onlj during this time,

or dunng a part of it, that tbe female will receive

the male * The duration of the matmg season

and the number of times it occurs annually vary

m different species Id the dog, for instance, it is

generally said that tno such periods of about su
weeks* duration occur each 5 ear (spring and au-

tum), whereas m certam other species they occur

more frequently
,
and in others again only once,

and may be of long or short duration In the

human, reproduction is not confined to any one

part of the year, although a study of birth sta-

tistics shows that fertility is greatest at certain

penods (April to June) It has been suggested

that in primitive man a mating «eason correspond-

ing to this time of y ear did exist

3 The estrus cycles These are penods of sexual

activity in animals which occur once or oftener

in each breeding season The first cycle com-

mences at puberty Animals such as the bitch, m
which a smgle estrus cy cle extends throughout the

breeding season, are called moneelrtis Polyestrus

animals, on the other hand, are those such as the

domestic cat, the mare, cow, sow, rat and mouse,

in which two or more cycles, separated by short

periods of sexual quiescence, occur m succession

dunng the breeding season In a monestnis am
mal tbe following pha‘=es of tbe estrus cycle are

distinguished (a) Proeslrus, or penod of “coming
onheat *’ There is usually swellmg and congestion

of the external genitalia together with growth and
mcreased ^asculanty of the uterus (fig 604)

• The corresponding period which occurs m the
males of some species is known as tbe rvUtng
season In many species however, the male is ca
pable of copulation at any time
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There is, as a rule, eome enlai^ment of the toam-

msrj glands and, in the dog and mare, bleeding

from the lagina During this stage of the cjcle

the Graafian follicles are undergoing maturation

preparatory to rupture (b) Estrus,* or “period of

de<=ire ” The female reem cs the male and ovula-

tion occurs The term ' heat” is commonly ap-

plied to the combmed periods, proestnia and es-

trus (c) Pseudopregnanq^ or pregnancy During

this phase there occurs pronounced proliferation

andsecrctorj actiMtj of the uterine gbnds,hyper-

trophj of the mucosa and a great increase of the

uterine blood supply It will be wn pre«!entl>

tliat these phenomena arc dependent upon the

foromtioQ of a corpus lutcum The growth of the

mammarj glands is stimulated The uterine

changes are looked upon as anticipating the ar

ri\ al of and proaadmg nourishment for, a ferti-

lized oaum (d) Anestrus is the period of scvual

quie«ccncc betw eon the mating sca^jns In the c>

cle of those animals in which pseudopregnanej

docs not occur, the short penod following estrus

and during which the phenomena of estrus sub-

side, IS called »7i«<c4<rus The monestrus cycle may
be illustrated as follows

Aucatrus

I
‘

Proestrua

o ^

£ Estrus

^ i

« i 1

~ Pregnancy, metestrus or poeudopregnancy

s T r

i
Anestrus

In polie«trus animals the6liortinter\abof quiea-

ccncc separating the cstrous ejeles are called

diestroue periods Tlie term anestrus, as in the

case of monestrus species, refers to the longer

penods of rest between the mating seasons

AUhough the ow-^t of estrus in some epccics u
quite obvious in others such as the rodents, it is

didicult to detect by the ordinarj means Slock

ard and Papanicolaou diecoiered that the vaginal

mucosa of the guinea pig underwent certain

cliangca (cornification of the epithelium) coinciding

with estrus Similar changes occur m the vagina

of the rat and mou«e as well as in the human va

gina (fig 60 5) the examination of a smear of

ihc \aginal secretions the stages of the estrus

cjcle can be readily followed in the<e animals

‘ Aslrus L gad fly with figurative meaning
of frenzy or intense desire

Leukocytes w hich are present in smears taken dur

Ing the diestrus or anestrus period are absent from

the vaginal secretions during proestnis and estrus

but large squamous (cornified) cells with small

pjknotic nuclei, appear The intact vaginal epi

Ihelium becomes stratified squamous in character

The menttrual cycle and sexual life in the human
The sexual ejele of primates is termed a men-

Hrual cycle This differs from that of lower forms

tn so far as the penod of desire is not localiied

to any one pha«e of the cj cle (such as estrus), and

that external bleeding occurs roughly midway

between two ovulations rather than at the tune

of ovulation Tlicrefore m equating the typical

SS-day menstrual cycle of the human with the

Gironscycleoisasauns}such as thebitch, itmi}
be said that the first 14 days of the menstrual

<;ycle (day 1 being the first day of the flow) are

h?pre<ented by the phn‘«es of diestrus and pro-

*^trus during which follicular npenmg occurs

hhereas the last 14 days of the menstrual cycle

^rrespond to the phases of metestrus and pseu

<)opregaaDcy associated with the development

bf corpora lutea The ov anan and utenne changes

hhich occur in the menstrual cycle, and the hor

inonal factors regulatmg the cycle, afford evidence

in support of this relationship and are described

further below (p 1089) It may also be mentioned

that sbght bleeding does rarely occur in the

human at about the tune of o\’ulatioD, that is

budway between the menstrual penods proper

The sexual life of the human female usually

Commences between the 12th and 15th years,

Ivhen the first menstruation or menarche occurs

This period of sexual awakening which is seen m
iinimals and man of both sexes is referred to as

'puberty, with the periods before and after being

tailed pre- and postpufjerto/ respectively Some
Jear or more before the appearance of the o\ ert

^igns of puberty in girls gonadal hormone can be

detected in the urme in amounts which are found

to vary cyclically At this tune the ovaries show

Increased growth The growth of the uterus is

decelerated, the breasts enlarge and, in both girls

knd boys, hair appears upon the pubis and in the

dxillae Deepening of the voice, enlargement of

the genitalia (penis and testes) and growth of

hair on the face are characteristic features of this

benod m boys In both sexes, somatic growth is

decelerated The first menstrual cycles are fre-

quently irregular and may be prolonged, with

Intervals of amenorrhea During the next two or

tlirec years a menstrual rhythm becomes estab-

lished but dunng tlus pliase fertility has not
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reached the adult le\el and the girl j»sses

through a period of adoksetnt stenhtj

The length of the menstmal c}cle has been

measured on numerous occasions mth variable

results 'Most commonly the C)cle lasts 26 to 29
dajs mth a mean close to 28 daj^ However
on!} 10 to 15 per cent of t! e cj cles e\amincd are

of tl IS duration and a normal range may be said

to be 24 to 3o dav-s Stud cs on mdiv idual women

show that two consecutive cycles maj differ m
length bj several dajs this could be due to the

operation of psj clue factor

OvTilation Occurs usuallj but not mvanabl}
about the middle of the intermen'trua! penod
that IS some 13 to 17 daj"S after the fir=t daj of

the last menstniat on E\ idencc m fai or of this

timmg has been denv ed from the recov erj of ov a

and earl} embryos from the tubes of noinen with
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known menstruil histones, from pregnancies fol-

lomng a single artificial insemination on a known
daj of the cjcle, from the results of coitus at

known times, from the occurrence o! midmen-

strual bleeding, which is associated with o^'ula•

tion, and from the study of \aBinal changes,

hormone excretion, and \anations in basal tem-

perature

For a XTinety of reasons it is sometimes of im-

portance to establish the day of ovulation in an
individual A number of approaches haie been

made to this problem In 1935 Burr, HiU and

Allen discovered that ombtion in the rabbit xras

accompanied by a sharp rise m electrical polen-

Iwl across the peh is just before rupture of the

follicle, and this obsenation was confirmed in

the human However, subsequent work indicated

that the effect was an indirect one only remotely

due to oianan mflueneca, and unsuitable for the

detection of ovubtion The blood levels of hor-

mones and their excretion in the unne has been

studied Briefly, the maximum concentration of

estrogen (p lOSl) in blood and unne occurs at

about the tune of OMibtion, v. hercas a metabolic

product of progesterone (p 1091), pregnaocdiol,

IS demonstrable m the unne a day or so after

ovubtion Tliere is also an increase in the con

centration of gonadotrophin (p 974) in the

unne at about the time of ov ubtion Studies of

the cemeal mucus have revealed cyclic changes

10 the character and composition of this secretion

It becomes less viscous and more plentiful about

the time of ovubtion, whereas on drying the

mucus a characteristic crystallization pattern ap-

pears By far the most conv ciucnt index of ov illa-

tion IS the change in basal (emperature that occurs

about this time The body temperature, recorded

daily during the menstrual cj cle, shows an abrupt

fall at about the time of ovubtion (13 to 17lh

day) It then rises sharplv and is maintained at

a level about 08* F atxivo that seen durmg the

first half of the cyclt until the commencement of

the menstrual flow

Information as to the time of ovubtion m
women has a practical value in contraception

The so-called “safe jicriod ’ during which concep-

tion presumably cannot occur, has been placed

in tho«c parts of the cycle before and after ovnib-

tion However, the time of ovubtion vanes con-

siderablv in different women and may occur

several days before or after the 15th day of the

cvcle The “safe period,” therefore, cannot be

preilicted m any individual case without pre-

liminary study although the least likely time for

conception to occur is within the last eight days

or 80 of the cycle, that is, eight days before men-
struation

Factors Concerned in the Fertilization

of the Ovum

The ovum, if unfertilized, degenerates within

a few hours after its discharge from the ovary

,

probably m the Fallopian tube For this reason,

and because only one ovum is discharged each

^cle, the period during which fertilization can

occur 13 very short, probably not longer than 6

or 7 hours Yet the period during which coitus

may lead to conception is relatively long, for the

spermatozoa may retain their capacity to fertilize

the ovum for some 48 hours or so, although this

vanes from species to species In the rabbit the

ferttlizifig capacity of sperm in the female tract

may be retained for 32 hours, whereas m the

mouse the corresponding period is only 6 hours

Id the guinea pig this period is 22 hours, m the

rat 14 hours, snd perhaps remarkably, in the

mare 5 to 0 days The sperm shows motility for

some time after it has lost its ability to fertilize

The former property is therefore not a reliable

index of the btter

As mentioned m the preceding section, if the

sperm do not penetrate the ovum withm a few

hours after ovulation, they cannot do so at all

Fertilization is effected m the Fallopian (utenae)

tube and here also the earlier stages m the matura

tioD of the ovum take pbee 'UTien discharged,

the ovum is surrounded by the cumulus oophorus

It has been thought that this covering could not

be penetrated by the sperm, and must first bo

destroyed by the enzyme Ayafarcmidoss contamed

in the sperm of most mammalian species how-

ever, there has been a misconception m this re-

gard for the mammalian spermatozoan can reach

the ovum through an intact cumulus It is pos-

sible, however, that the enzyme aids the sperm

in some other way in its approach and penetra-

tion of the ovum A hyaluromdase inhibitor,

such as tri-gentisic acid (rehibm) added to rab-

bit semen before insemination was found by

Pirkes to prev ent fertilization—an effect not due

merely to a nonspecific epermicidal action

The menopause Between the ages of 42 and 52

(average 47 years) the menstrual cycles become

iiregulv and finally cease This tune is known as

the menopause or climaetene As menstruation

ends retrogressive changes gradually set in in

the accessory organs of reproduction, eg .atrophy

of the uterus, shortenuig and narrowing of the
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\apna mth loss of its epithelium and replace-

ment bj fibrous tissue, and shnnkage of the

mammarj glands These results are due to

atrophic changes m the o%'arj—disappearance of

the Graafian folhcles together isnth a general

fibro«i3 and shnnkage of the oigan Similar

changes m the uterus and \agina follon the rc-

mo\al of the o\'ane3 in earlier life, and constitute

an arltjictal menopause Psjchic disturbances

quite often occur during this "change of life"

and occastonallj ma> progre^ to melancholia

and b}-«tena Vasomotor and other autonomic

disturbances, hot flushes, sweating, etc , arc aeij

common features of the climacteric Tlie effect of

the natural menopause upon the sex hbido aancs

m different subjects In mamed women it shows

little alteration as a rule It uould seem that the

mcnopauec occurs through a failure on the part

of the ovarj to ‘^:crote estrogen (p I0S4)

Tlie Oiarian Hormones

In addition to its gametogenic function the

o%arj produces hormones which regulate the re-

productHC processes Tlie^ arc (1) the estrogente,

or follicular hormone, estradwl, (2) the hormone
of the corpus luteum, progesterone, and (3) relaxtn

The exact status of the latter hormone is doubt-

ful *1006 under certam conditions it can be formed

bj other parts of the reproductue tract It has

been isolated from the corpus luteum of the pig

The e«trogcnjc hormone exerts its effect primarily

dunng the first part of the estrus c>cle, whereas

the corpus luteum hormone is concerned parltcu-

iirij wjflf hifer part, rrrti psewifpnrssTSiKy

and pregnanej

The Estrogevic Hobsiove

Durmg the first twentj j'ears of this centurj

the e\ idence derived from o> anectomy and trans-

plantation experiments had made it clear that the

oiaries furnished an mtemal secretion which was
responsible for the sexual deielopment of the

female Howei er the use of whole ovanes, and the

u=e of rather uncertain biological indicators, con-

fused the results available until the work of Allen

and Doisy m 1923 The«e workers aspirated the

hquor folUcuh from sows’ ovanes and found that

it was capable of mducmg estrus m immature

animals The success of these workers was due to

a large extent to the u«e of a precise method for

the detennination of estrus, namely the i-agmal

smear technique described above Other mvcsti

gators bad mostlj studied the effects of their ex-

tracts upon the uterus With a am'itue test

axailabtc the next step was to isolate the active

constituent of folbcular fluid It was soon found

that the material was extractable bj fat solvents

and could be concentrated, but another twelve

)cars jKisscd before the hormone was charac-

tenxed Meanwhile oilier estrogens had been

isolated from the unne of pregnant women, preg

nant raarca, human placentas, and, surpnsmglv

,

tlie imnc of stallions, and m 1929 Doisj
,
Veler

and Thajer, and Butenandt independentlj an

nounced the cr>*stalhzation of an estrogen in pure

form from the unne of pregnant women It was

bebeved at this time that there was only one

estrogen and the workers concerned were gener-

ous in bestowing names upon it Unfortunately,

this led to confusion, particularly when the exists

ence of other estrogens came to light, therefore

many of the early names hav c been discarded and

a formal nomenclature is now u<^d

T/ie Ongtn and Dislnbution 0/ Estrogen

The clement? of the ovary responsible for the

production of the follicular hormone are not defi

Ditciy known Its presence in bigb concentration

in hquor foUicub, and the fact that folbcular

maturation coincides with the oneet of estrus,

point to the follicular cells (probably the theca

interna) as being the chief source ket the«e cells

cannot be eolejy re<poD«)ble, for Parkre showed

that estrus continues at regular mtervaU after

the follicles have been completely destroyed by
X-rays, moreover the hormone can be extracted

from the stroma alone The interstitial cells in the

farter Eifuafion may 6e a source of ffte hormone

One of tbe mo=t remarkable features of estrogen

is its very wide distribution m animal tissues It

or a Eunilariy actmg estrogen 13 found in the blood

and urme of both pregnant and nonpregnant fe-

males, in the urme of adult males, and m the

testes, with the testes and unne of stallions bemg
among the nchest known sources (Zondek) It is

present ui veiy high concentration m the unne

of pregnant w omen after the first 2 or 3 months

In the later months around 300,000 or more in-

ternational units (eec below) are excreted daily

It 13 also obtainable m large amounts from the

unnes of pregnant mares and monkeys The hu-

man placenta contams large quantities of estrogen

which are believed to be manufactured by this

or^n, for women ov anectomized durmg the later

months of pregnancy contmue to excrete large

amountaof the hormone m the unne An estrogen

IS present in the corpus luteum, m the fetal mem-
branes and ammotic fluid, and m the adrenal
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cortex, it has been demonstrated in a human
chonomc i e«icle containing an cmbrj o 12 5 mm
m length

Chemistnj and Terminology

There are three well estab!i«hed natural estiti-

gens Thc«e are CitrodwZ, eatrone and TVo
others, epic'tnol and hjdroxjestrone ha\e re-

cently been isolated from human pregnancy urine

Of thc'e estradiol is non generally bcheied to

be the true estrogenic hormone, i e
,
the estro-

gen formed in, and secreted by the oi ary Doisy

and conorkers, and Butenandt nere able to iso-

late estrone from the urine m 1B29, whereas estra-

diol was obtained by ilacCorquodalc Tliajcr

and Doisy in 1035—after the use of 2 tons of

o\ anes ns starting mntenal Estnol was first iso-

lated in 1030 from human pregnancy unne in

dcpcndcntly by Doisy and associates and by

Mnman Tstronewas named theclin by Doisy and

TOodiScationn of this nami. wcio subacqueuWy ap-

plied to the compounds later dL«co\crcd.

The estrogens possess a basic steroid nucleus

like the hormones of the adrenal cortex They dif-

Ketohjdrorye«trin

(Theclin or estrone)

Tnbydroxycstnn
(Thcclol or estnol)

Dihydroxyestrin or estradiol

Benzoate of estradiol

fer m that ring A is benzenoid or aromatic m
character so that the phenohe hydroxyl group

attached to carbon 3 has weakly acidic properties

This feature implies a solubility in alkaline solu

tion and has been utilised m the separation of the

hormones In addition the estrogens possess an

oxygen, or an hydros 1 group linked to carbon 17,

and thus possess the capacity to exhibit stereo-

isomerism

Eslradtol (dihydrotheelin, dihydroxyestnn)

Estradiol was first obtained m the laboratory by

reduction of the ketone group m estrone to an

hydroxyl group, and was only later isolated from

ovarian tissue Two stereoisomers of estradiol are

possible estradiol 17a, and estradioI-17,8, de-

pending on the relative position of the hydroxyl

group There lias been confusion ox cr the relativ e

biological activity of the two isomers but it is

now established that the acti\e one is estradiol-

17/J, or the cis form The replacement of the hy

droxyl group in the 3 position mth benzoic acid

giics a product possessing more prolonged phy«i

ologjcal action than the ongmal compound due to

a slowed rate of inactivation This compound
estradiol benzoate, is known commercially by \ an-

ous names Estradiol dipropionate and ethmyl

estradid exert an e\en more prolonged effect

Esfrone This was the fii«t estrogen to be crys-

tallized and was given a variety of names These

include Oieehn (Doisy), esfnn (Parkes and Bel-

•crby),/offica;jn and estrone It has been isolated

from human pregnancy unne, human male unne,

human pbcental tissue, bovuie adrenal glands and

fbe bile of pregnant cons It differs irom estradiol

in possc«sing an oxygen atom instead of an hy-

droxylgroup at carbon 17

Estnol (pieelol, Doisy, tnhydroxyestnn) has

been obtained from human pregnancy unne, and

from human placental tc^sue Despite the reported

isolation of tins hormone from the placenta of

the chimpanzee and from the female pussy willow,

the hormone is beheved to be characteristic of the

human specie® Since estnol contains three hy-

droxyl groups it 13 more soluble in water tlian the

other estrogens

The Metabolism of Estrogens

Like the adrenal cortical hormones the estro-

gens appear to be synthesized m the body from

cholesterol A fall m the m anan cholesterol has

been observed to occur following stunubtion

with pituitary gonad-stimulating hormones Cer

tainly diolestcrol can be umxI as a starting ma-

terial in the laboratory synthesis Starting with

eigosterol, estrone was synthesized in 1930 bv



Chapter 60 ENDOCRINE ORGANS OF SEX 10S3

JHrkcr and hw associates, otliers have SiTithc-

sizcd estradiol from cholesterol

The estrogens seem to be converted one to the

other in the bodj according to this relationship

estradiol estrone - cstriol

Administration of estradiol or estrone results in

an increased excretion of cstnol, w hcreas adminis*

tration of cstnol does not increase the output of

the other two hormones Radioactiv e estrone and

estradiol are converted to radioactive estriol Es-

tnol may be the mam estrogen in human plasma

There is bttle doubt that estrogens arc mac-

tnaled bj the liver Incubation of estradiol and

estrone with liver slices caused loss of aetivit>,

u«e of a heart-lung liver preparation has revealed

lo->s of estrogen in the perfusing fluid, whereas the

activity was retained when perfusing a heart-lung

preparation Liver damage, such as follows the

administration of carbon tetrachloride, is asso-

ciated with an increased effect of estrogens, ns

well as a greater unnarj excretion of these ma-
terials In rats if pellets of estrogen are inipbnted

into the spleen so that the c«trogcn drams directly

into the portal system no estrogen activit5 is

detected If the spleen is transplanted elscwliere

in the bod>, or adhesions of the spleen to the

stomach or body wall form, allowing escape of

estrogens from the portal circulation then full

e&trogenic activity appears Cluneal observations

fully support the above experimental findings

Increased estrogen excretion often occurs ui asscH

ciatiOQ with liver disease Gynecomastia, loss of

chest and axiUarj hair, testicular atrophy and loss

ivf hhide> hsre all bees described ts s^ea nvth

cirrhosis of the bver, although the eigniffcance of

these findings has recently been questioned The
inactivation of estrogens also appears to be im-

paired m cases of malnutrition and maoition, it

has been argued that a deficiency of vitamin B*

IS also of importance m this respect Normally,

estrogens are rapidly destroyed m the body

Estrogens are excreted m the urine m the form

of w^ter-soluble conjugates, little is eliminated

through the feces They are combined mainly

with glucuromc acid, as well as with sulfunc acid,

and m this form are physiologically inert Upon
liydroljsis with acid, or enzymically with glu

euronidase or phenol sulfatase, the conjugates

are split and estrogenic activity reappears

Synthetic estrogens Estrogenic materials are not

restricted to animal sources Estrogens can be ob

tamed from petroleum, peat and lignite rape

seeds and pussy willow Estrogen has been demon
strated in the mud at the bottom of the Dead Sea

It 18 not necessary for such substances to possess

a similar chemical structure to that of the natural

compounds Thus Dodd« and his associates found

active estrogens among the derivatives of diphen

>lethane and diphenjlcthylcne and one of them
sUlbes&ol (4 -I' dihjdroxy-a /y-dicthjNtilbene) in

traduced in 103S Ins been of great clinical value

for many years It is as active as the natural estro

gens but unlike the estrogens it retaino its po
teney when given by mouth The success of std

bcstrol greatly stimulated work in this field and
now a wide range of synthetic estrogens is avail

able for clinical use Two other synthetic com
pounds widely used clintcally are dihydroeihyUul

bettrol, or hexeslrol and lUeneslrol

Dielh) JsliJbcatroJ

in, ia
Diencstrol

On the basis of estrogen withdrawal bleeding (p

]0S4) dienestrol possessed 90 per cent of the po
teney of slilbestrol and hexestrol possessed about

10 per cent This finding reveals an order of po
teney quite different from that observed in am
mats

The reasons underlying the estrogenic effect of

the synthetic compounds are not well understood

One structural relationship between stilbestrol

and estradiol was pointed out by Dodds and is

shown below, but when the structures are com

Estradiol
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pared three dimensionally there is not the eame

degree of sinulanty

The Phystologj of Estrogen

For descriptive purposes the actions of estra-

diol, estrone and estno! are identical, for these

compounds differ onlj in relative potency ^Vhen

used without qualification ‘estrogen’ implies any

or all of these materials and may include stilbes-

trol

The mam effects of estrogen are as follows

1 It induces estrus in immatuie animals, or in

normal adult ammals during anestnis, there result

in conecquence hypertrophy of the uterus (fig

GO 6), and development of a proliferative type of

endometrium, vagmal changes (comifieation),

growth of the mammary glands (p 1095), and

rhj'thmical contraction of the muscle of the uterus

and Fallopian tubes, as well as the psjchic phe-

nomena associated with c«trus Prolonged treat-

ment with estrogen causes pronounced hyper-

plasia of the endometnum which may come to

resemble the clmical condition known as ‘ Swiss

cheese” endometnum
2 It prevents the otherwise inevitable atrophy

of the accessory reproductive organs in ovancc-

tomued animals

3 It is tcsponsihlc for the development of the

secondary sex characters which in some species

arc such prominent features of the mature female

Fia 60 6 Effect of injection of follicular ex
tract into 8 week old rabbits Animals were litter

sisters Iso 807 received 2 mg of extract No 805

was wot injected and was killed at Uie eame Iwne

ns No 807 for control No 800 received 1 mg of

extract daili for 4 days and No 809 received 1 mg
daily for 8 davs No 60S, uninjeefed control was
killed on the same day as No 809 (After Doisy,
italls, Allen and Johnston )

4 It prevents nidation of the fertilized ovum
or induces abortion m early pregnancy

5 Estrogen is laigely responsible for the enor-

mous growth of the uterus during pregnancj

When pregnancy is confined to one horn of the

rabbit’s uterus, that horn alone increases m size

Itisthought, therefore, thatestrogen produced by
the placenta ma> act locally on the uterine tissue

rather than through the general circulation

6 Estrogen exerts a direct effect upon the

ovarj Since estrogen stimulates mitosis the hor-

mone present in the liquor follicuh itself promotes

the growth of the follicle The administration of

large doses of estrogen has been found to ptev ent

ovanan atrophy m immature hypophysectomized

rats It has also been su^csted that on ovulation

the follicular fluid comes mto contact wuth the

germinal epithehum of the ovarj and promotes a

burst of nutoses which produces a new crop of

oo^Dta ready for a future cjcle

7 With more moderate dosage estrogen m
duces ovanan atrophj, as well as testicular

atrophy m the male, by suppressing the release

of the pituitary gonad stimulatmg pnnciples

8 If, after menstruation has been abolished in

roonkej-s b> ovaneclomy, a senes of mjections of

estrogen is given and then stopped nbruptlj

menstruation occurs a few dajs later Dunng the

treatment of these ovanectomized monkey's

phenomena appear analogous to tho<e seen during

the estrus period of lower animals, le, endo-

metrial changes, reddening and swcUmg of tlio

external genitalia, and the production of a vagi

nal smear showing comified cells and lacking

leukocytes The induction of uterme bleeding

the above “estrogen withdrawal” has been uti

lued ID the human, for artificial menstrua! c>cIo3

can be produced ui this way m women suffering

from amenorrhea

0 Estrogen appears to be concerned in the pro-

duction and maintenance of corpora lutea In rats

the administration of estrogen leads to the forma

tion of man^ corpora lulca, and in rabbits estro-

gen will maintain the corpora lutea m the ovaries

of the hypophysectomized pseudopregnant am
raal

10 A synergic action between the follicular

hormone and the oxytocic hormone of the pos-

terior pituitary (ch 5G) has been demonstrated

After estrogen is administered to a mou=c to-

ward the end of pregnancy , a do^e of oxydocin

(which 13 ordinarily ineffective) causes a powerful

ntenne contraction (fig 60 7)

11 Thisovananhormoneinduccswaterretcn-
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tion, an mcren'c in blood \Qlume and of the water

content of the muscle*? 0\ nrioctomy results m a

io«3 of water and a dimini«hcd volume of blood

which 13 restored to norma) b> estrogen admuiis*

tralion

12 Estrogen prcsumablj acts upon the nasal

mucous membrane (see p 1002)

13 In the male, estrogen in ph3’sio!ogical dos-

age, or dern ed endogenously (testicular estrogen)

maj act synergisticallj with androgen m the

development of the secondary sex cliaractcra

Protracted treatment with estrogen causes hj-per-

trophj of the fibromuscular tissues of the pro-s-

tate, but has little or no effect upon the glandular

elements Growth of the male mammary gbnds
maj be stimulated In joung males other femini-

zing effects are produced

14 Estrogen causes bj’pcrtrophj of the adrenal

cortex, apparently by stimulating the output of

ACni
15 Prolonged treatment with estrogen raises

the blood calcium, particularly m pigeons and
fowls

16 Estrogen exerts a vanetj of additional ef-

fects throughout the body, c g , on the skeleton

These actions are best discussed elsewhere in rela-

tion to the end-organ concerned

Assay OTidSlandardtsalton of Eflrogent

It has been the practice to as«ay the activity of

eHrogemc preparations upon ovsnectomized rats

or mice, with a unit being defined as the minimal
quantity of the matenal required to induce estrus

in 50 per cent of a group of teat animaU as shown
by the vaginal smear This is basically the tech

tuque of Alien and Doisy, but can be made quite

sensitive by applying the estrogen directly to the

vagina of the teat animal Alternatively , the in

crea*^ of uterine weight produced by estrogen in

ovanectomized or intact immature rats or mice
has been used as an index of activity Although

there may be a linear relationship betneea the

logarithm of the dose of estrogen and the increase

m uterine weight, the dose response curves of the

separate estrogens differ one from the other so

that it becomes difficult to assay mixtures of es

trogens, such as occur in the unne Further, the

Use of such methods is complicated by the finding

that results vary with the mode and frequency of

administration of the hormone, as well as by the

presence in unne of matenals which may augment

the action of estrogen

Imtially, in work on the assay of estrogens, a

rat or mouse unit on the lines outlined above was

u«ed, but there were wide discrepancies between

the results of different laboratones and in 1932

the Commission on Biological Standardization of

Pio 60 7 Action of cstrm m sensitizing an iso
latcd uterus to pitocin P E pituitary extract
(After Bourne and Burn )

the League of Nations defined an international

unit This was expressed in terms of estrone and
wa> the activity exhibited by 0 1 ag of the stand

ard preparation Later with the use of esters of

estrogen an additional standard was “Ct up and
one international umt was constituted by the ac

tivityofOlpg of estradiol 17/3 monobenzoate
Currently, most attention is being given to the

development of chemical procedures for the a««ay

of estrogen These are c«sentiaUy colorimetric or

ffuonmetne, in which the color or fluorescence is

developed after a somewhat complex extraction

and purification sequence In the colorimetne

method, when a pink color, which can be measured
IS developed the estrogens are heated with phenol

and euUuhc acid diluted with water and reheated

This IS the Kober reaction first degenbod in

1931 and altered in detail since The fluorimetric

method is more sensitive but less «pecific than the

colonoietric, it depends on the fact than an in

ten«e yellonish green Buoresceace develops when
an estrogen is heated with sulfuric or phosphonc
acid

Eslrogens and Cancer

Since estrogens powerfully stimulate the growth

of the uterus, v’agma and mammary gland, it is

not surpnsmg that with contmued administra-

tion benign proliferation may dei clop into malig-

nant growth As long ago as 1916, before the

isolation of estrogens, Leo Loeb noted that sponta-

neous mammary cancer occurred in mice and was

confined to the female, whereas m 1932 Laoas-

sagne succeeded in producing mammary cancer

m the male mouse by the prolonged adnunistra-

tron of estrogen However, there are important

species differences in the occurrence of mammary
cancer For instance, dogs and rabbits never de-

velop breast cancer following admimstration of

estrogen, neither does the rhesus monkey But

Buch a carcinoma can dev elop m dogs and rab-

bits following pregnancy toxemia vihich may dam-
a^ the liver and interfere with the inactivation

of estrogen. Rats nei er develop mammary cancer
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Bpootaneouslj
,
but do so "nben subjected to

treatment with c'trogcn In uomen carcinoma of

the breast is quite common but according to

Bi«bop there u surpnsmgly little exidence that

cancers de\elop mth the admimstration of estro-

gen, particularly when the enormous number of

women gi\en estrogen at one tunc or other is

taken into account

From the present point of view there are two
kinds of cancer, tho«e that are hormone dependent

and those that are liomone independent (Huggins

and Scott) As the classification implies the hor

mone dependent carcinoma requires a particular

hormone or hormone complex for its development

Denial of this need frequently inhibits the grom Ih

and promotes regression In the male, cancer of the

prostate gland (p IIOS) provides an instance of

this class of tumor which is dependent upon
androgen for its continued growth Removal of en
dogenous androgen by orchidectomy generally

produces a remission although in some coses the

adrenals may protide an aUernative supply of

androgen Hormone independent tumors are not

subject to control by any endocrine secretion and

develop in such ti<sues as the skin, stomach and
lung However, a hormone dependent tumor can

liecome independent of a particular hormone and

BO become autonomous It should be pointed out

that in a number of eases an optimal endocrine

environment may be necessary for tumor growth

Thus It appears that following hjpophjsectomy
certain chemical carcinogens failed to induce can

cats of the Uver whereas they continue to do so

in other parts of the body The full carcinogenic

effect is restored by ACTH or growth hormone ad
ministration

The mode of action of carcinogens remains ob
scure Interest was aroused when it was found

3X\3t she esss^Sjye egejsSe juj xnaJ Jar wbii'Jb

induced cancer when painted on the skin

were benzanthracene compounds possessing a
structure akin to that of the steroid hormones

This finding grcatlj stimulated studies with cs

trogens but the nature of mechanism underlying

the process is uncertain, although it appears to

involve the genetic matcnal of the cel!

The Lutfal Hormove

Tho suspicion that the corpus lutcum might be

a gland of internal secretion which functions dur

mg gestation has long been held Indeed, Comer
relates that when Gustav Born Lay dying in 1900

he imparted this idea to Ludwig Fracnkcl for

subsequent experimental test Three years later

(1903) Fraonkel reported that destruction of the

corpora lutea in the ov anes of the rabbit was not

compatible with the contmuance of pregnanq,

whereas Antel and Bourn (1910) found tloat the

cycle of growth and regression of the corpus lu-

tcuni was closely linked with a senes of (proges-

tational) changes which take place in the uterus

Also about this tune Loeb discovered (1909) that

stunulaiion of the utenne mucosa of the non-

pregnant guinea pig by means of a gla«s bead or

a silk thread, or merely by scratching the endo-

metnum with a needle dunng the deielopment

of the corpora lutea resulted m the growth of a

small mass of decidual tis-^ue (dcciduoma) at the

point of stimulation This Loeb reaction could not

be obtained after the corpora lutea Iiod been ex-

cised or dunng a phase of the estrus cycle wlicn

they were absent E\en transplanted utenne

tissue responded to stimulation if the ovary con-

tained corpora lutea Other observers have since

obtamed corresponding results m the rat, rabbit

and dog Thus it appears that the contact of the

fertilized ovum witli the endometnum is the natu

tal stimulus which m the presence of a corpus

luteum causes the formation of decidual tissue

Comer first showed that tho corpus luteum wa.s

necessary for the survival and implantation of the

rabbit embryo and, m collaboration with AV M
Allen he obtained a crude extract which was ac-

tive in maintaining pregnancy in ovaricctomued

rabbits AAilhin five years (1934) the active con-

stituent of the extract w as obtamed in chemically

pure form by several groups of workers, and had
been synthesized from stigmasterol by Buten-

andt and his associates The hormone is now
known ns progesterone wnth Comer’s original

name progestin being used as a general term for

any substance possessing similar actions

Ckirpora lutea are not restneted to tlie mam-
crtAir mif -w? they mvirmrihy asxJciuAaf wrtfi

vivipanty since they have been described in

oviparous and ovoviviparous selachians, teleo«ts

and reptiles and in mammals they first appear

in the oviparous Monotremata However, any
hormone produced is not necessarily progesterone

Progeslerone

Progesterone has the structure shown below

It occurs in. two crystalline forms, the a and d,

but these are about equal m physiological ac-

tivity Comparison with the estrogens (p I0S2)

and the adrenal cortical hormones (p 1039)

shows that it is more closely allied to the adrenal

hiwnvones and that it belongs to the carbon 21 or

pregnane group of steroids This relationship is

underlined by the fact that progesterone can be
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tranbfomird tn utro to corticosterone and 17 bj-

drov} corticosterone

CH,

Progesterone can 1)C isolated from ox adrenal tis

sue and administration of ACTH to o\anecto

mized « omen has been found tomcrca*^ theunoarj

output of pregnaiiediol, a metabolic product of

progesterone It would appear that progesterone

13 formed from cholesterol since Blocli found that

when i^topicallj labelled cholesterol nas gi\en

to a pregnant woman, the prignancdtol m the

urine eontained the isotope V dcchnc m o%amn
cholesterol lias been demonstrated to follow «tim

ulation with gonadotrophin

ts pmr^owaJ bj latest ti£<ae, bj-

the adrenal cortex and by the placenta During

pregnanej m women the corpus luteum gradually

ceases production of progesterone, and the pla-

centa tabes over this function For this reason

gestation can continue after ovariectomj if tlic

latter operation is carried out after 4 or SiDOolhs

A similar situation exists in the monkc>

,

cat and
guinea pig, but m the rabbit, rat, goat and cow,

abortion occurs if the corpora lutca arc destroyed

at any time during pregnancy

Progesterone is rapidly metabolized tn two and

normally cannot be detected in the urine There

appears instead the reduced form, prepnanediol,

as a glucuromde Sodium pregnanediol {ilucurontde

13 water 'soluble ^leasurement of this steroid m
the urine proi ides a useful index of the rate of

production of progesterone However, caution is

necessary m the interpretation of results since,

according to Loraine, less than 20 per cent of a

do«e of admmLstered progesterone may be ex-

creted m the unne as pregnancdiol Also a nse m
urmary prcgmnediol has been reported to follow

the administration of doso'^ corticosterone and,

in certain cases of adrenocortical hjperpla«ia or

tumor, the prcgnancdiol output ma> be increased

60 that the possible participation of adrenal

etcroida should be borne m mind It seems fairly

clear that the liver is involved in the metalxilism

of progesterone, and its conv crsion to pregnane-

diol glucuromde Tins has been shown bj studies

(with isotopicallj Inbtllcd progesterone) of pa-

tients with liver disease, bj studies of the con-

stituents of Imman bile, and bj a companson of

tlie effects of progesterone in norma! and partially

liepatectomized rabbits Prcgnancdiol is physi-

ologically inert and is readily conv orted to proges-

terone in the laboratory It was isolateil from the

urine of pregnancy in 1929 by Maman and in

1930 by Butenandt, before the cliaractenzation

of progesterone

The THTSiowav op pnoorsTERosE Tins hor-

mone proiluced by the corpus luteum possesses a
spectrum of activity which includes (1) effects on
the uterus, (2) the maintenance of pregnancy

, (3)

participation in the control of the growth of the

mammarv gland and (4) suppression of citrus

and ovulation The<c actions will now bo ex-

amined

Eff«l3 on Ihe i/Urus It was previously «hown,

as <l<!«cnbed above, that progesterone treatment

develops the endometrium In the rabbit this

IS marked by a typical arborization of the

glands which is identicil to that appearing dur-

mgpa’gnanuy orp^'UiAjpregrnrficj CbrtvrTJainiaig

changes have been observed m other species

during treatment with progesterone, and under

the«e conditions deciduomas (p 10S6) are readily

induced In the immature rabbit treatment with

progesterone fails to produce the endometrial

changes outlined abov e, nor is the treatment effec

tivc m adult rabbits which have been ovariec-

tomizcd for some time However, admmistration

of estrogen for several days before the progester

one treatment results m the appearance of pro-

gestational changes It is clear that the uterus

must be "‘pnmed’ with estrogen before it can

respond to progesterone This effect is not con-

fined to the rabbit, it is also well marked m the

monkey, where progesterone has httle effect m
the ovanectonuzed animal RTicn preceded by
estrogen, progesterone will produce a typical

premenstrual endometrium in 7 to 10 days Two
otberaspeefs of tins process must be eni|)hasized

First, it is possible for progesterone,.to produce
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proIifenitv%e changes m t\je uterus bj Rstlf, but

enormous do«c3 must be gn cn, and second, estro-

gen also antngonucs some effects of progesterone

Thi-» latter effect appears when the ratio of estro-

gen to progesterone, optimal for utenne dc%elop-

ment, w altered in favor of estrogen Under these

circumstances the action of progesterone is in

hibitecl Com ersclj
,
progesterone mil block the

action of estrogen, the coloration and edema of

the sexual skin of a spajed monkey, developed

b} treatment mth estrogen, is lost following a

single injection of progesterone It u’lll be seen

that, depending upon the relative amounts of

these hormones, estrogen and progesterone can

interact to produce a vanetj of effects This is of

importance in a number of reproductii e processes

The deciduoma reaction (nhich can elicited

under the influence of progesterone) has been

descTilied previously This can be uibibtted b>

treatment with estrogen

In addition to the effects on the mucosa of the

uterus, progesterone also exerts an action on the

muscle In the castrate rabbit tlie uterus is flac-

cid and quiescent and does not display any mo-

tility ,
although when estrogonired, regular rhyth

mic contractions appear Those arc al«o seen m
the eotrous rabbit rat or son

,
however, admmis

tration of progesterone abolishes such activity

Tlie oxytocic hormone of the posterior pituitary

(ch 66) IS probably implicated in the utenne

response to estrogen, for it has been shomi that

the activity of the uterus of the ostrus animal is

greatly increased bv the oxy-tocic hormone Fol

lowing treatment uith progesterone, oxytocin

cm no longer produce this effect upon the uterus

which IS then said to be “desensitizeil " Such

plicnomcnauQuld seem to be of value m the nor-

mal individual since a motile cstrous utcni«

w ould aid the transport of sperm tow ard the ov a,

and the movement of ova along the tubes In

agreement with this concept oxytocin has been

found to be released at coitus (p ^7) Further,

once the uterus contains blastocysts, the utenne

contractions, which would be dctnmeivtal to their

implantation and sun n al, arc blocked by proges-

terone Toward the end of pregnancy utenne re-

activity to oxytocin reappears, possibly due to

the increasing amounts of circulating estrogen,

and discharge of the fetuses is facilitated

Maintenance of pregnancy This function of

progesterone has prev lously been noted (p 1086)

In ovancctomiied rabbits about 1 mg of proges-

tcTOtve daily will compensate for the absence of

corpora lutca and maintain pregnancy ,
although

in tivc later stages up to 5 mg may be necessary

In the rhesus monkey the corpus luteum may be

removed os early as the 25th day without disturb-

ing pregnancy, whereas in women gestation can

contmue following ovanectomy after the first

weeks In the latter species the placenta becomes
responsible for the production of progesterone

Administration of progesterone toward the end

of pregnancy in rabbits prolongs the gestation

period and results in the delivery of larger young
Suppression of estms and ovidation Ibe e«trous

cy cle or mcnstnial cy cle does not continue during

pregnancy, ovanan follicles do not mature and
ovulation docs not occur This change is brought

about by progesterone, which mtemipts the nor-

mal sexual cycles m nonpregnant individuals If

the corpora lutea are removed durmg a pseudo-

pregnancy then estrus and ovTiIation quickly fol-

low, whereas if the corpora lutes are extirpated

from the guinea pig ovary early in the cstrous

cycle then the next ovulation occurs sooner than,

usual (Loeb) Elimmation of the corpora lutea of

the cow’s ovary by manipulation through the

rectum hastens the oncet of the next eatrous pe-

riod. The ovulation which norroally follows copu

latioQ in the rabbit is blocked by the administra-

tion of progesterone Such effects are brought

about by the inhibition of the secretion of gonado-

trophin from the pituitary (p 971) During

pregnancy or p'eudopregnancy the superficial

byer of cells in the vagina Jose their squamous
and comjfied character and become rounded and
filled with a mucus like substance This change

occurs under the influence of progesterone, actmg
in cooperation w ith estrogen

Grou-Oi of the mammary glands The part played

^y progesterone m the development and function

of the mammary gbnds will be discussed on

page 1095

Assay avd stavdarpizatios of peogesterose
The international standard of progesterone is de

fined as the progestational activity of 1 mg of

the lotcmational standard crystalline prepara

tion The test bdiiilbI i- an adult female rabbit

which has been mated and then castrated or an

immature female rabbit which has been pnmed
forfidays previously with estrogen The«e prepa

rations are relatively insen-itive and do not per

Hill the detection of progesterone in blood Hooker
and Forbes (1947) used intrautenne injection of

thehomonein ovanectomued mice and examined

the endometrium histologically This procedure

will measure ‘ progestogemc actinty’ in the blood

of pregnant women but is not very specific Re
cently Zander and Simmer (19o4) have developed
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a chemical method, using ultraviolet spectw>«cop>

,

nhicb will tnea«urc the progesterone concentra

tion m blood

Since prcgnanediol is regarded as a metabolic

product of progesterone and is present in relatively

large amounts in the urine assay of this steroid

has been used as an index of progesterone produe
tion The first method, described by Venning m
1J)37, involved extraction of the urine with bu
tanol, precipitation i^ith acetone, and neighing

the precipitate During the past 10 jears a vanet}

of procedures hive been developed which gencr

8ll> mvolvechromatography, and colorimetry The
technique of Klopper, hlichic and Drown (1955)

13 sensitive enough to mea®uro the prcgnanediol

derived from the adrenals of men

Reucciv

One of the manj adaptive processes occurring

in pregnane) « the relaxation of the ligaments of

the symphj'Sia pubis which takes place m ft

mnety of species This “pubic relaxation” oc*

curs in Momcn, monkejs, guinea pigs, mice, dogs,

cons and ewes, among others In 1920 ffisaw dis-

covered that the blood scrum of the pregnant

rabbit contains a substance which produced this

effect in nonpregnant guinea pigs It was called

relaxtn and has now been detected m the scrum of

women, mares, sows, dogs and cats Relaxin dif-

fers from other ovanan hormones in that it ap-

pears to bo peptide or poljTieptide in nature, i3

readil) solubfo m water, and is destro5'ed by

protcobdic ensytnes It lias been extracted from

the corpora lutca of sows, whole ovaries, blood

scrum, unne and placenta Therelaxin content of

the sow ov'ary begins to increase early in preg

nancy and reaches its highest concentration by

the time the fetuses are from 12 to 15 cm long

For a time the existence of relaxm was ques-

tioned, for It was claimed by some workers that

pubic relaxation could be induced by estrogen or

progesterone or a combination of the tw o Abram-

owitz and his associates found, however, that an

extract prepared from sows' ovanes, when given

in a dosage far below that necessary for an eslro-

gemc or progestational effect caused relaxation

of the pubic ligaments It would seem that re

hxm 13 formed in the uterus under the influence

of estrogen and progesterone as removal of this

organ greatly reduces the action of these steroids

on the pelvis, whereas the potency of relaxm is

retained Ei en in the intact guinea pig rejaxin

acts much faster (withm 12 hours) than proges-

terone or estrogen Further, histological studies

have shown that estrogen relaxes the pubvc sym
physis h} promoting resorption of the bone, and a

proliferation of loose fibrous connective tissue

whereas relaxm produces a dissolution and split-

ting of the collagenous fibera into thin threads

The changes followmg progesterone treatment are

similar to those mduced bj relaxm

Tub HomrovAL Covtroi, or the
JlEVSTRITAn CvCLE

Although essentially similar to the estrous

cjcle of lower animals the menstrual cycle of

primates possesses sev cral features which must be

examined The hormonal basis of the process lias

also to be discussed

Vienne Changes tn Ihe Menstrual C'jcle

The occurrence of uterine bleeding marks the

end of a menstrual cycle, although it is custom-

ary to describe the period of hemorrhage as days

1 to 4, 1 c , the first stage of the cycle Tlie re

mamder of the cycle is usually diiided into two

stages—the stage of repair and proliferation (days

5 to 14) and the days of <vcret3oa (days 15 to 2S)

However smec oiuilation and any corpora lutea

fonned thereby exert a regulating influence on the

succeeding menstrual flow, it is more logical to

describe the cycle as commencing with the stage

of repair and proliferation

The stage of repair and proliferation—folliendar

phase Dunng the 10 days or so after the end of

the meastnisl flow the epithelium of the eodo-

metniun which was shed at that tune is restored

by rapid outgrowths from the mouths of the

glands The epithelial hmng then hypertrophies

and the glands show proliferative changes The
uterus enlarges os a result of the growth of its

Btroma and as it becomes more vascular the ar-

teries which supply the inner third of the endo-

metnum—the spiral arteries—become coiled In

the ovary the Graafian follicle has been under-

gomg maturation and ovulation occurs at the

end of the proliferative stage The proliferative

changes in the uterus occur under the influence

of estrogen

TAc premenstrual or secretory stage—luiedl

pAase This stage, following the follicular phase,

lasts for 13 or 14 days The uterine mucosa shows

marked hypertrophy and is highly %a«cular, its

^inds become elongated and assume a coiled or

corkscrew form The glandular secretion becomes

greatly increased and more mucoid in character

and toward the end of the premenstrual stage the

endometrium resembles the decidua of early preg

nancy, with the appearance of typical decidual

cells ID tlie utenne stroma During this pha«e the
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spiral arteries continue to lengthen dispropor*

tionately to the grorrth of the endometrium Some
tunc before men«truation there is a reduction in

the blood supplj to the endometrium which

shrinks and compresses the spiral arteries The
blood IS then further slowed until there is a state

of stasis Fmalij the spiral artenes constrict and

ischemia of the endometnum occurs The stage

IS set for menstruation

The uterme changes occurring in the luteal

phase arc produced b} progesterone secreted by
the corpus luteum, and to this extent the stage

corresponds to tlmt of peeudopregnancy obser\ ed

m some lower species If fertilization of the ovum
docs not occur the corpus luteum does not persist,

its influence upon the endometrium wanes and

this cliange is marked by shrmkage of the endo-

metrium At the end of the premenstrual stage

swelling of the mammarj glands maj be noted

and mild psjchic disturbances (irritability, nerv

ou«ness, depression, etc ) tnav appear

The destruclue elage or stage cif menstnud flow

lasts for about 4 dajs After a period of ischemia

of the endometnum individual spiral arteries re-

lax and hoinorrhage occurs through rupture of the

wall of an arteriole or capillarj The blood may
escape tluough the epithelium or maj collect m
the underlj ing tissues to form a hematoma vrhich

eventually discharges into the lumen of the

uterus Hemorrhage cea«c8 locally through vaso-

ccptistnction of the spiral aitenes, but constnclion

and relaxation of the«c vessels docs not occur

sj nclironouslj throughout the utuus so that some
blmhng contmuea ^Ting the proce*-s fiagnvents

of the epithelium become desquamated and blood

ve««cl3 ma> be observed to project freely into the

Htoiw ‘iVwr,

and an mtact circubtion becomes reestaUishod

through the ba«al arteries Tins heralds the end

of menstruation and the corainenccmcnt of a new

follicular jihasc

Tlie blood discharged tlunng tncnstruation dif

firs from normal blood m tlat vt does not clot

Tins IS apparently due to its passage through the

endometrium, for blood that escapes dunog ar

tenal hemorrhage clota rapidlj

Markee has followed the process of menstrua-

tion microscopically m pieces of endometnum

transplanted into the antenor diamber of theeje

of monkejs Bleeding occurred from the trans-

planted tissue dunng menstruation, but preceded

the appearance of blood in the vagina bj about

3 hours His ob^rvations emphasize the essen-

tially endocrine nature of the utenne changes oe-

cumng during the menstrual cycle In the human

subject patches or tumors of endometrial tissue

are sometimes found in extrautenne situations,

e g , surface of the broad ligament or ov^arv
,
in the

omentum, pelv ic peritoneum or subcutaneous tis-

sue of the vulv a or perineum, or in the tissue m
the neighborhood of a laparotomy scar The ec-

topic tissue bleeds durmg menstruation The con-

dition 13 not uncommon and is known as endo-

melrtosis

Effeda of Estrogen—Progesterone Interactions on

the Menstrual Cycle

It IS evident that estrogen progesterone mter-

actions underly many of the changes observed

dunng the menstrual cycle However, although

the changes seen are well accounted for on this

basis, tlie preci«e mode of action of the ovarian

hormones merits further examination

It 13 not necessary for a luteal phase to precede

menstruation This is shown by the fact that m
monkeys, as well as id women, ovariectomy dur

mg the follicular phase is followed in a few days

by a premature menstrual period Such po«topeni

tivc bleeding can be po'^tponed by administration

of estrogen Markoe showed that an intraocular

transplant of endometnum menstruated when a

cry’s!*! of estrone inserted into that eye was ro
moved, and also that while the crystal was pres-

ent, the graft in that eye did not bleed at a tune

when the uterus did so Also, in monkeys and

young women, menstrual cy cles can occur without

ovubtion and the formation of luteal tissue In

these cases cyclic changes m the blood level of

alone pTesumahly arc TCSpon'n’ole for tVic

flow Evidence for this view is the finding that

ovancctomizcd monkeys, subjected toa course of

xaLvagtw awKcatracAe- smsw aftax V.V«

withdrawal of the hormone Tins is the estrogen

withdrawal effect alluded to earlier (p 1084)

BWeding may also follow if the dose of c'^trogen is

suddenly reduced although continued at a low

level

Cessation of progesterone administration re-

sults in similar effects to estrogen withdrawal If

a short senes of proge’sterone injections is super-

imposed upon a long course of treatment with

eslit^n m an ovaricctomized monkey, then

menstruation ensues shortly after the withdrawal

of the progesterone Alternatively progesterone

will prevent estrogen withdrawal bleeding when
given immediately following the estrogen On
stopping the progesterone then a progesterone-

withdrawal menstrual period en-nies 'Menstrua-

tion foDows the end of progesterone treatment in

a recently ovancctomizcd monkey not given es-
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trogen Progesterone dctij’s menstruation ivhcn

gi\cn during the normal menstrual cycle

It Mould seem from the observations above

that menstruation follows a reduction m the hor-

monal stimulus applied to the uterus—whether

progestational or estrogenic In the usual men-
strual cjcle bleeding normallj follows a decline

in the circulatmg level of progesterone (fig 608)

/or the urinary evcretion of prcgnanediol

to fall a f(.w dai-s before the onset of menstruation

IMth regard to estrogen the recent observations

of Brown (1955) on the excretion of the hormone

during the menstrual c^clc give the follomng

picture The excretion of estrogens increases

stcadilj up to about the 13th daj when an oiu/a*

bon peak is reached It then suddcnlv falls, re-

mains low for several dajs, and thereafter slowly

mcreascs to reach a hitcal »n<mmum at about the

21st daj Fmally, immediately prior to the onset

of mcaslraition the excretion of estrogen falls

once more

So far the menstrual ejelo has been discussed

as if it were a process Ijmg cnluetj under the

sw ay of the o\ aij This is not so, for the participa-

tion of the gonadotrophic hormones of the pitm-

tar> gland m regulating the cjclic activitj of the

ovarj has been neglected Thc«e arc discu«'cd on
page 971, «o that here the interactions ma> be

tentatively summarised

The estrogen content of the blood rises vrhen

the ovary is stimulated by the folhcle-stunulating

hormone of the pituitaiy, and when the concen-

tration of this ovarian hormone reaches a certain

level it, in turn, acts to suppress the output of

foUicle-stiinulating hormone and excite the re-

lease of luteuuzmg hormone The concentration

of estrogen upon which the proliferative stage of

menstruation depends is thus reduced Next the

hj’pophjeis releases its luteuuzmg principle which

stimulates the development of the corpus luteum

but as the concentration of progesterone in the

blood rises the production of the luteimzing prin-

ciple LS in turn suppressed, with the result that

the mtegntj of the luteal tissue cannot be mam
tamed With the fallm the concentration of estro

gen and progesterone menstrual bleeding occurs

and the secretion of follicle stimulating hormone
IS then resumed—with commencement of another

cycle

Menslrmt Irregularities

The nonoccurrence of the menstrual periods in

postpubertal life is called amenorrhea
,
except dur-

ing pregnancy, when suppression of the mcn«es is

a physiological phenomenon, the failure of the

Fio 60 8 Upper diagram cstrousC5 cle lower
diagram menstrual c>cle (After Corner )

menstrual cjcles at any tune between puberty

and the menopause is abnormal Amenorrhea may
be either pnmory or Becondarp In the former in

stance the menses have never occurred in the

btter they appeared but were subsequently sup-

pressed Primary amenorrhea is m many instances

associated wnth arrested development of the re-

productive organs Scanty menstruation is termed

oltgomenarrhea, whereas menerr/iapio is excessive

bleeding Metrorrhagia is the loss of blood from

the uterus in the mtermenstrual periods A large

proportion of these menstrual irregularities, when
unaccompanied by some gross disease (e g ,

tu

mor m the uterus) have an endocrine ba is

Amenorrhea is frequently the result of ovarian

hypofunction Dijsmenorrhea painful menstrua-

tion, IS the result of irregular and spasmodic con

tractions of the uterine muscle which may in

many ca«es have an hormonal origin In the past,

cxccssiv e bleedmg m the absence of some obvious

utenne disease has been put down to inflamma-

tion of the uterine mucosa (endometritis) Before

the physiological changes in the endometrium

were correlated with the stages of the ovarian

qycle (p 10S9) the normal premenstrual char-

acters of the uterine mucosa were considered to

be pathological evidence of endometritis’

"With the knowledge currently available it is

clear that disorders of the menstrual cy cle, such

as amenorrhea, can result from a variety of

causes which will operate through the ovaries or

through the pituitary The operation of psycho-

logical or neurological factors which act on the

pituitary gland through the liyTiothalamus must
not be neglected in this regard It is well known
that gross diseases of the anterior pituitary gland
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such as acromegaly, Simmonds’ disease, and dys-

trophia adiposogenitalis are associated with men-

strual irregularities which usually appear as oli-

gomenorrhea or amenorrhea Amenorrhea also

occurs as an accompaniment of hyperthyroidism

and as a sjTuptom of several general diseases,

notably anemia, tuberculosis and malnutrition

The treatment of menstrual disorders depends,

of course, upon the nature of the factors precipi-

tating the condition

The naeogenttal relationship A number of ob
scrvations suggest a physiological relationship

between the sex processes and the nose In the

first place the mucosa coveting the nasal conchas

has a cavernous structure suggestive of the crec

tile tissue of the penis and clitoris, and olfactory

stimuli and psychic aspects of sex are very closely

associated Nasal congestion, often associated

with epistaxis, occurs regularly in many aomen
at the time of the men<>es, and in both sexes it is

not unusual for na«al bleeding to occur at puberty

Sometimes the nasal hemorrhage in girU or women
has seemed to replace menstruation which was
coincidentally suppressed, and for this reason was

termed erroneously "wcanous nunslnatton ”

Swelling and reddening of the nasal mucosa is a

common finding in women during pregnancy and
in monkeys during the menstrual cycles Stimula

tion of the interior of nose has been reported to

alter the periodicity of estrous cycles to rats,

whereas exci«ioD of the conchae in young animals

IS said to result in hypoplasia of the sex organs

On the other hand, degenerative changes in the

na^al mucosa have been observed as a sequence to

castration, which could be reversed by estrogen

injections

Tlie Endocrine Functions of tlie Placenta

The human placenta has been found to contain

(a) estrogens, (b) progesterone, and (c) a gonado-

trophin, it IS non clear that it acts as an endocrine

gland

Estrogen Following ovariectomy in pregnant

viomen large amounts of estrogen continue to be

excreted in the urine This observation clearly

points to the existence of an ancillary source of

estrogen The fact that the output of estrogen

falls abruptly at partuntion, and that thm hor-

mone can be extracted from the placenta, indi-

cates that It is produced in this organ Although

placental ti^ue grown in utro does not appear to

produce c'trogcn, Stewart lias demonstrated es-

trogenic stimulation of the uterus of ovanecto-

mized rabbits with intraocular implants of full

term human placenta

Estrone, estradiol and estnol have all been iso-

lated from placental tissue, and are probably pro-

duced by the sync^dial trophoblast Of these es-

tnol 13 the most important from the quantitativ e

pomt of view Durmg pregnancy the placenta

tak^ over much of the function of the ovary in

the human During gestation the output of es-

tn^Q m the iinne rises fauly sharply in the first

tnmester and then remains more constant At
term the 24-hour excretion of the various estro-

^ns 13 approximately as follows estnol, 30 mg ,

estrone, 20 mg
,
estradiol, 075 mg whereas 2

mg of hjdroxyestrone and 0 75 mg of epies-

trol are also eliminated Such large amounts of

estrogen arc not excreted in the free form but are

conjugated with glucuronic acid (p 1083) To-
ward the end of pregnancy it has been found that

the proportion of combmed to free estrogen, nor-

mally of the order of 99 1, falls as more free es-

trogen appears in the urine, and this has been

taken to indicate a change m the metabohsm of

estrogen at tlu3 time However, a fairly recent

study by Clayton and Marnan indicates that the

presence of unconjugated estrogen is due to the

action of ^-glucuronidase m the mine with con-

sequent hydrolysis of the glucuromdea At de-

livery, with expulsion of the placenta, the urinary

output of estrogen falls sharply to the levels

found m nonpregnant individuals

Progesterone The production of progesterone

by the placenta is implied in the finding that preg-

nancy continues m certain species following ov nn-

ectoroy (p I0S8) In other species «!ueh as the

rat» “pregnancy ’ will continue m the ovariec

lomizcd anuna) provided that the number o!

fetuses IS reduced to a mimmiim If the fetuses

alone are remov cd, the placentas w ill surv ive and

be dtUvered at term, meanwhile all the signs of

pregnancy will continue

The excretory product of progesterone, preg

nanediol, was first obtained from liuman preg-

nancy unne m 1929 According to Venning the

amount of prcgnanediol excreted during preg-

nancy steadily increases from about 5 or 10 mg
daily to around SO mg per 24 hours at term Fol-

lowing delivery the prcgnanediol m the urine

falls sharply to reach nonpregnant levels in a few

days Recent applications of more specific assays

for prcgnanediol mdicate that the peak output

may not be as great as that noted above

Gonadotrophin Tlie existence of a gonado-

trophic pnnciple in the blood and unne of preg-

nant women was established m 1927 by ^tschcira

and Zondek, but it was left to later workers to

show that the principle was derived from the pb-
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ccnta Since the hormone concerned lias been

shonn to actions similar to tho'se of the

pilmtarj hormones it has been termed "antenor-

pituitnr\*hke’' (APL), or "pregnancy prolan”

However, as it is now known to bo produced bj

the chonomc villi, the name "hwnan cfionomc

gonadolrophtn" (IICG), or simp!} “ehonmtc
gonadolrophtn" (CG) has been adopted and is in

general u'c

Tlie hormonal secretions of the pituitary arc

required during pregnanej in the rabbit and dog,

whereas in other species, monkcj, mouse, guinea

pig and rat, pregnancy is interrupted onb ifpitm

tarj ablation is performed carlj This, in eonjunc-

tion w ith the cv idcncc tliat in the rat the o\ anos

arc essential for the maintenance of pregnancy

,

implies that the placenta produces a gonado-

trophic (lutcotrophic) hormone

In the human, chorionic gonadotrophin ap-

pears in the unne v erj shortly after conception,

in a fortnight or so, and the amount rapidly in-

creases to reach a peak afwut 50 to 70 days after

the last menstrual penod Tlioreaftcr there is an
equally rapid fall until tlie U2th day when a low

level 13 reached which is maintained until the end
of gestation In the chimpanzee and monkey
cliononic gonadotroplun is excreted for only a
short time during pregnancy

It IS clear that chonomc gonadotrophin is pro-

duced by the Langhans’ tells of the fetal chonon
In addition to the extraction of the hormone from

the human placenta, fragments of this tissue im
planted into the eyes of rabbits have been found

to liberate gonadotrophin Chonomc gonado-

trophin 13 also produced by tissue cultures of the

placenta Further, gonadotrophin is detectable in

the uruie m all conditions in nluch normal or

abnormal chonomc tissue is present, and disap-

pears with its complete removal In eases m
winch the placenta la retamed after expulsion of

the fetus, gonadotrophin excretion continues

Chononcpitbehomas of the uterus, or of the testis,

are also characterized by the excretion of chon

omc gonadotrophm m the unne, as is bydatidi

form mole (a cystic dcgenerativ e disease of chon-

onic tissue)

In its actions chonomc gonadotropbin differs

from any of the pituitary hormones When im-

mature female rata are treated wath chonomc

gonadotrophm prepared from human placenta,

pbcental implants, or extracts of human preg

nancy unne, follicular maturation, estnis and the

formation of corpora lutea result, the lutemmng

action IS the predominant effect LH is ineffective

in immature ammah. The failure of the pitmtaiy

pnnciple is believed to be due to the ab'cnce of

FSH wbo«e synergistic action is requirerl by both

HCG and LH The jilacenlal hormone appear"

to stimulate the release of FSH from the hy-

pophysis of the rat, whereas the pituitary hor-

mone docs not Human chonomc gonadotrophin

ciu«cs enlargement of the oi anes, but to a lesser

degree than the pituitary pnnciple, and hyper-

trophy of the interstitial (Ley dig) cells of tlie

testes In the latter case the output of male sex

hormone is increased and the growth of tlie acces-

sory set organs is stimulated This action may be

of value in the treatment of undesetnded testes

and eunuchoidism Chonomc gonadotrophm will

also maintain tlie integnty of the seminiferous

tubules in liypophy scctomizcd animals but will

not prevent ovarian atrophy after Jnpophjcec-

tomy, for here the synergistic action of FbH is

required

In summary
,
it w oulcl «ccm that the function of

chonomc gonadotrophm is to supplement the ac-

tion of the pituitary m mamtaming the corpus

luleum dunng pregnancy , and from this pomt of

view the hormone is lutcotrophic in effect Sup-

port for this concept may be obtained from the

finding that the life of the corpus luteum in wo-

men «ia be proJongcil by chonomc gonado-

trophin

A wide vanety of techniques has been u^ed in

the essay of human chortonte gonadolrophin Tho^e

performed on the rat include the iDCrea<ie m ova

nan weight the production of ovanan by percmia

the incrca'^e la uterine weight changes in the

vaginal eciesr and increase m the weight of the

accessory reproductive organs of the male The
production of ovulation in the rabbit anJ toad,

as well as spermiation m tbe male toad are

also u«cd For comparative purposes the inter

national unit repre°cnts the activity contained m
0 1 mg of the isteraational standard preparation

Pregnaneg Tests

Quite apart from strictly quantitativ e or assay

purposes a number of the tests noted abo\c are

of value in tbe diagnosis of pregnancy Since

chonomc gonadotrophm appears m the unne

some 2 or 3 weeks after conception, detection of

the hormone permits an eir/y diagnosis of the

jweseace or absence of pregnancy Such tests are

also of importance m ca"cs of "uspccted chon

onepithebomx and hj datidiforra mole

The more important pregnancy te®(8 are

1 The Ase/ietm Zondek test This wa*" the first

procedure deviled and depends on the changes

induced by HCG in the ovaries of immature mice
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Two milliliters of unne are given over 2 daja and
the ovanes examined on the 5th day The preecnce

of hemorrhagic follicles and luteinized follicles

indicates that the urine contains chononic

gonadotrophin

2 The Kvpperman test In order to save time
the immature rat may be u«ed Here 2 ml of unne
are injected subcutaneously into each of three

immature females, which are killed 6 hours later

If the urine contains HCG a marked hyperemia

of the ovaries is observed Alternatively the re

sponse maj be read after 2 hours folloning intra

pentoneal administration of the hormone
3 The Friedman leal depends on the production

of ovulation in the rabbit following the intrave

nous injection of 10 to IS ml of urine The ovaries

are examined 24 to 48 hours later

4 The Iloghen leal utilizes the South African

clawed toad, Xenopua leevts A mature female is

isolated and a concentrate, prepared from 20 to

30 ml of urine, is instilled into the dorsal lymph
sac If the urine contains HCG ovulation follows

beti'.een 6 and 12 hours later

5 The Gallt ^/atntnt leal employs the male

amphibian and is the mo<t recently developed

method It depends upon the expulsion of sperma
tozoa and the result can usually be read within 2

hours A variety of species may be used, including

Su/o arenarvm (which was the first tested), liana

pipiena, Bufo bufo, Bu/o mannus and Xenopua
lama

Finally, it is perhaps worth recalling that as

A«cheim has pointed out, tests for pregnancy ate

not a modern innovation In an Egj ptian papyrus

some 8000 or 4000 years old it is directed that

should a w oman wish to know whether she is preg

want the. shonld some earth awi barley \w a
vessel and add a little of her unne each day Should

the barley grow she is pregnant It has since been

found that estrogen, which is present m quite

high concentration in the unne alter the first

month or two of pregnancy, is a stimulant to plant

growth

Pregnant mare aerum gonadotrophin The exist

ence of a gonadotrophin in the sernm of the preg

nant mare was discovered in 1930 by Cole and

Hart This hormone appears about the time of

implantation of the blastocyst and its concentra

tion in the blood reaches a peak at about the 80th

day, although, unlike HCG, only very small

amounts appear in the unne It seems fairly clear

that pregnant mare serum gonadotrophin (FMS)
IS produced by specialized structures in tbeiancosa

of the uterus—the endometrial cups and the pro

duction of PMS may be correlated with the ap
pearanee of a number of accessory corpora lutea

in the ovary
In hypophysectomized rats, FMS caU"es a

marked increase m ovarian weight, in follicular

growth, and, with large doses, in luteinizalion

The interstitial cells in the testes of the male arc

markedly stimulated

The hormone is seldom used clinically in view

of Its limited effect on the human gonad and the

ease with which antigenic reactions are stimu

lated

Tlie Structure and Development of the

Mammary Glands and the Secretion

of Milk

The Slruclure of the Mammary Glands

The secretory tissue of the mammary glands

consists of elongated slender sacs or ducts—
the aheolar dueta—whose walls show numerous
pouches—the alveoli The walls of the alveoli are

composed of a basement membrane, a lajer of

myoepithelial cells and an inner layer of colum
nar epithelium The epithelial cells are the se

creling elements

The gland is composed of some IS to 25 lobes

marked olT by connective tissue septa containing

much fat and derived from the mantle of adipose

tissue which envelops it A lobe is subdivided into

lobules which are vanable in sire, shape and num
ber Each lobule gives rise to a narrow duct which
IS the continuation of an alveolar duct but whoso
wall IS quite devoid of alveoli By the successive

junctions of these lobular duets a single laclt/eroua

duel IS formed which serves an entire lobe, it is

lined by stratified epithelium The lactiferous

ducts converge toward the nipple, become dilated

beneath the areola and then constrict again Near
the base of the nipple they turn abruptly to run

vertically toward the skin surface Each opens
sepatwlely at the apex ol the nipple hy e. caiwite

mouth called the galaclopore In the nonlactating

gland few alveoli, if any, are to be found and the

gland consiata of ducts, connective tissue and
fat Preparatory to lactation the glandular tissue

shows active growth, leading to the development
of the lobular alveolar system which completely

transforms the histological appearance

The nipple and an area of the skin (the areola)

surrounding it are darkly pigmented The pigmen

tation deepens in the early months of pregnancy,

a sign recognized from the earliest times, and only

partially fades after gestation As in other cuta

neous pigmented areas the color is due mainly to

the accumulation of granules of pigment in the

squamous epithelial cells of the skin, but the ac

tual production of pigment is a function of cells

called melanoblaala lying just below the epithelial

layers These arc the cells which give the “dopa”

reaction (p 1043), but they themselves may con

tain little pigment The function of this pigment

IS unknown but its increase during pregnancy ap

pears to be causally related to the functional ac

Uvity of the underlying gland, an influence being
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conveifcl from the active ti«8tic3 to the melnno
bja-’t" through the rich sympathetic innervation

(Cathcart and associates) There la pogsihh also

a hormonal factor earned to the mclanoblasts in

the general blood stream

The nipple contains smooth muscle nhich ts

arrtngcd circularly asnellasvertieallj Thevcrti
cal fibers arc m clo«e relation to the lactiferous

ducts The stifTening and erection of the nipple

iTliieh results from mild stimulation is cau«ed by

the contraction of these strands of muscle The
nipple ts one of the most richly innervated strue

turps in the body Nerae fibers both mcduDateil
(somatic) and nonmediillated (sympathetic) are

found in profusion in and beneath the skin, and
especially in relation to the openings of the Inctif

erous ducts In (he dermis, nerve fibers form a
loose o{)en network without encapsulation, or
enter end organs of aarious forms Paciman and
Meis«ncr's corpu'cles commonly found m other

cutaneous and subcutaneous area* are absent, and
KraU'c'* end organs are scareo The sensations

amiwd from the nipple and areola are, appar
eniJv like those of the glnns penis, of the diffuse

protopathic or thalamic type Light touch with
cottonwool ora on Frey 's hairs is not appreciated

The Roles of the Oianes and Anlmor PUuUary
tn Mammari/ Detdopmetil

There ore three phases in the dc\olopment and
octiMty of the manunarj glands Those are seen

as (a) the period up to and mcludmg puberty , (b)

the phase during tvluch the action of the coitus

luteum 13 prominent, tliat is during pregnancy

and pseudopregnancy, and (c) the final secretory

pfia^ of facCafion when milk rs secreted and dis

charged

The budding of the framework upon which the

niechamsra of lactation is to be hung, begins be

fore puberty
, for it has been shovoi that growth

of the mammary glands of the rat becomes faster

than that of the bodi as a whole at about the 22nd

day (Cowie) At this tune it would appear that

estrogen is largely responsible for the growth

changes seen It is generally true that estri^en is

responsible for the growth of the mammary duct

system whereas progesterone, actmg synergisti

cally with estrogen, promotes full ah eolar de% elop

ment But the above is a gencraliration and in

the mouse, rat and monkey progesterone alone,

in sufficiently high dosage, will cause alveolar

development in spay ed animals lackmg pstn^en

Further, it is possible to group various species

aecordmg to the effect estrogen has on the un
developed mammary gland In some species, the

dog and probably the ferret, estrogen alone causes

little or no mammary development, whereas m
the nevt group, which includes the mou«e, rat,

rabbit and cat, estrogen in physiological do«agc

evokes primarily and mainly ductgrowtli In the

third group, which includes the monkev, guinea

pig, cow and goat, c«trogen produces extensive

growth of the alveolar system—lobubr alveolar

development—as well as of the duct*

Surprisingly little is known almut the relative

roles of estrogen and progesterone m the dev elop

ment of the human mammary gland Mammary
<Ievclopment has liecn produced clinically by the

topical administration of estrogen A number of

workers have descnlied cyclic changes in the tis

sues of the breast during the menstrual cy cle,

With growtli occurring m the luteal phase and

regression after menstruation However such re

ports have been contested PhysiologicalK, the

enlargement of the mammary glands seen dunng

pregnancy is due to the growtli of the corpus

luteum which supcrunpoMJS the alveolar develop

mg action of progesterone Ufwn the basically due

tai action of estrogen

It Ins long been tliought that an intact an

tenor pituitary gland is cs«entuil for the stunu

latmg actions of the ovarian hormones on the

mammary gland In liypophy stctomized rats,

mice or guinea pigs, estrogen exerts httle or no

effect upon duct development unless nntenor pi

tuitary replacement therapy is initiated The na

tare of the pituitary principle necessary for the

response to estrogen and progesterone has pro-

vided a controversial topic over many years

Turner and kis associates produced evidence for

the view that the pituitary produced two mam
mogenic principles, distmct from any known hor

mone Jtfamrnoffen / was thought to stimulate the

duct system and to be liberated under the influ

ence of estrogen
,
and Mnmmogen II, w as believ ed

to produce the growth of the lobuLir ah eoLir

system and to be secreted under the influence of

pn^esterone Thus the ovanan hormones acted,

not directly on the mammary gland, but through

the hypophysis However, the theory has failed

to find general fay or It has recently proved pos

fiible to obtain full mammary development, typ-

ical of late pregnancy, in the hypophysectoniued

rat by givnng estrogen, progesterone and the an-

terior pituitary hormones, prolactm, growth hor

mone and adrenocorticotrophm (Lyons) Further,

Ahr4n and Jacobsohn have shown that if insulin

IS supplied to the hypophv =ectomizcd immature

female rat (tc^efher mth estrogen and progeeter

one), then mammary growth and differentiation
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will follow This observation underlines Ibe im
portance of general metabolic aetivitiea in mam'
marj development

The direct action of prolactin m promotn^
mammary gron'th (as distinct from its lactogenic

effect described below) was ehonn bj Ljons who
induced localized hjpcrplasia of the glandular

epithelium bj injections of prolactin into the

mammary ducts of rabbits previously treated

with ovarian hormones

Prolaelin

The existence of a lactogenic hormone m the

pituitary has already been mentioned, and is dis

cussed elsewhere, m chapter 56 However, certain

points are of interest here The first evidence of

the existence of such a hormone was pronded by
Stnekerand Grueterml928 who found that crude

anterior pituitary extracts induced bctation in

ovanectomi2ed,p«eudoprcgciant rabbits TTiema
terial ivould also restore lactation in rabbits which

had ceased ketatmg 10 to 15 da}'8 previously, and

was later found to act similarly in bitches In

1930 Comer showed that injections of antenor

lobe extract caused enlargement of the manunarj

glands and lactation in ov ancctomizcd virgin rel>

bits Man> workers quickly confirmed that ante'

nor pituitaiy extracts were able to mitiate lacta

tion in the adequately developed glands of a wide

variety of species Withm a fen >ears it was es

tabhshed that the extracts contamed a separate

hormone which had pronounced lactogenic effects

(Kiddle and Bates), and was called prolactin, ga

lacin, or mammolropin

The Pole of (he Placenta in Mammary Grorclh

The work of Lj ons on the hj-pophysectomized

rat showed that mammary development could be

obtained after rcplacmg prolactin administration

by placental extracts This finding is m accord

with the results of rather different work per

formed some 20 y ears ago It was then found that

removal of the ovaries and fetu«es from rats to-

gether mth hj’pophj'scctomy causes mammary
regression if the placentas are also removed, but

mammarj growth continues if the placentas are

left It appears then that the placenta can sub-

stitute for the ovaries as well as the pituitary

The production of estrogen and progesterone by

the placenta should be recalled in this connection

(see also p 1092)

The Inxtialwn of Lactation

Although lactation is generallj held to start at

^
end of pregnancj, the secretion of mDk sets

m long before Ibis, at about tbe fifth month
Nevertheless the initiation of a copious lactation

is a striking consequence of debvery

The factors underlying this event have excited

comment for manj jears, and a variety of ex

planitioos have been put forward Thus it was

supposed that lactation resulted as a natural con

sequence of the end of pregnancj and mammary
development, so that when the growth stimulus

was removed, secretion began Support for this

view came from expenments m which, for exam

pie, lactation followed the end of a course of

estrogen injections m the gjiinea pig tilth the

discovery of prolactin, attention was directed to

the pituitary gland as well as to the endoerme

activities of the placenta, and Nelson m 1936 put

forward a new concept This was that durmg
pregnancy the ovarian hormones induced prolifer

ative changes m the mammary glands and m
addition, and particularly during the latter half,

inhibited the actual secretion of milk The re

straining influence w as v isualized as acting (a) by

8uppres«inf the secretion or release of the pitu

itary lactogenic hormone, and (b) bya direct m
hibitory effect on the mammary glands Thus the

high ovanan hormone levels during pregnancy

would promote glandular development, whereas

the sharp fall in concentration at parturition

would permit lactation to begin It a known
that lactation is inhibited in most animals by
estrogen, or by measures which stimulate estrogen

hbcratioQ and la aUo promptly suppressed by

human cbonomc gonadotropin (IICG) which

stimulates the production of luteal tissue Collip

and hix colleagues reported that if the lulemired

ovanes induced m virgm rats by the admmistra

tion of HCG were removed, then tbe hypertro-

phied mammae secreted profusely Removal of

the pituitary
,
however, together with the ovaries

prevented this result When lactatmg cows be

come prepiant, milk production declines progres-

sively during gestation but n«es abruptly after

calving In guinea pigs, removal of the ovaries and

embryos, although leaving the placentas intact,

does not induce lactation, but lactation occurs

following expulsion of the placentas Observa-

tions of the above nature lend strong support to

the view of Nelson E\ ans also explained the milk

scCTction which occasionally occurs in the child

shortly after birth (“witches milk ’) on this basis,

for the fetus is exposed to ovarian hormones and

the eiumnation of the«e after birth might result

in the hberation of prolactin from the pituitary

of the infant

The theory as described above, with an era
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phasis on the inhibitory action of estrogen, has

limitations Thus the amounts of estrogen re

qiured to suppress established lactation probably

are greater than those produced dunng prcg

nancy, and the typical signs of high estrogen

lei els (cornified i agina, estrous bobanor) are not

seen dunng pregnancy Further, low doses of es-

trogen actually stimulate mammary secretion m
some forms (goat and cow) It nas to account for

difficulties of this nature that Mcites and Turner

la 1942 drew attention to the po'aible role of

progesterone These workers suggested that dur

ing pregnancy progesterone inhibited a stunulat-

ing effect of estrogen on the secretion of prolactin,

but at the time of partuntion estrogen became

dominant and was able to cv-okc a quick nse jn

the output of prolactin and so initiate lactation

In support of this mgw it was found that in rats

and guinea pigs the prolactin content of the by

pophy^is began to ri«c a few day s before the birth

of the young, and that the unnary ercretion of

prolactin after parturition was from 8 to 10 tunes

greater than that during pregnancy Dstrogen was

found to increase the content of prolactin in the

hy'pophy'is, so that the low prolactin content

dunng pregnancy was attributed to the relatively

high progestin content of tlic blood, and its an

tagomstic effect on the action of estrogen It was
found that estrogen and progesterone given in

appropriate proportion had no effect on (he pro

lactm content of the pituitary

In turn, the view of Aleitcs and Turner has been

subjected to criticism, notably by Folley , who was
not convmced that increases in pituitary prolactin

content (assumed to reflect pituitary secretion

rate by Moles and Turner) were accompanied

by an increased secretion of prolactin into the

blood, and objected to the key position assigned

to prolactin m the mitiation of lactation He sug

gested, as a modification of the Nelson theory,

that low levels of circulating estrogen stnmilale

the secretion of antenor pituitary hormones

concerned in lactogenesis, whereas high levels m
hibit such secretion At about the time of par

tuntion the level of circulating estrogen, pren
ously above the threshold for pituitary inhibition,

falls and in pas«ing through the range between

the two thresholds will cause functional activation

of the anterior pituitary with respect to the pro-

duction of lactogenic hormones and so initiatefuD

lactation

More recently it has been found (Meites and

Sgouns) that estrogen and progesterone exert an

antagonistic effect toward prolactin at the mam
mary gland level Thus the ability of a moderate

dose of prolactin to initiate milk secretion in

ovancctomized rabbits with well developed

glands could be effectively inhibited if optimal

mammary growth promoting do«es of estrone

and progesterone were given at the same time

In the absence of either or both steroids prolactin

elicited a good lactational response Variation of

the amounts of gonadal or hypophysial hormones

given showed that the occurrence of mammary
growth (or of lactation) depended on the balance

achieved In the light of this work it is clear that

to focus attention solely upon the hypopjjysis at

the onset of lactation is to neglect other important

factors Although retaining his “double thresh

old” theory
,
rollcy now believes that ‘lactogemc’

doses of estrogen may be deprived of their lac

togeoic action by suitable doses of prog^terone,

and that the combination of the two hormones

may act as a potent inhibitor of lactation during

pregnancy At parturition the fall m the ratio of

progesterone to estrogen would remove the in

bibition, and the positive “lactogenic effect of

estrogen would act unopposed

An entirely different viewpoint is that of Pe-

tersen, who does not concern himself with estro-

gen progcsteronc-proiactin interrelationships It

IS now clear that milk production, i e
,
the for

mation of milk and its secretion into the alveob,

begms some tunc before partuntion The ques

tion, therefore, is not a matter of tecrelion after

childbirth, but of the discharge or ejection of milk

from the gland As pointed out by Petersen, the

low water content of the first milk secreted, the

colostrum, strongly suggests a retained secretion

which tends by distention of the alveoli to de

press fiecretory activity, but with the emptyung

of the alveob the inhibitory effect of distention is

removed and a continuous profuse secretion is

maintained by the lactogemc hormone

The Maintenance of Lactation

With partuntion the operation of a number of

as yet imperfectly understood factors results in

lactation, a process wluch is mamtamed m many
fonns for months

Neural factore The mechanism underlying the

continuance of lactation is not clear, although it

IS certain that the pituitary is mvolved smee lac

(ation IS arrested abruptly by hypophy sectomy

It IS common knowledge that w eamng is followed

by rapid involution of the mammary gland and

cessation of milk production This might be due

to the retention of milk withm the gland, with

consequent deleterious effects on its secretory ac-

tivity, or to loss of a stimulus w
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hctation—the stimulus of suckling The latter

alternative is more likely, for there are numerous

cases in which suckling has been shown to mducc

lactation in male individuals of vrarious species

(bull goat wether, man) Lactation has often

been induced in this way m virgin girls, as well as

experimentally m the rat Selje and his conmkers

showed that suckling tended to delay the involu

tion of the mammary glands m rata m which tlvc

galactophorcs were tied (to prevent the egress of

milk) and suggested that the suckling stimulus

caused a nervous reflex release of lactogenic hor

mone from the pituitary which maintained laeta

tion In lactating mice deprived of their litters the

mammary involution which normally occurs may
be retarded by painting the nipples mlh an ir

ntant such as turpentine The prolactin content

of the hjpophjsss of lactating rats has been ol>-

served to fall over a 30 minute nursing period

In nonpuerpcral women lactation may follow

extensive operations involving the thoracic wall,

probablj through irritation of the intercostal

nerves Such observations indicate that nervous

factors play an important part in the mainte

rnnceof lactation Theoperationot psvchic factors

in women is not to bo neglected, their operation

IS well seen in relation to milk ejection (see below)

Hormonal factors The precise nature of the

liormonal systems activated by neural stimuli has

not been elucidated U is presumed that the

stimulus 18 transmitted to the hy pothalamus and
from there to the hypophysis by the portal ves

<els But the nature of the response of the ante

nor pituitary gland is not certain With the avail

ability of purified pituitary hormones the

maintenance of lactation in hypophysoctomiicd

rats has been attempted Covvic found that, using

growth hormone prolactin and ACTII singly and
m combination the best result was given by pro-

lactin plus ACTII Oxytocin was also given to

make certain that the litters obtained any milk

proilucod Lyons in rather *imibr work found

that prohetm and hydrocortisone tc^elher were

able to raise the milk production to about half of

normal

IMien pure pituitary hormones are given to

lactating animals, and the effect on the milk out-

put IS studied, it is found that growth hmmone
augments the secretion of milk (^alactojxnens) to

the greatest extent This effect can be observed,

not only toward the the end of bctation, when
the milk yield is declining, but also at the height

of milk secretion It is further significant that

upon cessation of treatment the milk yidd does

not fall below the expected level—the action of

growth hormone is thus not due to mobilization

of rraerves Prolactin exerts very httle galacto

poietic activity although its continued secretion

IS probably necessary for the maintenance of lac

tation Injection of ACTII in cows has been

found to temporanly depress the milk yield al

though it is evident from w ork mva?Ivmg adrenal

cctomy and replacement therapy that the adrenal

corUcovds are essential for the maintenance of

lactation In adrenalectomized rats cortisone and

desoxycorticosteronc acetate (DCA) together pro-

vided the best maintenance of lactation (Cowic),

whereas Inter work showed that chlorohydrocorti

8one gave virtually complete maintenance Tlie

effects of thyroidectomy on lactation, although

depressive, do not appear to be particularly stnk

mg It was found more than 60 years ago that

thyroid feeding increased the milk yaeld of women
and cows This has been confirmed, and similar

responses demonstrated m the rat Pituitary

thyrotrophic hormone is also active m this regard

Be«idos increasing the weight of milk produced,

L-thyroxine increases the percentage of fat anil

nonfatty solids id the milk, whereas the concen

tration of alkaline phosphatase drops markedly

Recent work has shown that truodothyTonine

(ch 57) IS about tmcc as active as L-thyroxine

Unlike thyroxine, tniodothyronine is not effec

tive when given orally to cows Dried thyroid

and L-th>Toxine liave been used with benefit in

the treatment of human hypogalactia, but can

not be regarded ns a panacea

MtlK Ejection

The production of milk by the maternal mam
mary gland forms only one step in the proce'S of

lactation For lactation to be successful the milk

must be transferred to the young It is not pos-

sible to empty a mammary gland i)as«ively by
compre^ion or by suction, since the milk is re-

tained in the small ducts and alveoli Physiolog

ically, emptyang of the gland is achieved by the

operation of a neurohormonal reflex referred to as

the milk ejection reflex It consists of an afferent

nervous pathway, which begins vnth the sensory

end oigans m the nipple and areola passes up the

spinal cord to the hypothalamus and to the pos

tenor lobe of the hypophysis through the supra

optico-hy pophy sial tract That is the neural part

of the reflex In the posterior pituitary the neu

rohypophysia! hormone, oxytocin, is dischargwl

mto the blood stream whence it is earned to

cause the contraction of myoepithelial ceUs em
bracing the alvtoli There is little doubt that this

IS the reflex activated by milking m cattle which
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results m “Icl-doum," or bj suckling m women,

which results m the “draught ” Tlic reflex is

highly susceptible to conditioning, and is e^il>

inhibited by fnght or, in Momcn, bj embarrass

ment Expenmcntally, mtlk ejection can be pro

duced by electrical stimulation of the supraop-

ticohj'pophj'sial tract, and blocked bj lesions of

this ner\e pathiiay In the hitter case milk ojec

tion maj be restored bj injection of oxj'tocm

It follows from the abo\e that interference

with the process of milk ejection i\nll stop or pre-

%ent lactation just as surclj as disturbance of the

formation of milk Neglect of this consideration

has in the past led to much confusion in both cx

pcnmcntal and climea! imcstigations

The fact that both oxjtocic hormone and lac

togeme hormone are secreted m response to the

same phj'Siological stimuh has led seieral invcsti

gators to suggest that oxj’tocm released from the

neurohj'pophj'sis acta on the anterior pituitarj to

cause the release of lactogenic hormone In sup

port of this concept it has been found that the

admmistratioa of oxytocin to rata nhose bttera

had been removed retorded mammarj m\olution

This effect was not apparent m the hypophjeec

tomised animal Howe\ cr, it must also be pointed

out that lactogemo hormone appears to be re-

leased from the hypophysis isolated from neural

mfluences by transplantactcn away frem the scUa

turcica

The Composition oftlltlk, the Ongxns and Secretion

of Its Conslilucnis

ith the onset of lactation, the epithelial cells

ilcnoig' the aiVtroi ftwome ARid’etf «vnSi iScnr dlvpiViSf

of fat which soon coalesce to form large globules

in the part of the cell lynng next to the aheoiar

lumen The fat, mth other constituents of the

milk, may then be discharged into the aUcolus as

droplets, or the inner part of the cell is pinched

off as it were from the larger portion and 15 freed

into the lumen TTie latter represents the process

of apoenne secretion

Colostrum At the end of pregnancy and the

beginning of lactation the secretion contained m
the mammary gland is unlike normal milk It is

known as colostrum Colostram contains numer

ous globules and cell fragments, together with

colostrum bodies, which are large ameboid cells

Colostrum contains httle fat, but a larger amount
of antibodies than are present m milk proper It

IS presumed that colostrum formation oceais

when there is an unbalance between the secretion

of milk and its remoi al Thus it is found at tte

end of pregnancy and at the end of lactation

Mill Milk consists essentially of an emulsion

of fat globules m a colloidal solution of protem,

together wnth crystalloids m true solution It

contains two sulwtances not found elsewhere m
the body

,
casein and lactose, the combination of

glyccndcs forming milk fat is peculiar to it

The composition of human milk is compared
with that of con 's milk m Table 60 1 The quan
tity of protein in con 's milk 13 more than double

tliat iQ human milk, t!ic difference is largely con

fled to the casein content The <nigar and fat con

tent of cow’s milk is Ion cr than that of the human
Calcium i» the mineral prc«ent in largest amount
Both human milk and cow's milk vary greatly m
composition and m quality due to the operation

of many factors, psychic, dietary, hormonal, pe-

riod of lactation, time of day (greater volume

during night), etc TJie daily output increases up
to a maximum of from lOOO to 3000 ml at about

the 25th neck after childbirth and then gradually

dccUncs Iluman miUc of good quality contams all

the elcmcots essential for building body tissue,

and adequate amounts of vitaouns A (as well as

carotene) the B complex and C Vitamins Bi and
D are in low concentration and may be pre&cnt

)Q inadequate amounts Haising the protein m the

diet tends to increase the total milk yield and a
high fat diet inereases the yield, as well as the

fat content, of the milk Carbohydrates, ifm high

proportion m the diet, reduce both the yield and

the quality of the milk

The milk proUin The proteins of milk consist

largely of casern, lactalbunun and lactoglobuhn.

Since the phosphoprolem, casein, occurs m no

place other ffian ffie mammary glantf it is efear

that it must be synthesized there The details of

the eynlhesis have not yet been worked out Ac-

cording to Fol]ey,miJk proteinmay be synthesized

entirely from the ammo acids of the circulating

blood, or portly from these and partly from deg

radation of plasma protein m the mammary
gbnd Alternatively the milk protems might arise

from plasma proteins by rearrangement of pep

tide chains, or partly m this manner and partly

from Hood ammo acids From measurement 0/

TABLE 60

1

1

Totil

protc

n

1
E

|l i 1 s 1

u
1

t

Cow’s milk

Homan oulk

3'‘J

1
5j

3 0

;>•![0 4]

0 os^

i-l

5

6 $ 1 o'

0 7

(rs*

87 2

87 5
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the arteriovenous difference of blood amino acids

in the lactating udder, it is clear that eome ammo
acids are utilized bj the mammary gland Ho»-
e\er, it has been claimed that the uptake is suf

ficient to account for onlj about half of the casern

in milk For this reason attention has been di-

rected to the plasma proteins and it was thought

that a glycoprotein present in small amounts in

blood represented the precursor Quite rccemi

work with udder perfusion methods and mth la

belled ammo acids indicates that casein is indeed

sj nthe«ized from plasma ammo acids, and that a
similar conclusion may well be reached in the

case of lactoglobulin

MilL fat Milk fat differs in composition from

the neutral fat of the blood m that it contains a
relatuclj high proportion of short chain fattv

acids of the senes €« to Cn The fatty acids,

c K ,
butyoric, caproic, captylic, lauiic, and myns

tic, constitute about 30 per cent of the total fat

of milk llie fat of milk therefore cannot be sim

ply neutral fat transferred from the circulation

to the gland and there concentrated Of the long

chain fatty acids, oleic (33 per cent) and palmitic

(30 per cent) arc present in greatest quantity

Stearic acid constitutes only about 2 per cent

Mucli of our knowledge of the synthesis of milk

fat 13 derived from work on the ruminant, where

It IS probable that mo«t of the fatty acids up to,

and including, palmitic acid are formed in the

udder from small molecule^, mainly acetate and
possibly $ hy droxy buty rate In other species, c g

,

the rat and rabbit, considerable quantities of glu-

cose may be used in addition for fat synthesis

Lactose Like the other constituents of milk

]ust discu'sed, lactose is found only in the mam
mary gland This disacchande, galactose glucose,

must therefore be formed m that organ Lactose

could be produced from small molecules taken

up from the blood, like lactic acid and pyruvate,

or from the blood glucose Alost evidence favors

glucose as a precursor Thus perfusion of a bovine

udder with blood containing labelled glucose, fol

lowed by extraction and hydrolysis of the lactose

resulted in isolation of labelled gluco«e and galac-

tose This result implies that galactose is derived

from gluco*^ and is supported by expenments m
which 'bees of mammary tissue, meubated with

glucose, formed lactose It has also proved pos-

sible to synthesize lactose from glucose m ho-

mogenates of mammary gland tissue It is per-

haps worth noting here that procedures which

lower the blood sugar tend to decrease the con

centration of lactose in milk whereas hypergly-

cemic procedures have the reverse effect

The Testes

Toe Structure of the Testes

The testes are ovoid glands suspended in the

scrotum by the spermatic cords Each is sur

rounded by a firm, thick capsule—the tunica al

bugtnea, which is in turn enclosed by a double

layer of peritoneum The layers of the tunica to

gtnalts communit slide freely upon one another,
enabling the testis to move easily vnthin its scrotal

sac

The substance of the testis consists of a mass
of coiled tubules, the convoluted eemtntferous lu

bules, bound together by a stroma of connective

tissue Each seminiferous tubule is a rather closely

coiled tube between 35 and 70 cm long and from
150 to 300 microns in diameter They are held m
wedge shaped compartments or lobules by incom
plete connective tissue septa Through the gaps

in the septa they are joined to one another by
short tubular connections The combined length

of the convoluted tubules of man has been esti

mated at over 300 yards At the apices of the

lobules the seminiferous tubules join the first ele

ments of the excretory duet system These are

narrow straight tubules—the lubuU recti—which

in turn empty into a system of irregular cavernous

spaces, the reu testis in the hilum or mediastinum
in the postenor part of the testis At the upper
part of the rete testis some dozen or more ducts,

the ducluti efferentes, arise, passing to the upper
part or coput of the epididymis, the«e duets be

come confluent to form the ductus epididymis The
latterisalosg greatly tortuous tube which forms

the body and tail of the epididyTQis \t the lower

extremity of the epididymis the ductus bends

abruptly upon itself to be continued as the tas or

ductus deferens The vas deferens on each side,

after a devious course, is joined by the duct of

the corresponding seminal vehicle, and terminates

as an ejaculafory ductvrbieb opens into the urethra

The convoluted tubules are lined by several

layers of cells, tbe spemotopcTiic cells which pio
ducc the spermatozoa Among the spermatogenic

or sex cells are a small number of cell* of Sertoli—
long cells attached perpendicularly to the ba'c

ment membrane The spermatogenic cells undergo

well defined changes in the course of tran«forma

tion into spermatozoa In the mature testis tbe<e

can be distinguished, for the primitive stages lie

close to the basement membrane and develop on

passage toward the lumen of the tubule Initially

thegerm cells are large round cells at the periphery

of the tubule and are called spermatogonia They

alone are present in the immature testis Sperma

togonia multiply mitotically, giving n«e to pri

mary spermatocytes The®e are la^cr than the

spermatogonia Each divides into two smaller

secondary spermatocytes, and each of these in turn

divides to produce two spermatids The latter
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transformahon jnvohcs a reduelton or meieltedm
aton of the nucleu®, eo that each epermatid con

tains onl} half the normal number of chromosomes

m its nucleus The spermatids nhich arc found

near the lumen of the tubule are transformed di

rcctlj
, I e ,

nithoiit division, into the free tptrvia

to’oa («cc figure 00 9) About half the number of

spermatids or spermatozoa contain a V ebromo

some and half an \ chromosome

Serloh cells Tlie Sertoli or eustentacular cells

occur fairly regularlj nt inteiTala around the tu

bales Tlie nucleus of a Sertoli cell is large, but

di% i’»ion has not boon seen under normal condi

tions In the human testis, tiic Sertoli ccU con

tainsn ‘ipmdlc-shapcd crj-stalloid near the nucleus

The Sertoli cells are bcliei ed to perform a nutn

tn e ami supportmg function toirard the de\ clop-

mg spermatozoa, the spermatids arc found to be

attached to them Unlike the spcnnatogcnic cells,

the cells of *^rtoh arc highlj resi«tant ton-ard a
aanetj of notions factors To judge from the

findings in eases of Sertoli cell tumors of the

testis, the «ustentacular ccUs maj «ecrctc estro-

gen

The tntfrsttltal cells The tubules of the testis

lie in a stroma of connective tis«ue, and in this

connective tissue arc found clumps of irregularly

poljhedral cells—the inlersiitial cells of Leydi^r

The Lejdig cells appear to be differentiated from

fibroblasts, and contam manj granules of lipoid

material and pigment In the fetus and newborn

the Lejdig cells are remarkably promment due
to stimulation bj chonotuc gonadotrophin After

birth fhc\ atrophj but become conspicuous once

more at pubertj The Lej dig cells are knowo to

secrete androgen

The accessory sex glands Linked m functional

association Vl^th the testis are a number of glands

which produce secretions which, with the sperm
of the te«tis, together make up the semen Tliey

are functional!} dependent upon the endocrine

secretion of the testis, for the} displa} atrophy in

its absence The most important are the seminof

cesKlea, prostale gland, and the bidbo^ureChral or

Cowper’s glands

The seminal tesicles are paired organs l}Tng

dorsal to the bladder, their ducts jom ttic vas

deferens They are absent in man} mammals
(e g

,

the whale and dog) and so are not consid

ered e««eutial m reproduction. On the other hand
the} are greatl} de% eloped m boars, hedgehogs,

rats and guinea pigs, and their secretion increases

the volume of the ejaculate in these species They

do not act as re'crvous for the spermatozoa The
secretion of the seminal vehicles is a yellowish

Fio 00 9 Spermatogenesis a spermatogonia
b primary spermatoev tes e spermatozoa d sper
mattda, e cells of Sertoli

n«cous fluid winch is marked by its content of

fniclo«c Tbo lev el of fructose IS clo«el\ associated

with the blood titer of male se\ hormone, and

falls sharply in its absence (as after castration)

The fructose appears to be derived from blood

glucose since it is increased m diabetic rabbits or

in humans, and falls after the administration of

insulin

The semen The fluid ejaculated from the male

genital tract is known as semen It contams about

CO 000,(X)0 spennatozoa per cu ml
,
although the

normal limits range from 25,000 000 to 225,000

000 In the assessment of fertihty from a “ample

of semen the motility and inability are often re-

garded as more important than the sperm count

The average volume of an ejaculate is about 3

ml and immediately after e\pulaion the “emen

coagulates, to Uquefy agam m a few mmutes The

"permatozoa m the semmiferous tubules are non

motile and appear to be earned along the ductuh

efferentia hr the ciha of the cells lining these

channels They are stored m the epididymis

Ejaculation of the semen dunng coitu® is brought

about by contractions of the deferentia and the

ejaculatory ducts.

The f^YsionoGT of the Testis

The function of the tests is tno-fold namely,

the production of germ cells, spermalogenesis, and

the elaboration of the male sex hormone, its en

doenne function

The Gamelogenic Function of the Testis

In man the production of spermatozoa m the

testesa earned on continuously vi adult
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life, with the formation of an astronomical num
her of germ cells In some other species the pro-

duction of sperm occurs seasonally, at a tune

when conception of joung will lead to their de-

Incrj at an auspicious time of the year The

sheep, deer, ferret and manj classes of birds dis-

play this condition, sheep, for CTample, breed m
autumn and the joung are dehvered m spnng
Dunng the remainder of the jear, outside the

breeding season, hltle sign of germinal activity

is seen in the testis Experimentally, honever,

spermatogenesis maj be promoted by administra

tion of pituitary gonadotrophic hormones *

The testis like the ovary, is functionally de-

pendent on the pituitary gland The removal of

the hj’pophj-sis IS follonod by arrest of sperma
togencais and testicular atrophy, these changes

can be reversed by implantation of pituitarj tis-

sue or suitable extracts of anterior pituitary

glands Upon hypophjsectomy the testes soften

and lose weight Differentiation of the gametes

does not proceed beyond early spermatocyte for

matioQ and thus spermatids and spermatozoa

disappear from the organ The Lcjdig cells be

come inactive and androgen production ceases,

with consequent atrophj of the aecessorj sexual

organs and accessorj sex characters Implantation

of pituitary tissue or iniection of gonadotrophic

extracts of the pituitary speedily results in the

onset of spermatogenesis in the immature tndi

vidual whether mouse or man The effect is

sometimes seen chmcallj in cases where pituitary

ovcractmty advances puberty in boys It is be

hexed that the follicle stimulating hormone
(FSH) of the hjpophyeis is mainly concerned

with spormatogene«is, as injection of purified

FSH into hj-poplijscctomized male rats prevents

atrophy of the seminiferous tubules and will re

store gametogemc activitj Similar effects have

been reported in studies employing purified INH
m man The luteinizing hormone (LH) of the

pituitarj also exerts an effect on spermatogenesis

Here it is beheved, mainly from studira on rats,

that the action is initiallj on the Lejdig cells to

promote androgen secretion, which in turn stimii

lates sperm formation It has been found that

androgen (testosterone) will support gametogMie

BIS in the hypophj'seetomized male rat but it

should be borne in mind that in normal individ

* Spermatogenesis can also be advanced in sea
sonally breeding species by modifying the external
environment such as by altering the period of il

lumination during the day This latter effect is

mediated by the nervous system which brings
about an increase in the secretion of pituitary
horiQones

uals lar^e doses of testosterone suppress sperma

ti^encsis and, via its suppressive action of the

secretion of pituitary gonadotrophin, causes tes

ticular atrophy

In man and many other mammals, but not m
the sloth, whale or elephant, the testes are con

tamed extraabdominally m the scrotum In manj
of these the testes descend into the scrotum at pu

berty and remain there permanently
,
in others

again the testes occupy a scrotal position only

dunng the breedmg season It is now evident

that the scrotum exerts a thermo regulating func

tion (Moore) Tins has been established in a

xaricty of studies In the developmental anomaly

known as eryplorchtdism the testis fails to descend

into the scrotum and spermatogenesis docs not

occur in the undescended organ This condition

can be reproduced experimentally bj returmng

the testis of the normal adult animal from the

scrotum to the abdomen, degeneration of the

scmmiferous lubules xnll foUoxv m a few days

Upon replacement of the testis m the scrotum

there is a restoration of normal testicular appear

ance and function provided that the stay m
the abdomen has not been too long It is possible

to produce this effect m the ram bj enclosing the

testis in a bag of heat insulating material which

raises the temperature of the testis by a few de-

grees Such an observation ensures that the result

of moving the testis to the abdomen was not an

artifact due to operative procedures Measure

ment of the temperature of the scrotum has

shown that it is several degrees lower than that

of the abdomen It has also been found that cx

posurc for 15 minutes or so to a temperature of

6* C above the normal body temperature leads

within some 10 days to degeneration of the sperm

producing cells The human testis may suffer in

febrile illnesses, as a result of the high tempera

lure, but as a rule the loss of function is only

temporary The requirement for a lower tempera

ture than that prevailing m the rest of the body

expbms why testicular transplantation has =el

dora been associated with continuing spermato-

genesis, unless a cool location (such as the anterior

chamber of the ey e) is chosen Normally it ap-

pears that the descent of the testis is dependent

upon the secretion of androgen, although in cases

of cryptorchidism gonadotrophm is used to pro-

duce descent m order to avoid the depressive ef

fects on the pituitary of androgen alone

Ligation of the vas deferens has been stated by

some (e g ,
Btemach) to cause degeneration of the

apermatogeiuc cells, and further, to increase the
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production of sex hormone These claima have

been conclusively disproved Vasoligation has

been advocated as a means of increasing the out

put of male hormone and so causing rejuvena

tion but it IS ba^ed on error It exerts no lasting

effect upon either the sperm producing cella or

upon those of internal secretion Ligation or re

section of a portion of the vas deferens results in

stenlitj bj preventing the egress of the male germ

cells I ut does not interfere tmIIi the sexual drive

of the male

The spermatogcnic function of the testis is af

fected adverseli bj several conditions such as

exposure to X rajs or radioactivitj alcoholism

vitamin E and Di deficiency and (in some species)

close confinement Following irradiation of the

testes there is a marked destruction of sperma
togoma whereas the Sertoli and Lcydig cells sur

viN e This effect m ould seem to be due to the opera

tion of the principle that the most actively dmd
mg cells are those most adversely affected by
ionizing radiations The effect of vitamin B de
ficicncy may be exerted through the pituitary,

whereas lack of vitamin £ would seem to act di

rectly Testicular function is depressed in ca«es of

simple starvation

The Endocrine Funelion of 0 e Testis

The effects of castration hatxs long been known
Anstotlc described the changes following castra

tion m the bird more than 2000 years ago and
before that testicular ti«8uc was used as a treat-

ment for impotence m India More recently John
Hunter showed that the normal (unction of the

prostate and seminal tesicks was mamtaiood
only m the presence of the testes and Berthold

jn Jfyp ^s}C<asiTsta} flut teslas d.'scha.’^od

some material into the blood stream essential for

the growth of the cock a comb Among the first

to attempt the preparation of an active material

was the noted physiologist Brown S^quard (1889)

who administered testicular extracts to himself

and thought that he acquired an increase of vigor

and a greater capacity for w ork after the treat

ment This concept was later revived bj Voronoff

in France and Steinach in Germany who believed

that senescence was related to testicular atrophy

and consequent reduction or loss of male hot

mone However this idea has been discredited

and it is only necessary to point out that although

m the female ovarian function ceases at the men
opause (p lOSO) senile changes are not prominent

at this time Eunuchs did not show premature

senility and m any case the sexual functiom in

the male often contmue w ell into semhty

The effects of castration have been discussed

at the beginning of this chapter (p 1074) and it

will lie recalled thatm the male the accessory sex

ual organs are dc\ eloped andmamtainedunder the
influence of androgen as are certain characters

including the pattern of pubic and facial hair

and the pitch of the %oice In lower mammals
other features can be studied *!uch as the pres-

ence of horns in tlic stag tlie cape of long

hair lu tl t male baboon and the male odor of

the hilly goat These male features may be mam
taincil in the castrated animal by tiie transplanta

tion of testicular tissue or androgen therapy

Wliea the testes are transpbnted from the

scrotum to a situation elsewhere m the bo<ly ger

minal activity ceases (p 1102) but the endocrine

function continues A similar finding is made fol

lowmg destruction of the germmal elements with

\ ray s and it then becomes evident that germmal

cells are not concerned wnth the production of

androgen This function is exorcised by the Ley

dig cells Apart from the evadcncc which denies

this function to other testicular constituents it

has been found tliat m rats with Mtamin B de-

fiaency there is a lo«s of androgenic actiutj and

the mteretitial cells are atrophic but normal pro

duction of sperm continues Injections of pitch

dissolved in olive oil have been found to cause

atrophy of the interstitial cells and involution of

the accessory sexual organs although the tubular

epithelium appeared unaffected In man tumors

of the interstitial lis«uc of the testis produce et

ce<sivc quantities of androgen and in boys cause

a premature appearance of masculine character

istics

An active androgen containing extract of testis

was obtained by PSzard m 1911 who produced

comb growth m capons with a salme extract

McGee in 1927 obtained an active hpoid extract

of bulls testes but it was not until 193o that the

pure hormone testosterone was separated m cry’s

tallme form by Laqueur and his colleague'’ Mean
while more success had been achieved with ex

tracts of human urine for between J931 and 1934

two androgenic substances had been isolated

These were androsterone and dehydroandroster

one and were found to differ from the hormonem
testicular extracts id being less potent and more

stable to alkali

THE ANDROGENS In recent years the efforts of

the biochemists m isolating steroids from organs

such as the adrenal cortex ovary and test s have

resulted in the identification of a wide V’anety of

androgens

Of the steroids isolated from the testis (esloster

one IS the most important and is regan ’
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true male hormone It has been synthesised from

cholesterol \Yhen the testis is perfused, or incu

bated, with isotopically labelled acetate and

gonadotrophic hormone, labelled testosterone ap

pears, together with another androgen, A* andros

terone 3,17-^1006 A further constituent of the

testis IS pregnenolone (A‘ pregnen 35 ol 20-one)

which, although lackmg androgemc activity,

maintains testicular weight and fipermatc^nesia

m the hypophj'sectomized rat

Dehydroandrosterone

The unne provides a ready source of androgens

Here the &«t androgen isolated, ontfrosterone, is

al«o the principal androgen, and it is about one-

tenth as potent as testosterone It has been 8)*ji

thesized from cholesterol by Ruzicka and cowork

ers Two isomers of androsterone exist and are

found m unne Epiandrostcrone is about five

times less active than androsterone, whereas the

other isomer etiocholan-3a-ol 17-one is almost in

active It has been shown that the principal me-
tabolites of testosterone in unne are androsterone

and its isomers The testicular androgen A* an
drosterone 3,17-dione is also found m unne A
further androgen, dehydroepiandrosterone, with

an actinty of the order of that of epiandrosterone,

also occurs in unne
At least fii e androgens have been isolated from

the adrenal gland These are 17a hydroxyproges

terone, adrenosterone. A* androstene-3,I7-dione,

andnutane 35,115 diol 17 one and 115 hjdroxj

A* androstene-S
,
17-dione

Most of the androgens found in the unne pos

6CSS a ketone group attached to carbon 17, and

are thus 17 ketosteroidi On the other hand, cer-

tam unnary 17 ketosteroids which posses a ke-

tone group at this site lack androgenic activity

Etiocbobn 3a ol 17 one and dehydroepiandros

terone arc examples of such compounds This is

in part due to the fact that the adrenal makes a

major contribution to the output of 17 ketoster

Olds Therefore measurement of these compounds

by chemical methods (Zimmerman reaction) does

not necessanlj comcide with the amounts as

measured b> biological assaj of androgemc activ

ity However a reasonable correlation exists be

tween the results of the two methods

Only very small amounts of androgens or 17

ketoateioids are found m the unne of children

At pubertv the output increa«cs and it reaches a

maximum in men of about 75 jeara of age when
the excretion is 13 to 17 mg of 17 ketosteroids

daily In women the daily excretion is 7 to 12 mg
per day much of which come* from the adrenal

and which does not exert any androgenic effect

physiologically Androgen has been extracted from

ovanan tissue and the production of androgens

by the ovaries has been demonstrated expenmen
tally Gioically, vinlism (p 1044) has been found

in association with several Linds of ovanan tumors

(arrbenoblastoma, ' Lej dig cell tumor, * theca

cell tumor, ' adrenallike” tumor) These tumors

thus seem to produce androgens, although it

should be borne in mind that progesterone in large

doses IS androgemc and will maintain spermato

genesis and the accessory sexual organs in the

castrate

In general the actions of androgenmay be sum
manzed as follows

1 They promote the growth of many tissues

Besides that of the accessory sex organs such as

the seminal vesicles and prostate glands, there is

a general increase in body mass with growth of

muscle, kidneys and bone This action is marked

by an mereased blood supply to the various organs,

which obviously follows application of androgen

in the cock's comb
2 Perhaps as part of the growth promoting ac

tion,androgeQe are remarkably anabolic and C8u«e

nitrogen retention This response is of clinical

value and compounds allied to testosterone are

being studied in the hope of finding one with high

anaboUe activity but little androgemc potency

3 'They act directly upon the nervous system

to shape the sexual behavior of the individual

This 1$ clearly shown by the effects of castration
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on masculine sexual behavior and the return to

normal with androgen treatment perhaps before

effects on the sex acce«sones are observed In the

intact female androgens may result in a b sexual

pattern of behavior In women moderate do^ea of

androgen appear to heighten but not alter the

sexual interests

The actiona of androgens Androgens exert an

effect upon the genital sj'stem from the earhest

period of 1 fe I^Tien frog lar%ae (or tadpt^ea) are

treated with testosterone genetic females are

transformed into apparently normal males which

will produce normal spermatozoa In the mam
mahan fetus such as that of the rat the injcclion

of androgens markedlj stimulates the Tlolffian

(male) structures both m the male and female

without promoting the disappearance of the MQl
lenan sistem 'I’his effect can also be ob'crvcd

noo

xrfien large amounts of male sex bormone are

given to the pregnant cat or mouse Here also

alongside the development of the WolfHan BJ's

tern m the female the MQIIenan ducts persist

The effects of androgen m the fowl have been

long studied In the castrated cock or capon an
drogens restore the size of the comb and wattles

and enlarge those of the female (figure 60 10)

TTie ability to crow is regained and male sexual

beliavior becomes mamfest CJontmued adminis

tration of androgen to bens enables them to as

aume dominance over other members of the flock

and so assume a higher rank in the social scale

or peck order

Castration atrophj of the accessory male or

ganx (seminal vesicles prostate gland CowTicr s

glands scrotum and penis) is prevented bj tes

tostcrone or other androgens (figure 60 11) The

Fia 60 10 Showing the effect of testis hormooe (from unne) upon the comb growth of capons The
b rds in the upper photograph received daily loject ons over a period of 15 days Lower photograph un
treated controls (After Junk Harrow and Lejwa )

Fin 60 11 Effect of castral on and testis honnone on ep theliura of sem nal vesicles (Moore Hughes
and Gallagher ) 1 cells from normal an mal showing secretion granules 2 cells from “^-day castrate

3 cells from 20 day castrate treated with male hormone
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epithelium of the seminal vesicles is restored to

its normal condition and the level of fructose in

the gland is raised Involution of the prostate

gland IS pre^ ented and there is stimulation of the

secretion of the gland inth eleiation of the con

centration of acid phosphatase

The effect of androgens upon the testis seems

to be lai^elj dependent upon the amount given

With a moderate do^e there is testicular atrophy

together with arrest of spermatogenesis and atro

phj of the Leydig cells The pituitary is involved

in this response, for w hen gonadotrophic hormone

13 giien mth the androgen there is no atrophy

High doses of androgen stimulate the seminiferous

tubules and will partially prevent the results of

hypophjsectomj but the Ley dig cells still un

dergo degeneration, for they arc solely under the

control of the hjTiophysia Androgens do not ex

hibit the seminiferous tubule maintenance to the

same degree Tlie most potent m this regard is

17 methyl androstene 3)3, 17^ diol (roethybn

drostenediol) whereas testosterone is much less

effective

In the female small doses of testosterone modify

the secretion of goiudotrophm by the pituitary

in favor of FSII so that mainly folticubr activity

15 observed in the ovaries "When testicular tissue

IS implanted into an intact prepubertal female rat,

the animal displays constant estrus on reaching

sexual maturity (Pfeiffer) The effect of male lior

mono would seem to bt exerted at an hypothal

amic level since transplantation of the pituitary of

a male rat under the median cmmcnce of an by
pophyscclomized female permits the restoration

of normal cstrous cycles In large doses androgens

inhibit the gonadotrophic function of the hypoph

y SIS and so produce o\ aiian atrophy Testosterone

exhibits progestcronchke effects in the female, as

seen by the changes induced m the endometrium

of the uterus However, deciduomas cannot be

produced or pregnancy maintained

Regulation of Testicular Function

There is much ev idence to show tliat the testis

and pituitary interact with one another Besides

the striking effect of hypophyscctomy upon the

testis (p 961) it IS well known that removal of

the testes results m enlargement of thehypopliy

SIS and the appearance of cliaracteristic signet rmg
cells or CQsIrntion cells This change is prevented

by the administration of androgen Further, assay

of the gonadotrophic hormone in the unne after

castration shows that the excretion of gonado

trophic hormone is incrca«etl but can be reduced

by the administration of sex hormones TIils

phenomenon is observed clinically in cases of pn
mary testicular deficiency m which the gonad is

defecbve Here too the output of pituitary hor

mone can be limited by admimstration of tes

tosterone

However, a variety of observations indicate

tiiat the normal regulation of testicular function

IS not a simple matter of a depressive action of

testosterone on the pituitary For example, in

cases of primary testicular failure more testoster

one IS required to inhibit the secretion of gonado-

trophin than to restore the secondary sex charac

ters Mottram and Cramer m 1923 found that

although radium treatment caused atrophy of the

the tubular epithelium of the rat testis without

apparently harming the interstitial cells castra

lion cells neiertheless appeared in the hypoph

ysis fhis observation mdicated that the tubular

epithelium might produce a hormone which m
hibited the pituitary, and search for it began

Although an aqueous extract which caused disap-

pearance of castration cells in the hypophysis

without stimulating the accessory ses organs was

prepared and was called ‘ mhibin ” this work has

not been confirmed Albnglit and hia colleagues

direct attention to a close analogy betw een testis

pituitary and ovary pituitary function In their

view an ‘X hormone ' produced by the Sertoli

cells of the testis takes the place of the estrogen

secreted by the analogous granulosa cells of the

ovary The identity of the postulated “X lior

mone ’ is not established although it ls likely that

the Sertoli cells produce estrogen (p 1044) Es

trogen will inhibit the "ecrction of gonadotroplnn

in the male in smaller dosage than testosterone

Nelson and his coworkers find little to favor in

the inhibitory concept Although they agree that

the testLs produces estrogen (but locate its ongm
in the Lcydig cells) they put forward the hypoth

c«i3 that the germinal cells inactivate pituitary

gonadotrophin dunng spermatogenesis and «o

keep down the level of liormone m the bloorl

Thev suggest that whin spermatogenesis stops,

as in radiation damage cryptorchidism or cas

tration, tlie gonadotrophins are not remoi ed from

tlie blood, accumulate and are then excreted m
theunne in abnormaV quantity Ev idence in fav or

of each theory has been brought forward by its

supporters, and at the present time both find ad

hcrents

Assay or amjROOENS Androgen may bo as

Bayed biologically, U'^ing the growth of the comb

of the fowl or changes m the accessory sex organs
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of mammal*, or it may be assayed chemically by
measurement of the 17 ketostcroids In the a<»saja

utilizing the fowl, the capon or chick is used and
the test material is given intramu«cularly or ap
plied directlj to the comb Aleasuremenfc of the

blood or urinary neutral 17 keto«teroids (p 10-10)

IS becoming more frequently used an an index of

androgenic activity but it should be borne in mind
that the androgenic potency of a given unne ex
tract »j3J sot secosssriiy parallel 17 Iceiosiortsd

concentration

HrrOGONADISM AND nTPERQONAOiaa IN THE
stALE Tumors of the teatia m young boys may
result m the precocious development of the eec

ondary sex characters—^growth of hair upon the

pubis, in the axillae and over the face, deepening

of the voice and enlargment of the penis Tlic«c

effects are evidently due to hipcrsecretion of the

male hormone, for they tend to eub«ide after exci

Sion of the tumor HjTergenitalism with clo*c!y

similar features occurs as a result of hypcrfunc

tioDing of the adrenal cortox (p 1013) Failure of

development of the accessorj male sox organs and
of the Beeoodary sexual characters, a condition

referred to as hypogonadism or eunuchoidism is in

most cases due pnmanly to a pituitary disorder

This can bo tested by measurement of the FSH
excreted to the urine In other instances of eunuch
oidism the testes are the primary site of disease

e g ,
destructive new growths mumps, typhoid

fever, sjphilis, etc Here in the postpuberal id

dividual the output of FSH m the urine will bo

higher than Dorm&l Testicular atrophy occasion

ally results from prolonged and severe inamtion
or vitamm B, deficiency Hypofunctioning of the

testes may commence at any time during post

puberal hfc as a result of pituitary disease or of

ssy is/ ttse exfadstofos /avt stresrtitmad la fAw uV
ferred type of eunuchoidism regressive changes,
although usually of mild degree m the accessory

organa of sex and m the secondary sex characters

may result

The Prostate Gland

The prostate which surrounds the first inch or

so of the urethra is composed of branched tubulo-

alveolar glands, grouped into about 20 lobules

Its stroma is fibroelastie in nature and contains

many bundles of smooth muscle The alveoli of

the glands dram into some 20 ducts which dis

charge mto the urethra Tlie gland is traversed

by the ejaculatory ducts Within the lamina of

some of the alveoli, small concretions known as

corpora amylacea are found (especially in older

men) They are composed of a calcium pbos

phorus compound sunilar m chemical structure

to apatite (p 10G2)

Glands lying m relation to the wall of the up-

pw part of the urethra are present in the female

They ore analogous to the male organ and are

referred to as i\\c female prostate

Tlie prostate docs not appear to have any en

doenne function It secretes small amounts of

fluid continuously mto the urethra (from 0 5 to 2

cc per hour in man), and much latter amounts

during coitus Tins occurs before the seminal

\c8icles discharge them secretion Both secretions

arc added to the sperm, of the two, the secretion

of tlic seminal \ esiclcs appears to be of the greater

importance for the \aability of the spermatozoa,

or at any rate for fertilization

Tlic secretion of prostatic fluid is increased by

stunuIatioR of parasi-mpathctic (sacral outflow)

and sjTnpathetic nerves (liypogastric)

Ptoslatie hypertrophy The cause of prostatic

hypertrophy is still a matter for speculation

The theory has been advanced that the produc

lion of a male hormone m excess is a factor It is

unquestionable that testosterone stimulates pro-

static growth as castration causes prostatic m
volution It M improbable, lionever, that hyper-

nctmty of the testicular interstitial cells la a

cause of prostatic cnbrgement in man, secretion

of male hormone tends to decrease rather than

to increa«c with advancing years It has been sug

gestotl that the threshold of the prostatic tissue

for the action of testosterone is lowered as age ad

Vances to an extent which more than compensates

for the diminished production of the male hor

mono
It has been mentioned that estrogen is ex

creted in the urme of the male and can be isolated

from testicular tL*sue, it has also been shown bv

Zuckerman and Parkes that injections of estro

gen mto monkevs cause prostatic hypertrophy

by fibromuscular over growth of the whole pros

tate together with epithelial stratification and

distension of the uterus mascuUnus Such effects

can be counteracted by mjections of male hor

roones These facts, taken m conjunction with

the observation that the concentration of the

male hormone in the urine of elderly men may
be reduced whereas the excretion of estrogen re

mams unchanged, have led some (de Jongh, La
queur) to the conclusion that prostatic hyper

trophy in man is ba^ed upon an imbalance

between androgen and estrogen—a dmtnished

production of the former, and , in consequence,

a relative excess of the latter In support of this

hypothesis de Jongh states that injections of the

male hormone in cases of prostatic enlargement

prevents further hypertrophy and may actuallv
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cause shnnLage of the organ Moreover, R A
Moore and his associates obser\ed tliat prostatie

tLssue of the rabbit transplanted into the antenor

chamber of the eje show-ed a greater growth re

sponse to estrogen than to male hormone admims
tration However, observations opposed to this

theory can be cited, e g ,
the absence of C3tce<»sive

amounts of estrogen in the blood or urine of sub-

jects of prostatie hypertrophy, and the fact that

injections of estrogen do not, apparently, aggra

vatc the condition Moreover, the effect of estro-

gen ts mainly on the stroma, wliereas the male

hormone stimulates the epithelial clement which

is chieBy affected in hypertrophy of the prostate

The whole question of the causative factors m
prostatie hyTiertrophy is rife with speculation and

beset with contradictory observations and opm
ions Estabhshed facts are few and difficult to

obtain

The epithelial cells of a prostatie adcnocarci

noma are dependent for tlieir growth and activity

upon the male hormone, as is the normal cpithe-

bum of the prostate It is upon this basis that

castration has been employ cd in the treatment of

prostatie cancer, the raalignant growth, m many
cases, undergoing regression after operation Since

androgen activity is antagonized or neutralized

by estrogens, inhibition of the cancerous growth

can also be induced by the administration of es

trogens such as stilbcstrol

The hormonal irealment of male sex dtsorders

Although the te«tis hormone, in accordance with

the principles of hormone action m general does

not stimufatc ttio mterslitia\ ceWs ol Vbc testes

it provides the perfect substitution therapy in

causes of underdevelopment or r^ession of

the acee^oi} male sex organs Methyllestostcr-

one, testosterone cyclopentylpropionate or tes

tostcrone pellets may all be u'K?d

The gonadotrophic principle denv cd from preg

nancy urine (p 1092) has been employed tostim

ulatc spermatogenesis in an undeveloped testis or

to restore the normal spermatogenic function

which had boon suppressed as a result of disease

Sterility in man is said to have been cured by this

means, spermatozoa which before treatment were

few and nonmotile have, according to report, been

increased in number and rendered activ ely motile

after a senes of injections of the antenor pitui

tary bkc hormone Notable success has followed

the u'c of the gonadotrophic hormone of preg

nancy urine in cryTitorchidism, descent of the

tester being induced It has also been emph^ed
in various types of hypogonadism ITie gonado-

trophic principle of the pituitary itself would be

^pected to giv e the best results but so far a re

liable commercial preparation of this hormone

his not been available

Erection and Ejaculation

In order to carry to completion the sexual func

tion of the male, semen must be deposited in the

female genital tract For this purpose the flaccid

pems is converted into a ngid intronuttcnt organ

and at the orgasm expulsion of semen occurs

through it Thus two phases can be distinguished

erection and ejaculation Both provide good ex

amples of sympathetic parasympathetic interac

tioa although, smee the nerve plexuses involved

contain both sympathetic and parasympathetic

fibers, it IS difficult to study each sy stem m isola-

tion

Erectwn is brought about by a vascular en

gorgement of the pems, produced by dilation of

the arteries which supply the spongelike erectile

tissue ID the corpora cavernosa penis and the cor

pus cavemosum urethrae This reaction was ob-

•served nearly a hundred jenrs ago by Eckhard

(1863) who found that electrical stunulation of

the visceral rami of the sacral nerves in the dog

induced penile erectionm the vasodilator action

He called these fibers the “pervi engentes” and

the name has been rctamed However, the in

tegnty of the ncrvi engentes is not essential for

erection for m the dog and cat destruction of the

ongiD of the nem engentes m the spinal cord

does not prevent erection following suitable stim

ub sucb as mampulation of the glans or psychic

stiinuIatioQ In the latter ca^e erection does not

occur when the lumbar part of the spinal cord is

destroyed It would seem that, m addition to the

action of the parasympathetic nervi engentes

sympathetic fibers arisrag in the lumbar cord are

involved in the erectile proces.? although sympa

thctic stimubtiOD by its vasoconstrictor effect

may interfere with erection Eckhard abo found

that mechanical stimulation of the glans would

bnng about erection only if the pudendal nerve

was intact Thus the pudendal nerve is afferent

to glans stimulation Efferent fibers from the

hypoffistnc plexus also passm the pudenda! nerve

to exert a vasoconstrictor action on the penis

Ejaculatvm of semen is a frequent accompani

ment of erection although the emission of semen

ean occur through a flaccid penis In man stirau

lation of the pelvic sympathetic nerves produces

discharge of semen from the ejaculating ducts

due to seminal vesicle and prostatie contraction



Chapter 60 ENDOCRINE ORGANS OF SEJs. 1109

Following lumbar ejinpathcctomy semen is no

longer di‘:ch'irgecl from the urethra Ejaculation

still occurs but tile semen maj enter the bladder

instead of the urethra bccau«e of nonclo«urc of

the internal acsical sphincter During phj-siolog

ical ejaculation the smooth mu'cle of the genital

s^-stem IS probablj constricted bj both parasym

pathetic and sjanpathetic impulses propagated

under the control of the spinal cord Contraction

of the voluntary muscles such as the huU»o-ea

aemosus and iscluo ca\omosus muscles also oc

curs at tins time

ScTiial Bellas lor

The gonadal hormones in addition to their ac

tions upon the rcprorluctivc sjstcm net upon the

nervous sjstem to elicit characteristic patterns of

belia\nor—sexual behaMor It maj perhaps be

taken for granted that the sexual behavior is in

x'anablj nssoented wnth fullj functional gonads

Such maj be deduced from the fact that the term

estrouscjcle has a behanoral basis Howexer,

in the sheep one or more cstrous c>clcs—

heals—mx} pass at the commenceraont of the

breeding season before the occurrence of overt

estrous behavior In the monkej oxailation may
not occur during the summer although the men
stnial cycles continue Sexual actixatj docs not

appear to be diminished

There is no question that the removal of the

gonads maj depress sexual activity although to

an extent which vanes between the sexes aod

from one species to another In the female rat

«exual activits is abolished whereas m the female

rabbit coitus may occasionally take place In the

ovanectomized ctumpanzee there is little sign of

tlesue for mtercoursc but it is said that oxance

tomized women may show as much erotic be-

havior after the operation as before W ith regard

to the male pnmatc castration often fails to

dimmish the capacity to mate (cliimpanzee) or

to abolish the orgasm (man)

Full sexual actixati m the ovanectomued or

castrated mdixadual may be restored bj treat

ment with tlie appropnate sex hormones Fur
tber it IS possible to evoke components of the

pattern of «exual behavior of the oppo^te
sex bj administration of androgen eg to a
spa}ed female and vtce versa Easicail} overt

sexual behaxnor docs not appear to depend upon
a learned response but is due to a fundamental

action of the sex hormones upon the nervous sys

tem (\oung has shown tliat m guinea pigs the

performance of the male is improved by expen

ence, the sexual actmtj of males reared m isola

tion 13 rafenor to that of ammals reared m a
group and ma> be permanently unpaired

)

T1 e gooada) hormones might produce their be

havioral actions either by an effect on the pe

npheral receptors or by a direct action on some
integrating center in the central nervous sjstero

In the former case the hormone could act by sen

sitizmg the genitalia to excitation but this po<si

bilitv has been eliminated by the finding that re

moval or denervation of the genitalia does not

inhibit sexual behavior or reduce sexual sggres

Tl c second poB«ibilit> that of a direct action

of the gonadal hormones upon the central nervous

svstem has received detailed examination It is

now clear that normal estrous behavior can

continue in the cat rabbit guinea p g and rat

fotloniog removal of the cerebral cortex although

none appears m the spinal animal It ma> there

fore be presumed that «omc subcortical but supra

spinal neural structure is involved in the behav

joral mecl ani«m Dcnip'»cy and Rioch in J039

studied the guinea pig and found that s tran«ectioD

of the brain which paired through the rostral end of

the manunilbry bodies did not abolish estrous re

flexes but that transection posterior to the mam
miUnr> t odies did cau«e lose of tbe«e reflexes This

ob«ervai)OD implies that •ome area in the region

of the h>potbaIamus may be concerned tn the

production of sexual behavior in the guinea pig

and since that time evidence has accrued which

indicates that the hypothalamus itself h of im
portance Among the salient observations we may
Bote that (a) sexual behavior may be abolished by
hypotbalamic legions (b) reproducible electrical

activity has been recorded in the hj pothalamus

foltowmgartificial stimulation of the vagina of the

cal and (c) Ibe application of e«trogen to the

posterior hv'pothalamus of the spaved cat has been

found to induce full and t^Tiical rexual behavior

at a time when no effects of the estrogen upon the

reproductive organs could be found The insertion

ofsiaularamouats of estrogen into the cerebellum

preoptic region caudate nucleus thalamus or

amygdaloid nucleus did not evoke sexual behavior

in similar circumstances

In summarj it appears that some mCegratmg

mechanism exists m the upper midbrain or by
pothalamus which la sensitive to the blood con

centration of gonadal hormones If the«c hor

mooes are present m amounts above a certaia

threshold level then specific sen'orj stimuli (e g

visual auditory olfactorj) normallj derived

from a possible mate act tlirough this mechaiusm

to excite reflexly the pattern of sexual behavuor

typical of the species In the human it seems that
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this basic neural mechanism has become largely

dominated by cortical factors, so that learning

and conditiomng plaj an increasmgly important

role The continuance of active scnial behavior

after castration m the adult human may well be

dependent on this latter fact

Tlie Thymus

StructuTC The thymus arises from the third

branchial cleft (and sometimes the fourth) on
either side, each anlage going to form one of the

lobes of the thymus Each thymic lobe is com
poaed of a number of lobules in rihich an outer

portion or cortex and a central portion or medulla

maj bedistingui*hed The cortex resembles lymph
Old tissue, being constituted of masses of small

round cells

—

thymocytes—identical in appearance

n ith small lymphocytes The epithelial element of

the embryonic structure is almost entirely re

placed during development bj the ingrowth of

the«e lymphoid cells from the surrounding mesen

chyme A small number of elongated reticular cells

are seen scattered among the lymphoid elements

The medulla aI<o contains lymphocytes but in

fewer numbers, the reticular cells are thus shown
up more prominently and are seen to form a definite

reticular stroma Scattered throughout the me
dulla are round or oval elements from 30 to 100

microns in diameter known as Ilassall $ corpus

clea These bodies, which are the remnants of the

original epithelial elements, are composed of cells

arranged concentrically, they stain with acid d}es

and therefore stand out conspicuously against the

surrounding basophilic substance

Possible funeltona The thymus of the infant is

of relatively large sixe but during later childhood

its weight in relation to body weight gradually

decreases, little change in its absolute weight (25

to 40 grams) occurs, after the age of puberty a

definite involutionary process commences A1

though the involutionary changes, which consist of

a reduction in the number of lymphocytes and

reticular cells and their replacement by fat, are

most marked dunng adolescence, they continue

slowly throughout the rest of life The corpu'cles

of Hawaii disappear more slowly than the other

elements

It IS admitted by most observers that the lb>

mus serves a lymphopoietic function 6e>ond this,

little is definitely known concerning its physio

logical role It is enlarged in exophthalmic goiter,

myasthenia gravis, adrenal insufficiency and in

certain leukemic states Thymic enlargement has

al<o been considered to be a feature of the so called

status tkymicolympkalicus, a condition believed to

consist of hypopla'ia of the vascular system, a
general increase in lymphoid tissue throughout

the body, and a tendency to fatal syncope In

fants and young children who have died suddenly

as a result of some tnOing shock or dunng anes
thesia have been thought to be subjects of this

disease, it has been thought that enlargment of

the thymus was m some way responsible An in

vestigation earned out m 1931, by Turnbull and
koung, for the Medical Research Committee of

Great Britain failed to substantiate this belief

In the post mortem examination of a number of

children’s bodies no relationship was found be
tween the sise of the thymus and vascular hypo
pUsis to the amount of lymphoid tissue in other
parts of the body In subjects dying suddenly as

a result of shock or dunng anesthesia the thymus
was not larger than in subjects dying from other
causes These investigators conclude that there is

“no evidence that so called status thymicolym
phalicus has any existence as a pathological en
tity ” The possibility has been suggested that
such cases of sudden death m infants are due to

failure in function of the adrenal cortex (p IftlS)

The great body of experimental work which has
been carried out in the past in efforts to elucidate

the functions of the thymus has yielded little

evidence which would enable it to be clashed defi

Ditely among the glands of internal secretion

There is certainly no feature of its minute
structure which suggests u glandular function
Numerous investigators, nevertheless, have
claimed that their findings pointed to the thymus
as playing an endocrine role The problem has
been studied both by the u«e of extracts of thymic
ti««ue and by observing the effects of extirpation

of the organ Among the functions claimed for the
thymus as a result of these two lines of investiga

tion are the regulation of calcium metabolism and
the control of skeletal growth Defective minenih
sation of the bones has been described following
thyrroectomy others believi* that this operation
results IQ dwarfing Gudernatsch found that feed

iDg thymus tissue to tadpoles stimulated their

growth but delay ed metamorphosis Thymectomy
in pullets and pigeons is smd to result in their

laying eggs with uncalcified shells

Much of the earlier work on the thymus is very

difficult to appraise, owmg to the indecisive na

lure of the data or to the conflict between the

results obtained by different workers in the fiekl

Andersen has made the mtersting observation

that rata exercised to the point of exhaustion

show atrophy of the thymu? and hypertrophy of

the adrenal cortex Selje has described similar

clianges following a vanety’ of injurious agencies

os part of what he has termed the “alarm reac

tion
”

Tlie Pineal Body or Epipliy bis

Origin and structure This is a small glandhke

structure (about 10 mm long m man) somewhat
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resembling a pine cone (pinea) in shape, situated

ju«t beneath the splcniura of the corpus callosum

and resting m the groove between the superior

colliculi The pineal ari«es ns a diverticulum of the

roof of the third ventricle Thecasitj oftheoriEi-

nal pouch eventually disappears, the ful!> devcl

oped gland being composed of a solid mass of cells

The histological features of the pineal are vcrydi

ver'c, the picture %arjing from species to species

and with age In general however, it maj be said

to ha\e a pseudoalveolar structure, the cells be
ing arranged in niaeips or lobules surrounded b>

ahighlj \a«culnr connective ti«siie

Involution-irj changes arc said to commence in

the human pineal bodj about the seventh jear

In children past the age of seven laminated bodies

and magnesium—the so called “brain sand"

—

make their appearance

The funetjons of the pineal bod^ arc quite un
known Its structure has suggested an endocrine

function but there is reall) little definite evidence

from which such a conclusion may he drawn It

may be roerct) vestigial
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SECTION EIGHT

THE NERVOUS SYSTEM

61

INTRODUCTORY: THE PHYSIOLOGICAL PROPERTIES
OE NERVE

Tlie Structure of Ncr\ous Tissue

The structural unit of the nervous 8>'8lem is the

nene e«H or neuron Other clomcnts—neurojlial

eeflr—Ijing among the nerve cells provide a sup
porting framework
The neuroglial cells possess numerous branching

processes which interlace with one another to form

a dense felt vrork betiveen the neurons (6g 61 1)

These interstitial cells of the central nervous sys

tern are present ui both the graj and hi te matter,

they varj greatly in sise and shape and thcit proc

esses in number and arrangement Upon a basis of

these difTereneea the> have been classified into

three main t)^ea

—

astrocytes, mtcro^fia and oliyo

dendrogha The microglia are considered bj most
observers to be reticuloendothelial elements (ch

11) They are migratorj and phagocytic, wander
ing into the nervous tissue from the meninges
along the blood vessels In inflammatory processes

involving the central nervous system these cells

are increased in number The oligodendroglia are

believed to play a part in the formation of the
myelin material which sheathes the nerve fibers

Though neurons do not multiply in the adult body
and when destroyed are not replaced, certain

neuroglial cells possess the power of active pro

hferalion This may occur to a marked degree m
pathological processes The recent ob'ervstions by
Tasaki that neuroglial cells grown in tissue cul

tnre produce slow action potentials suggests cau-
tion in assuming that functions of these are re-

stricted to mechanical and metabolic actions

The Neuron

The neuron consists of a body or soma, and two
types of process—the dendnte and the axon (axis

cylinder process, fig 61 2) In vertebrates, the

bodies of the nerve cells he within the gray matter

of the central nervous system or in outlying gan-

glia c g ,
posterior spinal root, cranial or sym

pathetic ganglia The white matter of the brain

and spinal cord and of (he peripheral nerves is

composed of bundles of nerve libers The core of

each nerve fiber is formed by a process of a nerve

cel), and many of them arc surrounded by a sbeath

of my elm which gives them a white appearance

The gray matter receii es a neh blood supply from

the vessels of the p>a mater (1000 mm/mm* of

capillaries), the blood supply to the while sub

stance la much less profu«e (300 mm/min* of capil

lanes)

There are a number of different types of nerve

cell, those in which axon and dendrite arise by a

common stem are called unipolar, and those m
which the a\on and the dendnte or dendrites

spnng from opposite or at least different parts of

1115
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the soma are called bipolar or »niif/tpoJar The cell

bodies or somata are of various sizes and forms—
stellate round, pyramidal, fusiform etc

After Sxation and staining by special tech

niqucs, various structures arc seen m the cyto

plasm or perikaryon of the nerve cell body, (a)

nsuro/i&rtlt, (b) Niesl bodies or ligrmd substance,

(c) Golgi apparatus and (d) milockondrta The
ncuroflbnls appear as fine filaments nbich stream

through the cytoplasm from dendrites to axon
(fig 61 3) , they enter tho latter process and extend

to its terminations The Niasl bodies are granular

masses stainable with basic dyes They give a
striped or tigroid appearance to the celt They are

absent from the region of origin of tbe axon and
vary in size and number mth the state of the

BouToa, they undergo duunfegraJjoo (ehremsioty

sis) in a fatigued or injured cell or in one whose

axon has been sectioned (p 1118) Tbe internal

reticular apparatus of Golgi is a coarse network

seen within the eeffs when speciaf methods—e g ,

impregnation with silver chromate—are employed

which leave the Kissl bodies and the neurofibrils

invisible It is a debatable question whether tbe

Nissl substance is present in the living cell m the

particulate form observed or whether the latter

represents the precipitation from colloidal aolu

lion of some material—probably a nucleonrotein

—

by the methods of fixation employe3 *'

The mitochondria arc minute bodies scattered

through the cytoplasm They take tbe form of

short rods, filaments or beads, they are not pc

culiar to nerve cells, and appear to be centers of

metabolic activity The surfaces of most cell

bodies are covered by a fine network—the super

/«al reticulum t>/ Golgi The nucleus of the nerve

cell contains one and sometimes two nucleoli but,

as a rule, no centrosome Tlie nucleus stsjns

poorly, as a rule, due apparently to its paucity in

chromatin The absence of a centrosome indicates

that the highly specialized nerve cell has lost its

power of division Nerve cells once destroyed are
replaced merely by neuroglia

The arrangement in series of neurons to form
conducting pathways of two or more links and of

variable lengths is effected by the contact {but not
union) of the axon terminal of one nerve cell with
the body or dendritic proee«s of another This
functional union is called a synapse (ch 63)

Though the nerve cell frequently possesses more
than one dendrite the axon is single The axon may
be long and contribute to one of the tracts of the
central nervous system forming the white matter,

or terminate as a peripheral nerve fiber Such cells

are referred to as Golgi I type In the Golgi II type

cell, the axon is short and ends within the gray
matter by making contact with another neuron
The axon arises from a small elevation on the sur

face of the cell body—the aron hillock It may give

off short collateral branches or may run as an un
branched fiber, not dividing until it has reached

Its destination The dendrite is the receptive proc

css of the neuron tbe axon the discharging proo
ess, I e , tbe former transmits tbe impulse toward,

Fia 61 3 Showing neurofibnls in a cell from
the anterior gray column of the human spinal cord
ax, axon, lu, interfibriUar spaces, n, nucleus, i,

neurofibnls passing from one dendrite to another,

y neurofibnls passing through the body of the cel!

(from Ranson, after Bethc and Ueidenhain)
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the latter away from the cell bodj Nerve fibers

which carrj impuhes to the central nervous sya

tern are termed afferent, those conrej ing impulses

from the central nervous sjstem to the penpherj

are called cjTcrcnt Purclj sensorj (afferent) nerxes

are therefore composed, stnctlj speaking, of den
dntes, and purelj motor (efferent) nerves of

axons A mixed nerve contains fibers of both

txpes This unidirectional conduction is due to

the properties of ej nappes for nene fibers can be

made to conduct in either direction

SlruduTt of the Kmc Fiber

Tlie axons and dendrites so long as thc> remain

mthm the graj matter are prataplftsmic exten

eions of the cell body, but upon entering the while

matter thej become invested by a layer of lipoid

material called mj/dm This coxcring is known ns

the mt/clia thealh (fig Cl 2) In the penpheml
nerves, but not m the central nervous system the

mjelm sheath is enclosed in turn bj a nucleated

membrane the neurilemma or ehcalh cf Sehteann

The myelin sheath is interrupted at regular inter

vals at the nodes of Ilanvier where the ncurolcmma
dips in to the axon In peripheral nerves, each

internode ts invested by a single bchivann cell

Toward its termination the nerxe fiber lo«c8 its

myelin covering being then clothed simply by the

neunlemma, the fiber may terminate as a naked
axis cylinder or become enclosed w ilhm some form

o/ apeciiltsed end organ (eb &2) The processes

arising from sympathetic nerve cells (postgan

gliomc fibers] are devoid of a myelin covering

They are invested simply by a sheath of Schwann
and are therefore called amyeltnated or nonmtdul
laled fibers In invertebrates, large (giant) non
roedullated fibers are found sometimes 500 n in

diameter ^lyclinated fibers conduct much faster

than nonmy elinated fibers of the same diameter

There is a relationship between the diameter of

nerve fibers and the speed at which they conduct

nerve impulses (p 1125)

Mi/ehnahon of Fiber Tracts tn the Central Nenoua
System

The nerve fibers in the various conducting path
way s receive their myelin sheaths at different ages

and it IS generally believed that the myclination

of a given tract and the time at which it com
mences to function coincide The sensory tract*

become myelinated first, those of the posterior

columns of the spinal cord between the fourth and
fifth months of fetal life (human) The spinocere

bellar tracts arc mxeUnated later and the motor
paths, e g corticospinal (pyramidal) tracts do
not commence to receive their myelin sheaths un
111 the second month of life and are not completely

myelinated until about the second year, or about

the time when the child has learned to walk The

fibers of association paths, for the roost part,

myelinate at still later dates

Neurolropism

The Borxe fiber grows by extrusion of fibopodia

much as the protopLism of an amoeba is thrust

out in filiform and lamellar pscudopoclia The
guiding of growth along a particular orientation

has rcccix ed much attention m the last half cen-

tury This, called Neurotropism, is found to be

closely bound up with the structure of the me-
dium ui xvhich growth occurs, for an axon mil not

grow into a 6tructurele«s fluid but will follow the

submicfoscopic ‘structure in gellerl protein or creep

along any surface of separation of two suitable

components m the medium Contact guidance ap-

pears to direct the fiber on its w ay its immediate

surroundings determine the direction of the de-

xcloping filament and di«tant action suggested

as {fn/ranofropwrn (following electrical gradients)

or chcmotropism (following chemical gradients) do

not appear to be \ try important factors except m
so far as they may orientate the matrix This

partly cxplams the great importance of the tube

of Schwann cells in regeneration, but some kmd
of symbiosis aho exists between Schwann cells

and the fibers which they surround Slany prob-

lems of dexelopmcnt in t)ie central ncrxous sys

tem remain unanswered In the central nerxous

system the orientation of gren^h is orderly and

this for contact guidance requires order m the

medium through which it tokmg place In tis-

sue culture, fibers will follow the strums imposjd

on a blood clot smee the'^e produce structural

orientation of its fibrin filaments The relative

raoxement of parts which occurs m dexTlopment

leaves orientated strains and structures m the

ground substance and this max be an important

factor in deternumng the direction of nerxe out-

growth

IVerve Degeneration and Regeneration

When a nerve fiber is divided, the portion sep-

arated from the body of the cell, undergoes de-

geoeratixe changes The degenerate e process

does not start first at the point of «cction and

pw^nrs to the periphery but all parts of the nerx e

fiber even to its finest terminab are mxolxed

X utuzdly simultaneou'ly The first change is noted

m tlie neurofibrils which become tortuous and

•show irregular thickenings Tlie my elm sheath

next becomes swollen and breaks up mto small

oxoid segments (fig Cl 4) Later decomposition of

the myelm occurs, droplets of kephahn and leci-
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A B
Fig 61 4 Degenerating nerve atained with

oamioacid A shows appearance of distal segment
of nerve fiber 2 days after section note large
masses of mvelin derived from medullary sheath,
B. 5 days after section smaller myelin particles
together with droplets of fatty acids and frag
nented seurofibriU, C, retropade degeneration in
cell body disintegration of Sissl bodies

thin appoir, derivatives of the latter—choline,

glyccrophosphonc acid and unsaturated fatly

acids—can be detected There is a progressive and
rather rapid fall m the acetjlcholinc (ch 71),

cholmestcra«e and thiamme contents of the de-

generating nerve The fatty acids are responsible

for the brown stammg of the degoncral^ nerve

when treated with osmic acid The nuclei of the

neurilemma proliferate, and the cytoplasm be-

comes swollen and vacuobtod The ncurofibrils

undergo fragmentation thej and the protoplasm

surrounding them flnallj unde^o complete dis-

integration, the debris intermingling with the

material of the disorganized mjelm sheath Sub-

sequentlj the degenerated materials disappear,

and all that remains of the nerve fiber is the

emptj neurilemma tube The foregoing changes

were first observed b> Waller and are spoken of

as Wallervin degeneration Alterations which were

not recognized bj Waller also occur m the neuron

on the prosimal side of the section (retrograde de

generahon) The nerve fiber as far centrally as the

first node of Ranvicr shows changes siioibr m
nature to those just described In the cell body

itself, swelling of the cytopbsm and nucleus oc-

curs and the ^ll^sl granules undergo disint^ra-

tion (ckromatohjsis) Atrophj of the cell body may
ultimately result

Regeneration Tins occurs in peripheral nerve

fibers, but not in those of the central nervous

system, the presence of a neurilemma being es«en-

tial for the process Section of the sen«orj root

of the tngcramal nen e, for example, for the relief

of severe neuralgia of the face, is not followed by

regeneration of the fibers within the brain Nor
does r^ieneration of the optic nerve, who«e fibers

do not possess neurilemma sheaths, occur

Regeneration is accomplished by a dowiigrowth

of tlie neurofibn/s from the proximal «egmcnt of

the cut nerve These enter the empty neurilemma

eheath of the di«tal segment and in time traverse

Its entire length The rate of grow th in man v anes

from 1 0 to 4 5 mm per day
,
it is influenced by

many factors, namely, the nerve involved,

whether there is complete severance of the nerve

(neurolmesia), the distance separating the sec-

tions, and whether the axons alone are crushed,

the supporting structure remaining mtact (axo-

notmetu) The cells of the neurilemma form a

protopbsmic matrix for the sproutmg ncurofi-

brils The neurilemma of the lower segment grows

upwards, and if the gap is not too long joins that

of the upper segment which has formed around

the developing axis cylinder The myelin sheath

is developed some time bter Tlie young axis

cylinders may tra\er«e the tissues for robtively

long distances m order to enter the neurilemma

of the lower «cgment The force responsible for

this remarkable phenomenon, (neurotropism) is

unknown The attraction may be due to the bber-

ation of chemical substances by the proliferating

neurilemma eclb of the lower segment If the gap
separating the two «egmcnts ta wide and occupied

by scar tissue, an effectual block may be offered

to the regenerating fibers, these nevertheless con-

tinue to grow in a tangled, curled fashion and
may produce a localized mass of tissue composed

of nerve fibers embedded in connective tissue

(neuroma) In those cases of nerve injury mwhich,

as a result of pressure or crushing the axis cylin

der IS interrupted without division of the neuri-

lemma, the conditions for regeneration arc the

most favorable

The remarkable rapidity of regeneration ol

preganglionic sympathetic fibers has been demon-

strated by Haimovici and Ilodcs In a three-stage

operation upon cats large sections of the sy mpa-

thctic chains below their cervical portions were

excised Stimulation of the cepliahc end of a

cenneal sympathetic stump as carlv as M days

after the last stage of the operation caused pupil-

lary dilation and retraction of the nictitating

membrane
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The regenerating fibers of one nerve uiH grow

into the sheath of the loner segment of another,

though less rcidtl} than mto its onn sheath, and

e\en the fibrils of a «cn«orj ner\c ml! grow mto

the dbtal segment of a motor nen c or vice \ ersa

Tlic central stump of one non e w ill not, howmer,

grow into the central stump of another Tlie

proximal end of the hjTioglossal or spinal acccs-

sorj ,
for example, has on manj occasions been

anastomosed to the distal end of a paralj zed fa-

cial nerve with a successful functional result Bal-

ance and Duel, experimenting with cats, anns.

tomo'cd the central end of the hj7)ogIos.sal to the

peripheral cut end of the cervical sjmpathetic,

and rcporteil that the normal pupillarj reactions

were restored Restoration of function does not

follow the union of a motor with a sensor} nerve,

nor of a cholinergic wnth an adrenergic nerve (eh

71)

It has been shown by Ttllo m animals and by

Duel in man that when a nerve has been severed

a much better functional result is obtained if from

2 to 3 weehs arc allowed to eLipsc before the

divided nerve is sutured Tlie reason for this is

that the degenerated material in the distal seg-

ment has liad time to be cleared aw a}
,
thus, an

unobstructed oeurdemraa tube is left for the

downward growth of the neurofibnls of the up-

per segment Otherwise, apparently, some of the

neurofibnls upon meeting the degenerated debris

are diverted from their course

Degeneration of the facial nerve in the facial ca

nal as a result of middle ear disease (Bell's palsy

120!) trsums eic, kss frew irest€<i wvfA

outstanding success by Duel The affected portion

of the nerve is excised and a graft constituted of

a section of the anterior femoral cutaneous nerve
13 used to fill the gap For the reason just given the
latter nerve is sectioned and left in place for 2 or

3 w eeks before it is employed in the grafting oper
ation

TIic Physiological Properties of the

Pverve Fiber

ExCITV-BILITY ajtd Coxductivity

The nerve fiber may be stimulated electncally,

thermally, chemically or raechamcally Any one
of these types of stimulus causes a change in the

nerve at the point of stimulation which may be
termed the local excilatory state If this attains a
certain value a wave of excitation is transmitted

along tlie nerve fiber The propagated diHurhance

IS referred to as the nene impulse, and its passage

from point to pomt along the fiber as ciTTKftirfion

The CnARACTEns of a Stixiulus

A stimulus maj be defined as any change in the

environment of a tissue which cau'ies it to react

In experimental work the electric current is usu

all} employed as the stimulus on account of its

convenience and the accuracy with which it can

be mca«urcd It nbo leaves the tissue undamaged

A stimulus produces a local tliangc of state in the

nerve, if this is of 'ufficicnt strength to «et up

propagated activity which spreads over the cell

surface, it is said to lie adequate Tor this to oe

cur, a stimulus must reach a certain (a) strength,

(li) duration, (c) rate of change

Intensity or strength The least ‘Stimulus which

excites IS "aid to hav c threshold mton«itj btimuli

of leas strength arc suhthrcshold (subliminal)

WTicn on electrical stimulus is used, the intensity

is the current “cnt through the tissues and under

many conditions, as resistance is substantially

constant, it may aUo be measured m terms of

voltage

The subthreshold stimulus produces a local

cliange which persists for a few milbscconds after

the stunulus, and if a second sub-thrc<hold stimu

lu9 occurs during this time, a nerve impulse may

be set up The local excitatory state is accompa-

nied by a local electrical change which can be re-

corded close to the stimulating electrodes (fig

Cl 5)

Duration If a constant current is parsed

through medullalcd nerve (or muscle) excitation

occurs when the circuit is made or broken, but in

order to excite at make, the current must flow for

n rertnio pewod of tunn to hring shout, the Jora)

changes that culminate in a nerve impulse For

brief current pulses, there is a reciprocal reh

tionship betw een strength of current and duration

of its flow This can be determined as a strength/

duration curve (fig 61 0) The strength can be

varied viith a «imp!e potentiometer and the dura-

tion determined by a rheotome which allows cur

rent to flow through the tissue for a brief period

The strength/duration curve shows that for

bnef current pulses the strength must be very

great to excite If a bnef, ineffective pulse is fol

lowed by another in the reverse direction any

loaic changes produced by the first arc reversed

by the second As a result, alternating currents of

high frequency may be passed through a tLS«ue

without producing sufficient mov ement of ions to

culminate m excitation e\ en though they are suf-

ficiently strong to produce considerable beating of

the tissue Tins is made use of m a number of

wa^ as diathermy Currents from a diathermy
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Flo 61 5 Electrical changes at stimulating
electrode produced by shocks «ith relative
strengths successively from above 1 00 (upper 6
curves), 006, 085 071, 057, 043, 021, -021,
-043, -0 57, —071, —1 00 The ordinate scale
gives the potential as a fraction of the propagated
spike, nhich was about 40 mV in amplitude The
0 98 curve is thicker than the others, because the
local response had begun to fluctuate very slightly

at this strength The width of the line indicates
the extent of fluctuation {ln«et) Responses pro-
duced by shocks with strengths successively from
above, 1 00 (upper 5 curves), 0 96, 0 85, 0 71 0 57,
obtained from curves in upper figure bj subtract
ing anodic changes from corresponding cathodic
curves Ordinate as above (From A L Hodgkin,
Proc Roj Soc Lond (1938-39), 126 87-121

generator producing alternating current (a mil

lion or more cycles per second) may be passed

between electrodes on the tno hands, and body

temperature can be raised using the internal re-

sistance of the tissue between the electrodes to

e\ oK e heat as it does m the radiant in an electric

stove Diathermy currents are also used in surgery

to produce coagulation of bleeding points and to

cut soft tissues, when a small electrode is drawn

through the ti^^ue the local release of steam

withm the cells gives a clean heat-scaled cut It

has been widely employed in brain surgery

The period throughout which there is a recip-

rocal reiationehip between strength of current

and the duration of its flow ls called the semetaUe

or uhlttaliofi lime {lempit utile) It is measured in

thousandths of a second WTicn, for instance, a

current of a certain v oltige and having a duration

of 8ay 3 milliseconds (msec ) just fails to excite

the tissue, then either increasmg the voltage or

piolonging the duration of the current causes a

te^poDse Or, if a current of a certain voltage and

duration is just capable of exciting the tissue, re-

diieuig either of these factors renders the “timulus

uicflectivc The length of the utilization time

varies in different tissues, but for the frog’s stri-

ated muscle it is about 60 msec Beyond the utiJi

zafion penod the relationship between intensity

and duration no longer holds Therefore when the

current is of long duration its effectiveness de

pends entirely upon its intensity The intensity of

a current which when allowed to flow for an in

dcflmtely long ponod is just capable of exciting

the tissue (intensity threshold) is called the rheo-

base The rclationsbip between strength and dura

tipn of current is shown in figure 61 6

Chro'iaxie Thestrength/durationcurvesfrom

various tissues are of similar shape but differ in

Ibcir time-scale, and it is convenient to be able

to define this time-scale for any tissue The
chronaxie is the measure normaUy employed and

13 obtained by finding the minima) current which

niU excite if of long duration, the rheobase, next

fiiiding the time which a stimulus twice thu

strength must last to be effective ITie factor 2 a
arbitrarily cho«en by convention and gives a con-

venient point at about the middle of the strength/

diiratioD curve The chronaxie may therefore be

bfufty defined os the shortest duration of a current

necessary for eaciUUion when its sfrenyih w iunce

the rheobase

Determinations of chronaxie may be earned out

by the use of (a) a steady current which by means

of a special type of rheotoroe is allowed to flow

through the tissue for a very brief accurately

Fig 616 Strength duration curve, chron ,

cliTonaxie
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measured period, (b) eonJenser diseharget The
duration of a condenser discharge is proportional

to the capacit> (C) of the condenser, provided the

resistance (R) in the discharge circuit remains

constant By charging condensers of different

capacities (measured m farads) to different poten

tials, currents of any desired duration or voltage

can be employed In order to render any variation

m the resistance of di^crcnt tissues negligible a

high resistance (15 000 to 20 000 ohms) is intro

duced into the discharge circuit In detcnniDing

the chronaxie by means of condenaer discharges

the current of minimal \ oltagc required for cxcita

tion is first determined, a aery high capacity , i e ,

one with a Jong discharge, being used The thresh

old voltage (rheobase) is then doubled and the

lonest capacity is found (shortest duration of dis

charge) which mtl produce n response at the higher

voltage The result is obtained in microfarads

Since the time, or chronaxie, is proportional to the

product of the capacity and the resistance in the

discharge circuit, (iie result can be converted into

seconds by the following formula

Chronaxie » C (farads) X U (ohms) X K

(K - 0 37)

Rapidly reacting tissues lu\ e a shorter chro-

name than the more slowly acting The chronaxioa

of smooth muscle and its nerves arc longer than

those o( skeletal musele sod eom&ttc aetres The
tissues of cold blooded aoiinals have, in genera),

longer chronaxies than the tissues of higher forms

Flexor muscles have shorter chronaxies than ex-

tensors and the chronaxies of the more rapidly

acting white mvacles are shorter than those of

the Ted Nen e fibers of larger diameter and of

more rapid conduction respond to shorter dura

tions of current tlian do the thinner and slower

fibers The chronaxies of sensory nerves are in

general about the same as those of the motor

nerves of the same sire Tlie chronaxie of the

ventricular muscle, contrary to expectation, la

shortened by vagus stimulation, or by drugs such

as acetylcholme which slow the cardiac rate, and
lengthened by accelerator stimulation or by
drugs, e g ,

atropine and adrenaline, which cause

acceleration The chronaxie of the yunctional tis-

sues is about three tunes longer than that of an

ricular or ventricular muscle The chronaxie of the

gastric muscle is also shortened by vagal stimula^

tion The chronaxie is lengthened by cold and
shortened by a rise in temperature Stretdung

cardiac or smooth muscle reduces the chronaxie,

and tliat of skeletal muscle is lengthened by fa

tigue and shortened by adrenaline The utilization

time {temps vhh) of a tissue varies mth its chro-

naxic, being about 10 times the value of the Ut-

ter TJius the chronaxie of the frog s sciatic nerv o

IV 03 m<er, the rhcoliase is reached m 3 msec
Chronaxie is nltcrod by temperature, by ionic

changes, and by many substances of physiological

activity
,
but IS stable if conditions are kept con

fitant

For the motor fibers of the frog's sciatic nerve,

it ISabout 0 3 m«ec at I7'C ,
frog's striated mus-

cle 3 msec
,
frog’s cardiac muscle 20 to 30 msec

,

frig’s stomach 100 msec In mammals, clironaxie

of large nerve fibers may be as short as 0 1 msec

Eleclrode me The chronaxie depends upon the

rapidity with which electrical charge can diffuse

away from the site excited This wiU be much
more rapid if the site is small than when it is

large Tlius the chronaxie of muscle is shorter

when measured by electrodes ten microns in di-

ameter than when large electrodes are used T\ith

meduliated nerve fibers stimulation occurs at the

norles of Rani ler, Die mycitn sheath restricts the

current flow to these, which form m effect small

electrode sites of anatomically fixed sue and the

size of the external electrode makes little differ-

ence

Folfowmg investigations of this by Watts and

by Rushton, chronaxie meaciirements are usually

taken w ith laige electrodes to giv c a figure related

to t)ie tissue constants and mdependent of the

electrode used

Cftronoxics in t)ie human subject have been inves

tigated under various physiological coaditions and
in many pathological states by Bourguignon and
others Condenser discharges are employed an
indifferent electrode being placed upon the skin

over the sternum and the stimulating electrode

as the cathode upon the skin overly ing the nerve

or muscle to be investigated The chronaxies in the

newborn child are about 10 tunes longer than those

of the adult The longer chronaxies are in agree

meat with the much slower movements of the

infant In diseases of the central nervous system

ail muscles which are the seat of paralysis show
lengthened ch'^inaxies and in progressive nervous

disease those *^oups of muscles of similar chro

naxies arc usually attacked more or less simul

taneously

Reaction of Degeneration

The reaction of degeneration is a phenomenon
commonly seen following nerve injuries m man
and gives a valuable index of the abnormalities

which are present A motor nerve may be stimu

lated through the skin by either the fsradic (in

terrupted) or the galvamc (constant) current The
muscle contracts so long as the faradic current
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flows but only during the make (closure) or break

(opening) of the galvanic current, for a given

strength of current closure shocks are more effec

tive than opening shocks In testing the reactions

one electrode is placed upon the skin of some in

distant part of the body (tndiftrent eUclrode)

and another smaller electrode (stimulating efec

trode) IS placed upon the akin overlying the nerve

trunk or muscle which it is desired to Btimulate

In the latter instance the nerve terminals within

the muscle are stimulated not the muscle fibers

themselves The stimulating electrode is applied

over that part of the mascle which gives n response

with the least strength of current, this is spoken

of as the motor point and corresponds to the point

of entrance into the muscle of the motor nerve

^\hen the stimulating electrode is attached to the

positive pole of the battery it is called the anode

The current enters the muscle by this electrode

and leaves the body the ihdiflerent electrode

which IS called the cathode ^\'hen the galvanic

current is reversed, the stimulating electrode be

comes the cathode and the indifferent electrode

the anode Normally the least strength of current

IS required when the cathode overlies the muscle

and the circuit is closed The response which tol

lows such a shock is called the cathodal closing

contraction (abbreviated C C C ) The next most

easily elicited response is the anodal closing eon

traction (A C C }, i e , when the stimulating elec

trodo in the anode and the current is closed The
anodol opening eontraelton (A 0 C ) is less easily

evoked than the last, and the cathodal opening

eontraclion (C 0 C ) requires the strongest current

of all The four reactions in the order of the

strength of current required for their elicitation

may be expressed thus

CCC <ACC <AOC <COC
The normal relationship between current strength

and these responses is also shown m table 61 1

The investigation of these reactions is of con
eiderable value in the detection of degeneration of

a motor nerve and in the diagnosis of a lower from

an 'upper neuron ’ lesion (ch 65) Lengthening of

the cbronaxie of a nerve occurs during the earlier

stages of its degeneration, it therefore fails to

respond to the brief shocks of far i^c stimulation

but a sluggish contraction of the^muscle follows

TABLE 61 1

Strepstli of cunxnl Reictioo

Ueak CCC
Medium CCC and ACC
Strong CCC.ACC, AOC
Very strong C C tetanus, A C C , A O C

i

and C 0 C

stimulation with the galvamc current Later the

nerve becomes quite incapable of being excited

by either the faradic or the galvanic current

l^en the nerve terminals have degenerated the

chronaxie of the muscle is lengthened and the

faradic current applied directly to the muscle

causes no response
,
the muscle responds, however,

tbough in an abnormal manner, to the galvanic

current, the fibers being directly stimulated The
response of the mu«cle shows the following fea

tures (a) Sluggishness of contraction and relaxa

tion (b) The response is elicited with a weaker

current than normally , i e
,
the mu«cle is hy per

excitable to the galvamc current (c) The anodal

closing contraction (ACC) may often be elicited

more readily
,

i c
, with a weaker current, than the

cathodal closing contraction (CCC) Thus,

ACC < CCC
These chaoges in the electneal responses of

nerve and muscle, namely loss of excitability of

nerve to faradic and galvanic stimulation, failure

of (he muscle to respond to faradic stimulation

and the abnormalities of the reaction to galvanic

stimulation just described constitute the complete

reaelton of ^generation (CRD )^\’hen the nerve

IS still capable of being excited by galvanic but not

by faradic stimulation but the muscle responds

weakly or not at all to the faradic current, the

reaction of degeneration is said to be incomplete—
partial reaction of degeneration (P R D )

EUctrolonut, EUctrohmc Currents, the Rale tf

Change m the Intensity of the Stimulus

—Aceommodahon in Nerve

Electrotonub It was shown many years ago

(1850) by Pllugar that the passage of a constant

eicctnc current through a nerve altered the prop

erties of the nerve in respect to excitability, eon

ducltiily, and electneal slate The effects are pro

duced both at the anode (positive pole) and at the

cathode, and are referred to as electrotonvs

,

the

anodal effect is called specifically anelectrotonus,

while the effect at the cathode is called cafe/refreto

The effects occur in sensory as well as in motor
nerves, but they can be demonstrated most con

veniently in a motor nerve attached to its muscle

(fig 61 7) If the electrodes are placed upon the

nerve with the cathode nearer the muscle, i e
,
the

current is descending, and the nerve then slimu

lated near the cathode with induction shocks

which, ordinarily, are submaximal, the muscle

gives a maximal contraction owing to the increased

exeitabibty of the nerve The excitability at the

anode can be shown in a similar way to be reduced

When the electrodes are reversed, the anode being

the nearer the muscle and the current ascending,

the nerve again show a increased excitability in the

region of the cathode and reduced excitability in



Chaplet Ct niYSIOLOGICAL PROrEIlTIES 1123

Fio 61 7 Diagram illustratine the arrange
went for demonitratiiig ftnelectrotoniis ami cat
eUctrotoniis With a strong dcacending current
(vpper figure), break excitation at the anode is

blocked at the cathode, aod with a strong a<cend
ing current make excitation at the cathode is

blocked at the anode An
,
anode, cath , cathode

Pio 61 8 Illustrating altered excitability of
flcrrerfaringCAe passage tftrurrgh tt afs weat
medium (j *) and strong (> *) constant (polarising)
current A, anode, B, cathode The honzonta) line
represents the normal excitability of the nerve,
the curves above and below this fine indicate in
creased and decreased excitabilitj

,
respectively,

of the nerve The crossings of the horizontal line
by the curves, \', n* and x*, indicate the points
where anelectiotonic and catelectrotomc effects

neutralize one another, i e , they represent indi/
ferent points in the interpolar region A-B (From
Lombard after Pfluger )

the anodal region When the current is inter

rupted, opposite effects are produced before the

nerve returns to its normal state, namely
,
a nse

in excitability at the anode and a depression of

excitability at the cathode

The anelectrotonic and catelectrotomc effects

spread along the nerve on either side of the elec

trodes At a certain indifferent point between the

poles one effect neutralizes the other With strong

currents the indifferent region is nearer the cathode

than the anode, i e , anelectrotonus extends fat

th’r into the interpolar region than does catelec-

trotonus, with weak currents it is nearer the anode

(fic 61 8)

The effect of the constant current upon conduc

Uon can be shown by stimulating the nerve in the

interpolar region When the anode is nearer the

muscle, anelectrotonic depression of conductivity

tends to block the impulse from reaching the mus-
cle, complete block is produced b% a strong cur

rent There is no interference with the passage of

the impulse toward the muscle when the electrodes

are reversed

The stimulating effects of making and breaking

A constant current vnrj with the strength of the

current With a current of moderate strength

stimulation of the nerve occurs at the cathode

when the current is “made” (or closed) and at the

anode when it is “broken” (or opened), for cxcita

tion IS incrc'iscd at the cathode in the one instance

and at the anode in the other The cathodal

“make” effect is slwais greater than the anodal

“break” effect, so that, with weak currents the

excitation at the anode does not occur, a response

IS obtained ont) upon making the current With
very strong descending currents, a response is ob

tamed onI> on the ‘make” because on the “break

ttie impulses eel up at the anode arc blocked b>

catclectronic depression near the muscle With

strong aseendtng currents excitation occurs onlj on

the “break” because on the “make the impulses

arc blocked b> anelectrotonus depression near the

muscle (see table 61 3 and fig 61 8}

Electronic currents During the passage of a

constant current through a nerve the resistance of

Its membranes causes the current to spread later

ally along their surfaces aa well as toward the core

of the nerve The change in the electrical state

within the nerve is thus diffused for a distance on
either side of the electrode (fig 61 9) If a gal

vanometer be led off from the outer side of either

electrode i e
,
m the extrapolar region, a current

flows through the instrument in tile same direction

aa the constant current The current flows toward

the anode and away from the cathode (and from

anode to cathode m the interpolar region) These

eleetrotonte currents ore due to changes in polanza

tion of the membranes or interfaces withm the

TABLE 61 2

1

!

AscFodmg
Current

Desceodiug
Correut

1

Jfalinl
'

Brtak
IHg

Very weak currents 1 C O ^
1

0
Moderate currents

,

c C
1

C
' c

Very strong cur

Tents 0 ' c C
1

0

C = contraction, O = fadure to contract
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Fro 61 9 Electrotonic currents P, consl&nt
current, A, anode, C, cathode, G, galvanometer
(After Schafer

)

nerve structure by the constant (polariaing) cur

rent \then the polarizing current is broken the
electrotonic currents flow in the opposite direc

tion The production of eleetrotonic currents by

a constant current can also be shown m an artifi

cial moist conductor model consisting of a con
ducting wire running dowm the center of a glass

tube filled with saline The changes m the clectri

cal state of the nerve are the cause of catelectroto

nus and anelectrotonua described m the preceding

section

^Tien the current is “made ’ and the “local

potential at the cathode, which may be design

tinted V, reaches a certain value e'^citation of the

nerve oecura The critical value of V at which the

nerve is excited i e
,
the threshold of excitation

may be designated U The decay in (he “local or

cathode potential upon cessation of (he current,

i 0 , the rate of return of V to its original or resting

value Vt IS expressed by the formula dV/dl »
(V — Vt)/K K 18 the time constant (or the return

of V to , it has a value of arouod 0 35 m«ee

for frog’s nerve and is related to the chronaxie

which equals 0 603 X A In order for excitation to

result a certain rate of change m the intinsity of

the stimulus is required The nerve “atcommo
dates itself to the stimulus if the chanro in in

tensity of the latter is not sufliciently rapid A
iTi'iUwgift’ iftestalae m MvivAsi't? rvfcpiv.ifwf /«w

tion when the rate of rise in intensity is slow than

w hen it IS rapid Hill has introduced a second time

factor which he calls the time constant of aceom

modation (X) If the critical value of V for excita

tion, I e
,
the threshold designated U, and sub

stituting U and Ui for V and Vq and X for K, in

the above formula we have dVIdt = (£7 — Ut)/X

For the calculation of the time constant of accom

modation (X) the reader is referred to the original

paper

> The reason for measuring the decline of V to

T'o IS given by Hill in the following words “We
might have defined the time constant in terms of

the rate of change of V when a current is put into

tiie nerve This would have required the choice of

a particular form of current There would have
been no difficulty

,
but it might have given the im

pression that K has something to do with (he cur
rent, it has not, it is a properly of the nerve itself.

It expresses the time factor in the tendency of the
nerve to revert to its resting condition ”

The time constant of accommodation la altered

by several conditions, the most notable being

changes m calcium ion concentration An increase

in concentration of ionic calcium reduces the value

of X, that IS, the neuromuscular tissues accom
modatemore readily

,
which means that more rapid

changes in stimulus strength ate required for

excitation Reduction in ionized Ca, as in tetanic

states, exerts the reverse effect—increased value

of X, and reduced accommodation of the neuro

muscular tissues which are m consequence excited

by relatively slow rates of change in the strength

of the stimulating current If the calcium ion con

centration is sufficiently low there may be a

complete absence of the phenomenon of ‘accom

modation “

The Nerve Impulse

The nerve impulse is a sclf-propagatcd dis-

turbance That IS to sav, the energy for the

transmission of the impuNc is dented from the

nenc fiber over which it passes Nervous con-

duclioD therefore depends upon the state of the

fiber at succcssiv c points reached by the impulse

The impulse resembles a spark traveling actively

along a ttam of gunpowder rather than a wave

transmitted passively through air or water In

either of the latter two instances in contrast to

the first, the energy is derived from a source other

than the medium through which the w ave tra\ els

and the force and amplitude of the wave become

gradually reduced with distance To carry further

the analogy drawn between the impulse and the

burning train of gunpowder—if a section of the

powder fuse is dampened in advance of the «park,

the bttcr becomes less intense as it passes through

the dampened section, and traveb more slowly

Upon reaching a succeeding dry portion the spark

flares up again to its prcMOUs intensity and

X elocity, and, so long as the powder remains dry

,

13 transmitted without change to the end of the

fuse In a comparable way, if the activity of a

segment of ner\e is depressed by treatment in a

chamber with a narcotic (alcohol or ether i apor)

the impulse undergoes a reduction in amplitude

and velocity in its passage through the narcotized

region, but upon reaching the untreated nerve

beyond, n^ams its original xalue, and is trans-

mitted unchanged to the termination of the nerve

The question then ari-ics whether tlie strength of

the impulse in its passage through the narcotized

section of nerve is suddenly reduced or whether

the reduction is progressive In other word*,

would tho unpul-o suffer a greater reduction if it

were made to trav erse a long section of narcotued

nerve than if it passed through a short stretch?
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Formerly it was thought tliat a gradual or pro

grc«si\c impairment of conduction, ic, conduc

lion vnlh c decrement, occurred The mode of

propagation of the impulse o\ er narcotized nme
was, therefore, supposed to be c'^cntialli different

from that along a normal none IS, for ctamplo,

the narcotized section were long enough, (omplctc

extinction of the impulo would result in this

region, therefore, the impulse would resemble a

wax e transmitted through air or water From his

experiments, in which the long nerxe of the Jap-

anese trad was empJojed Kite could obtain no
exidenec tliat there was a progressue dcchnc m
the strength of the impul c He came to tlic eon

elusion that the impulse suffered sudden reduc

tion upon entering the region of narcosis and

underwent no further reduction during its trans

mission along the narcotized section Conduction

was therefore decremenlUis ICato s findings ha\c

been confirmed bj Daxa-s Forbe®, Brunswick and

Hopkms («ec fig 61 10) but it is pointed out tliat

on theoretical grounds there must exist a short

transitional portion of the nme at the iuoction

of the normal and the narcotized section where

progressixe decline in the impulse occurs Be
jond this the impulse is conducted throughout

the length of the narcotized <ection without fur

tber reduction

Conduction ffo/es

The X elocity of the nerx e unpulse x ancs m dif

ferent nerve fibers in accordance xnth their di

ameters the thicker fibers conducting more ra

pid]> than tho«e of smaller diameter Id the large

motor fibers of the mammal the rate is from 80 to

120 meters per second Sensory nerx es of the skin

being of smaller diameter hax e slower conduction

rates iSonmcduUated fibers conduct more slowly

than medullatcd Some of the fibers subserving

pain sen'yition and tho«e of the sjTnpalhctic nerx

ous sj stem hax e a \ ery slow conduction rate (see

also pp 1129 and 1143)

The following table from Hill gives the conduc
lion rates in the nerves of several different am
mals

Medullated nerve mammal 37®C about 120

m per sec

Medullated nerve dogfish 20*C about 35 m
per sec

Medullated nerve frog 20'C about M m per

sec

bionmedullated nerve crab 22'C and m
per sec

Isonmedullated nerve mammal ST’C , about I

m per sec

Fio 61 10 Upper drawing diagram of nerve
(peroneal of cal) m narcptiriDg clumber to iIJus

trnle 'ct up of an experiment on conduction of

mipul«cs through narcottce I nerve S etimulating
electrode^ Leaded electrodes at 1 2 andSwithm
tlie chamber and 4 outsi fc Circuit completed
through an m lidereDt electrode At 5 O galvanom
eter for recording action currents Nerve m cham
her exposed to alcohol sapor The results of this
experiment gave no evidence of conduction with &
decrement The action currents from ail three
leads within the chamber were reduced to praeti
call> the same degree Lower drawing contrnsta
the different views advanred regarding conduction
of tic impiibe through a narcotized region of
nerve It will be noted that in all three the impul*e
regains ita full value upon entering normal nerve
(From Davis Forbes Brunswick and Hopkins )

Nonmedullated nerve olfactory of pike 20'C
0 2 ro per sec

Nonracdullated nerve m fishing filament of

PAytalia 26'’C average 0 12 m per «ec

Noomedullated nerve in Anadon 0 05 m per

eec

Compare the velocity of sound in air at O^C

331 m per eec

By on indirect method of measurement Car
michael and his 8S''0ci3tcs found the rates of con

ducfion tn various human postganglionic Bym
pathetic nerves to be from 0 85 to 2^0 m per "cc

The lower figures were obtained for the nerves of

the leg the higher ones for the nerves of the chest

The "All or A one Principle

A stimulus which is jUSt capable of ercAing a

nerxe fiber (threshold etimulus) ^ets up an im
pulse which 13 no different from one set up bj a
much stronger stimulus The unpuW set up bj

the weak stimulus is conducted jait as rapidl)

and 13 ju«t as strong when judged by the action
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current developed or the meclianical response of

the muscle, as one set up by the strong stimulua

Brief!}
,
the propagated disturbance set up m a

single ner\ e fiber cannot be graded by grading the

mtensity or duration of the stimulus—the ner\e

fiber gives a ma\imal response or none at all To
make u«e again of the train of gunpow der aualc^

—the flame of a match apphed to the powder fuse

will start a travehng spark no less intense than

one started bj the flame of a torch The restora-

tion of the strength of tlie impulse to its ongmal

value after passing from a narcotized region into

normal nerve (p 1 124) ako shows the “all or none”

nature of nervous conduction The well known
fact that a strong stimulus applied to a nerve

trunk causes an action current of greater ampli-

tude, and a greater muscular response than a

weaker stimulus la due to the fact that the nene
trunk IS composed of man} fibers each of which

supplies a group of muscle fibers The weak stim-

ulus excites only a proportion of the units of the

nene, a maximal stimulus excites them all For

example, the culaneoua dom muscle of the fre^ is

supplied by a nen'e which contains only 8 or 0
fibers, each of these innervates about 20 muscle

fibers Keith Lucas found that when the nene
was stimulated b} shocks, gradually increasing id

intensity, the muscular responses did not show a

similar continuous rise m amplitude, on the con-

trary, the responses of the muscle increased m a

senes of well-defined steps, that is, increasing the

stimulus mtensit} produced no effect for a time

upon the amplitude of the muscular response, but

then a slight increase in strength of stimulus pro-

duced a sudden rise m amplitude The steps were

nev er greater in number than the number of fi-

bers, and w ere due, it was concluded, to addiltonal

fibers becoming excited as the strength of stimulus

reached a certain x alue

It must also be remembered that the all or none

principle apphes onl} for the condition of the

nerve at the point where, and the moment when,

the impulse arises A stimulus which will give rise

to a response of a certain magnitude under one

condition of the nerve may give a much smaller

response under other conditions, e g ,
during the

relative refractor} period {see below), narcosis,

oxygen lack, etc

The AbsoMe and Relalue RefracloTy

Periods of Nerve

For a brmf interval following the passage of an

impulse along the nerve fiber a second stimulus,

however strong, is unable to evoke a rc‘’pon‘=e

This interval is called the absolute refractor}

period In a frog’s sciatic nerve at a temperature

of about 15®C the absolute refractory period has

a duration of between 2 and 3 msec Its duration

IS roughly the same as the action potential

“spike” ^ee pp 1127-1128) It is much shorter

m mammalian nerve (1 0 to 04 msec m large

mcdullated nerv e fibers)

This period durmg which the nerve is abso-

lutely refractor} is succeeded b} one m which the

nerve, though it will not respond to as weak a

stimulus as it did before the passage of the im-

pulse, will respond to a somewhat stronger one

The excitabilit} of the nerve graduall} increases

and the strength of stimulus necessary for excita-

tion becomes progressive!} less (fig 6111) In the

end, the restoration of excitability is complete and

the nene responds to a stimulus of no greater

strength than that which is capable of exciting a

restmg nerve This period follovnng the absolute

refractor} phase and durmg which the excitabihty

gradually rises to normal is called the relaitie re-

fractory period It lasts for from 10 to 20 msec or

nl any nte kbe nvTJisliilijy Af f.be narj-n xe-

turned to about 95 per cent of the resting \ slue

b} tins time (Full recovery however may not be

attained until the lapse of 100 msec ) It should

be pointed out that the failure of the nene to

conduct a second impulse is not due simply to

lowered excitability at the point in the nerve uhere

the onginai sbmulus was applied, for during the

absolute refractor} period a stimulus apphed to

anj other point upon the nerve likewise fails to

set up an impulse The passage of the impulse

along the nene leaves m its wake a change of

state like a trail of ash after the ignition of a pow-

der fuse For the moment the impulse consumes

the entire resources of the nerve fiber (Adrian)

The burned fuse must have its store of energy

replenished by lajmg a fresh tram of powder

grams before a second spark can traverse the path
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of the first So nl'O, a certain time is required for

the cliani;cs associated with the paisago of Hie

impuUc to become rcvcrbcd and the none re-

stored to its resting condition (polarized state,

sec al«o p IISO)

Tlie refractorj period renders a continuous e\-

cit itor^ state of the ntri c impossible just as the

corresponding period in cirduic musek assures

rhj thmic il contractions and prc\ ents summation

and tetanus Fusion or summation of impiit's.s

docs not occur The rcfractori period obi lou'-lj

must also limit the frequency of the impulses In

the mammil the absolute rcfracton period is

about 1 0 to 0 4 msec The mtenals Ix'twocn im-

pulses cannot be shorter than the absolute re-

fractor} period the nnxmium impul'-c frequency

is therefore around 1000 per sec At this rate iJic

impulses are truclling m the tdahit refractor}

pinexl of their prcdoces-'ors and arc wtaKir and

more sloiil} conducted In frog nerve with its re

fractorj period of from 2 to 3 msec the nuxim il

impulse frequency is betneen 2o0 and 300 per

second

The CLicniicAL CnASOcs ts Xirve

T/k Current of Injury

^Yllen a pair of electroilcs arc placed a short

distance apart upon tho surfaeo of an uninjured

and resting nerve (or muscle) and connected

through a gaUanometcr, no current flows and no

deflection of the instrument occurs, «inre the cn

tire surface of the non c (or muscle) an<l, there-

fore, the tissue beneath each clectroilc, is of the

same electrical potential Wlien however, one

part of the tissue is injured the membnne at this

point becomes depolarized (see membrane tbeorj,

p 1130) and, inconsequence, negative to the unin-

jured surface ^lien the two electrodes are now
placed one on the injured and tlic otlier on the

uninjured part and connected through a gal-

vanometer a constant current flows through the

instrument from the uninjured (-i-) to the m
jured (— ) section and in the opposite direction

through the length of the tissue This is known as

the current of injur;/ (or demarcation current) (fig

61 12, 1)

Very large nonmeduUated nerve fibers arc

found in some invertebrates and Hodgkm and

Huxley were able to thread an electrode into Hie

giant axon of the squid from the cut eud

The electrode inside the fiber is found to have

a resting potential 80 m\ below that of one on

the outer surface of the fiber GIa«s micropipettes

about micron in diameter at the tip filled

Fin 61 12 I current of injurj 11 current of
action I>c«criptioo in text The small arrows indi
cate the flow of the current m the galvanometer
leads, the large arrow mil A indicates tho dirce
lion of spread of ihc wive of contraction which is

rcpre'cnted b> the suppled area

with eahne, can be u<«ed as electrodes puncturing

cells w ith such v er> sm^ll electrodes does not lead

to a rapid deterioration of the cell by this means
similar resting potentials have been found across

the surface of man> iclls, including vertebrate

nerve cells and fibers

The Current of Aefion

Active tissue is also rclativ ely negativ e to rest-

ing tissue If, therefore two electrodes are placed

upon a «cction of nerve and connected tlirough a

gjhanoiiicter Jssliownmfig 61 12 II, A stimu-

lation of the nerv e at S causes a movement of the

galvanometer indicator first m one direction and

then m the other * The movement ma} be photo-

graphed when a diphasic curve—a nave above

the bawe Ime followed by one m the opposite

direction—is obtained This is the result of the

propagation of the wave of excitation along the

nerve from one electrode to the other Wien the

wave reaches the tissue beneath the first elec-

trode this region becomes negative to the resting

tissue beneath the second electrode A current

flows tlirough the galv anometer from the resting

* Today a cathode raj oscillograph is emploj cd
fp 1128) which whencombinetl witha valveamph
fier, enables weak currents of short duration to be
measured and recorded
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to the active region A wa\e above the base line

IS inscribed in the record (fig 61 12 II, B) Dur-

ing the lapse of time from the passage of the

V, ave from beneath the first electrode to its arrival

at the second no current flows, and the galva-

nometer indicator returns to the zero position

(fig 61 12 II, C) The arrival of the excitation

wave beneath the second electrode now renders

the tissue here negative to the resting tissue undo*

the first electrode, and a current flows through

the galvanometer, but in a direction opposite to

that of the current previously set up As the nerve

beneath the second electrode returns to the mac
tive state the galvanometer comes to rest A
wave below the base line is thus recorded (fig

61 12 II, D and E) The diphasic electrical change

IS called the current of action If a current of in-

jury 13 set up bj cni«huig the nerve beneath the

second electrode, an action current initiated by
stimulating the nerve on the side near the first

electrode, smee it will be opposite in direction to

the current of injury, will cause a reduction m
the strength of the latter, as indicated by a move-

ment of the galvanometer The reduction thus

caused m the strength of the current of injurj is

spoken of as the negaiuc lanatum The excitation

w ave does not reach the tissue beneath the second

electrode since it is blocked by the injured tissue

so a second oppositely directed wave docs not

appear, i e ,
the variation is morutphasie The in

jury potential can be compensated for by baUnc
ing agamt it an opposing current, a record of a

monophasic action potential—the “spike poten

tial”—13 thus obtained

WTien the giant nerve fiber of the squid is stim-

ulated, the action potential recorded between

electrodes inside and outside the fiber obbterates

the resting potential and continues to a reversed

potential or overshoot giving a total ‘spike’ po-

tential of about 110 mv Similar results are ob-

tained with vertebrate nerves pierced by micro-

electrodes

The action potential of the nerve cannot be

separated from the propagated disturbance and

plaj's an essential role m exciting the nerve ahead

of the active region Hodgkin showed that if a

local anaesthetic were used to block conduction,

when an impulse arrived at the blocked region,

the excitabibtj to electrical stimulation beyond

the block mcreased This comcided with tlie cur

rent fiow ahead of the nerve impulse The impulse

normally propagates owing to the excitation of

regions ahead of the impul>« by their passive de-

polanration bj current from the active region

Moreover, in medullated nerve, Huxley and

Stampfli showed that the current flow is re-

stricted to the nodes of Ranvier and so propaga-

tion 0CC1U3 by activation jumpmg from node to

node This is called saltatory conduction, it en-

ables medullated nerve fibers to conduct much
faster than nonmedullated axons of the same size

AJUr polenlialt Following the main action po
tentiat or "tpikc polenUal as it is now usual!}

called, a senes of smaller electrical changes appear
in tracing^ obtained b> the more sensitive methods
of recording These are known as after potentials

They appear following a series of spikes, but in

(heir simplest forin, after a single response They
consist of an initial negative potential (i e , of the

same direction as the spike) followed by a positive

potential of much smaller magnitude (about 0 2

per cent of the height of the spike), but of longer

duration The negative after potential has a dura

tion in rapidly conducting fibers of about 15 msec
,

the positive after potential of 70 msec or more
The after potentials show much greater vanabil

ity with experimental conditions than does the

spike

The Compound S'alure of the Atiton Cuneni

Recordedfrom a Nene Trunk

Erlanger, Bishop and Gas<er studied the action

potential of roued nerve trunks by means of the

cathode ray o<cilJogmpb

Unlike any instrument previously employed for

thia purpose, e g ,
the string galvanometer or the

capillary electrometer, the moving part of this

instnimeot—a stream of electrons—possesses

practically no mass and is in consequence iner

tialess It 13 therefore capable of recording very

rapid changes in electrical potential The instru

ment consists of an evacuated tube, an electron

stream from a hot cathode strikes a fluorescent

screen upon which it produces a spot of light On
either side of the electron stream is placed a ver

tical plate A potential difference is created be

tween the pair of plates , the electric field thereby

set up across the path of the stream deflects it

horizontally, and sweeps it across the screen The
spot of light IS thereb} converted into a honzontal

streak By means of a rotating commutator the de

flections are repeated from 10 to 20 times per sec

ond A second pair of horizontal plates is placed

one above, the other below the electron stream

These are connected with the nerve whose action

current is timed to reach them at the instant (bat

the stream is deflected honzontallv by the vertical

plates A vertical deflection of the electron stream

results with the production of a standing wave

which IS photographed and a permanent record

thus obtained The speed of the horizontal move
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ment of (he SfK>t of light enables the time ticale

to \x calculated, end can lie vaned hj sltenngthe
potential applied to the horizontal pairof plates,

the honzontnl movement corresponds to the move
ment of a kj mograph, though of course ita rate ts

ver> man> limes faster The upward deflection la

analogous to the rise of a muscle Ic\cr Themagni
tude of the action potential is determined from the

height of the wave Before reaching the recording

s>stem the action current is amplified several

thousand times b> passing it through a valve nm
plifier

Upon analysis of the electrical potentiala of

mammalian nencs, Urlanger and Gasser shoned

that the “spike” la actually compound and repre-

sents the fusion of the jjotentiala of three mam
t^TJcg of nerve fiber, which are referral to as the

A, B, and C groups Set era! properties of nene
are correhtcrl with the diameters of the fillers,

the larger the fiber diameter, the higher is the

conduction velocttj, the lower the threshold of

excitation, the greater the magnitude of chctncal

response, but the shorter its duration, and the

shorter the refractory period, latent addition* and
chronaxte Therolationship of conduction vclocitj

to diameter of the nerve fiber is a linear one (fig

61 13} The amplitude of the recorded potential

is al^o linearlj related to the fiber diameter

The A group is corapo«cd of the largest fibers,

1 to 20 micra in diameter, with conduction rates

from S m per sec or less for the «[nallest fiber to

100 m per sec for the largest Tins group has

been analj'zed into four subsidiary groups labelled

<T, 7 , 3 in accordance w ith and in this order of

fiber diameter (fig 61 14) The A groups are all

myelinated, are both sensory and motor and ore

found m such somatic nerves as the sciatic and
saphenous nerves Tlie alpha fibers of this group

are absent from cutaneous nerves

Less study has been made of the B and C
groups The B fibers are myelinated and boie

diameters from 1 to 3 micra, and conduction ve

locities from about 3 m per sec to 14 m per

see Tlie B fibers are found solely m autonomic

(preganglionic and in some myelinated post-

ganglionic) nerves The C group, composed of

the smallest fibers (less than I micion m diame-

ter), are unmyelinated and have a conduction rate

of around 2 m per sec or less many are found in

cutaneous and visceral nerves The A group of

fibers make by far the greatest contnbution to the

compound spike potential, and the C group the

*This 13 the period during which a subliminal
stimulus 19 capable of summing with a previous
one and of raising excitation to threshold value

SlantUr (m)

Flo 61 13 Linear relation between diameter
and conduction velocity of mammalian nerve
fibers £ach point represents a determination of
the maximum conduction velocity of meters per
sec and of the diameter in miera of the largest
fiber of an individual nerve Dots « adult nerves
Circles = immature nerves (After Hursh )

Fig 61 14 Cathode ray oscillograph records of

the action currents in the sciatic nerve of the bull

frog after conduction from the point of stimulation
through the distances (in millimeters) shown at
the left The action potentials might be compared
to runners in a race who become separated along
the course as the faster contestants outstrip the
slower, thus m a record at 82 mm from the point
of atimulaCioQ three waves are shown whereas at

12mm the potentials are fused and only one large
wave appears The delta wave is not showm in the
record (Modified from Erianger, Bishop and
Gasser

)

least Tlie electrical potentials recorded from both

A and C fibers show both negative and positive

after potentials, but the B group show s no nega

ti\e after potential with a single response, though

it appears upon repetitive stimulation The B
fibers are the most susceptible to asphyxia, the C
fibers the least so

Tlie linear relationship between fiber diameter
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and conduction velocitj hol<Is al'O for groning

ncncs of joung animah (Hur«10 During growth

the diameters of the ner\e fibers m the ner\c of

the leg, for eoimple, increase as the ncr\ c length-

ens Conduction ^clocltJ increaes proportionafelj

so that the time taken for an impulse to tra\el

from the toes of a kitten a few dajs old to the

'pinal cord is the same as for a full grown cat

Tims the kitten and the cat react to stimulation

with about equal promptness

The diameters of the regenerating fibers m a
sectioned or crushed nerve also enlarge gradually

and conduction velocities increase accordingly

(Berry and associates)
,
the relationship again be-

mg a linear one The maximum conduction veloc-

ity IS not reached until maximum diameter of the

fiber IS attained If the axons of the none alone

are interrupted, the sheaths of the nerve fibers

remaining intact, the diameters and conduction

velocities may reach those of the normal nerve,

this rarely occurs if the nerv e has been completely

severed

Tbe Membrane Treqrv (Bernsteis) or

Nervous Covnucriov

Conduction, according to this theory, is a sur-

face phenomenon Tbe nerve fiber is surrounded

bj a semipcnneable membrane or surface film

which LS polarucd when the nerve is at rest Tliat

is, the surface film separates a byer of cations on

its outer side from a bver of aniens on its inoer

side A stimulus applied to the nerv e increases the

permeability of the membrane at the point of

siimublion walh tVie result that a redistnbulion of

ions and depobnsation of the membrane occur

This point of the nerve becomes thereby reb-

tively negative to the inactive (pobrized) section

of nerve immediately adjacent A potential diffcr-

Fio 61 15 Illustrating nervous condactiou
according to the membrane theory (•'ce text)

ence is set up and a current flows betw cen the ac-

tivcandinactlvescctiODS This secondary current

in turn causes dcpobrization and activation of the

adjoinmg region which, being now rcbtiv ely nega-

tive to the next section, results m a current being

again set up between these two which deixibnzes

the btter The currents set up between contigu-

ous, inactiv e and activ e regions sen. e as successive

stimuli and the wave of depolarization spreads

down the nerve, the disturbance set up by the

original artificial stimulus is in this way propa-

gated automatically (“ice fig 61 15) Thus, nerve

impulses are “transient «clf mendmg electrical

leaks travelling along nerve fibers” (Sherrington)

Tlie depolarized state persists for a short time

after the passage of the impulse, during this time

the nerve is refractory The return of excitability

IS depeniicnt upon the restoration of the pobrized

state According to the membrane theory the

nerve impubc is a propagated wave of depolari-

zation

In recent y cars the membrane theory has be-

come more firmly established by the evpicriments

above, showing the role of the action potential m
propagation, it had, however, to be ebborated to

cover the experimental finding of overshoot,

w here the action potential exceeds the resting po-

tential so that ft transient reversal of potential oc-

curs The axon contains a great excess of K ions

over the surrounding fluid and a deficit of Na
ions, the«c differences arc maintained in the rest-

ing nerve by metabolic activity

The Use of radioactiv e sodium and potassium

to repbee part of the normal potassium and so-

dium m a giant axon from the squid, or fluids

round It, has enabled the ionic changes to be fol

lowed in detail and it is possible to detect and

measure very small quantities of these substances

tjy the radiation emitted from radioactive break-

down MTien the nerve is conducting impulses, the

escape of pota«sium ions is greatly accelerated

into the surrounding fluids and sodium ions enter

the fibers The concentrations arc re«tored to nor-

mal after activ ity , but the permeabilities for po-

tassium and sodium do not change together The

reaction of the surface membrane is much more

complex than postubted in the simple Bernstein

theory

By pbcuig an iron wire in strong nitnc acid a

model can be made along the surface of which a

phjncochemical change can propagate The wire

becomes coated with a thin film of oxide which

prevents its solution in the acid (the iron becomes

“passive”) If the oxificd film is scratched or re-
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moNod clcctroliticallj bj an adequate cloctric

stimulus, the protccti\c film is removed and the

wire IS attacked bj the acid Gas is c\olvod, and

the change propagates along the u iro at a speed

of SCI oral meters per second (\aryjng witli tcro-

porature) After this acti\ »tj ,
a thick oxide film is

left on the wre which is rcfractorj to further

stimulation for a few seconds until it Ins slowly

dissolved, tolea%o a thm oxide film that gives the

pa«suc state, when it can be reactivated The
propagation resembles that in nerve, for the reac-

tion oxidizing the exposed w ire euusea loc^I cur-

rents to flow, reducing tlic film in neighboring re-

gions bj elcctrolj-sia and so causes the activity to

propagate in the same sort of way as docs the ac-

tion potentialm nerve An action potential can be

recorded from two electrodes near the iron wire

which give a diphasic variation as the active re-

gion passes If short lengths of glass tubing are

threaded on the w ire to restrict tlie current flow to

"nodes’, ‘'saltatory” activation occurs, greatly

accelerating the conduction of activ it> along the

wire

METABousa OF Nerve avd Diwtv

It has been thought until comparatu elj recent

years that a negligible expenditure of energi ac-

companies the transmission of the nerve impulse,

the latter was believed to be immediately de

pendent upon physical rather than upon chemical

processes Though it was recognized that conduc

tion eventually failed m the absence of oxygen

this fact did not prove that conduction itself was

due to oxidative procc«scs In order to show this

it would be necessary to demonstrate an increase

m the o'tygen consumption and in the carbon di

oxide production durmg adwily An increased car

bon dioxide production of active nerve over that

of resting nerve was observed by Tashiro m 1913

This was confirmed by Parker, and an increased

oxygen consumption during excitation was shown

by Penn Earlier attempts (Helmholtz, 1848) to

demonstrate heat productionm active nerve were

unsuccessful, but in 1926 HiU, usmg a thermopile

composed of over two hundred thermocouples,

detected arise of J^o ooo m the temperature

of a nerve as a result of stimulation lasting 10

seconds

Heat Production in Nerve

The resting sciatic nerve of the frog in oxygen

at 20°C was found by Berezina to generate 4 14

calories^ per gram of nerve per minute In nitrogen

* Small calories

the resting beat production falls gradually, reach

mg, at the end of about 3 hours, to 20 or 25 per

cent of the value m oxygon, and remains steady

at this low lev cl Upon the readmis'ijon of ovygen

to the asphy'xiated nerve, heat production rises

npidly, extra heat being produced over that pro-

duced previously by the nerve m oxygen This

extra heat amounts to some 15 or 20 per cent of

the “missed” heat m nitrogen (i e
,
of the amount

equal to the dilTetcnce betw ten iieat production in

oxygen and m nitrogen) The heat generated m
nitrogen isattnbuted mainly to an oxidative proc-

ess dependent upon a store of oxygen m the nerve

tissue, and to the breakdown of carbohy drate to

lactic acid, and possilily also to pho^phocreatine

breakdown In the steady state the heat produc-

tion IS attributed to lactic acid production from

carbohydrate Tlie extra heat produced upon the

readmission of oxygen is probably m part waste

lieat m the process of pho«phocreatine resynthe-

8JS, and possibly nl«o due to the oxidation of some

of the lactic acid accumulated during the anaer

obic period

Durmg stimulation of the nerve in oxygen, at

the nte of 2S0 shocks per second an increase m
heat production occurs of 40 X 10^ calories per

gnmofncnc per second At this rate of stimula

tion the heat resulting from a single impulse is

about 1 4 X lO*’ calorics per gram of nerve fiber

Though the heat production per gram of resting

nerve is nearly as great as that of resting muscle,

durmg activity the heat produced by nerv e is only

/‘ioo 000 of generated by muscle of equal

weight and stimulated to the same degree

Ab in the case of muscle the heat produced dur

ing activity is given off in two batches—the inifiaf

heat and the delayed or recaiery heat The laitial

heat 18 less than 4 per cent of the total heat ‘ the

ratio of initial to delayed heat being 1 30 The rate

of generation of the initial heat is some 5000 times

greater than that of the delayed heat (fig 61 16)

The former coincides with or follows immediately

upon the * spike potential being an intense ex

plosive outburst which with a single stimulus,

lasts for only a few milliseconds The delayed or

recovery heat which is given out after the period

of activity declines rapidly at first and then more
slowly

The delayed heat is accompanied by the con
sumption of oxygen and is evolved iij two stages

The firat of these lasts for a few seconds, and the

* Hill found that the initial heat of crab nerve
was only 2 25 per cent of the total heat which
however, was much greater (2 5 X per second
per gram of fiber) than that of frog nerve Beresina
and Feng obtained similar values for crab nerve
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Fio 61 16 Diagrammatic representatioa (not
to scale) of the heat production due to each nerv
ous impulse indicating how the observed beat re
suiting from a tetanic stimulation is built up of
the«e units The horizontal linos represent the
delated heat starting at a maximum rate of 005
C units and slowly falling to zero m about 10

mins The verttcal lines represent the tmtial heal
which probably is largely produced during less

than 4 sec at a rate 5000 times greater than that at
the start of the delayed phase (After Gerhard )

quantity of heat is of email magnitude the second

lasts tor form 10 to SO minutes and contributes the

greater proportion of the delayed heat * Increase

in the tlrength of the stimulus does not increase

the heat production whereas increase m the /re

quency of stimulation causes an increase m heat

production up to 2o per cent The heat per second

however does not increase proportionately with

the increase m frequency of stimulation so the

heat per impulse is actually reduced When the

shocks are at the rate of 2S0 per «econd the heat

production pec second is maximal and the heat per

impulse (since each impulse is travelling in the

relative refractorj period of its predecessor) is

onl) a quarter of that generated by a single iso

istecl impulse The heat pevdcietica of the eeatral

nervous sj stem is enormously greater than that of

nerve fibers amounting to from 600 to over 2000 X
10"* per gram per second for the spinal cord of the

frog

Carbov Dio-xide Production and
Okvgen Consumption

The rcotmg scmtic of the frog produces m the

neighborhood of 0 6 cu mm CO* per gram of

nen e per minute The correspondmg Oi consump-

tion IS about 0 7 cu mm The resting respiratory

•The cause of the initial heat is unknown It

maj be chemical in nature and due to the break
down of phosphocreatinine or may be derived as
Hill suggests from an electrical source namely
the discharge of an electric double layer—a eon
denser—located at the surface of the fiber See
A V lliil Chemical wave transmission tn
nerve Cambridge University Press 1932

quotient is therefore around 0 8 Dunng activity

an extra 02ocu mm of 0* per gram of nerve per

mmute is con'qjmed and a somewhat smaller

quantit) of extra COj produced The extra me-
tabolism of the nerve resulting from actintj has

an R Q of about 0 90 (Meyerhof and Schmidt)

The extra oxygen consumption resultmg from

nerve activity occurs during the period of delayed

heat It contmucs for a considerable time—15

mmutos or more after the uopuLse has passed

The quantity of oxygen consumed agrees well

with the heat produced at this time, upon the

basis that the latter is the result of the oxidation

of ordinary food materials Lite the heat produc

tion the oxygen consumption per impulse falls

with a rise of frequency of stimulation though of

course the total consumption per minute m
creases Increasing the strength of the stimulus

beyond that necessary to excite eh the fibers does

not increase the oxygen consumption

(!hemiral Changes Jn Nene^

(1) In the absence or oxtoen Placed in ni

trogen a resting nerve undergoes a reduction m
its glycogen and free sugar contents and an ac

cumulation of lactic acid The lactic acid produc

tion proceeds slowly and in about 3 hours his

reached a maximum rate of 7 mg perlOOgramsof

nerve pet hour it then falls gr^ually to leto

The total acid production is about 100 mg per

100 grams of nen e (0 1 per cent) This « not at

tamed until the end of 24 hours at which time

the carbohydrate store of the nerve becomes ex

hausted iTrancrsion ol the nerve in a
glucose (but not of gabcto®e or fructose) cau«es

lactic acid production to contmue at the maxi

mum rate (7 mg per cent) for days—or until con

version of the added glucose has occurred IVlien

Ibc nerve is sbmulalcd m nitrogen there does not

result however ns m the case of mu'cle deprived

of oxy^n an increased accumulation of Lactic

acid Also when oxygen is readmitted lactic acid

docs not disappear or does so v cry slow ly Oxy gen

consumption of the nerve is somewhat greater

than usual after a period m nitrogen—an mdica

tion that nerve runs mto debt for oxy gen dunng a

period of anoxia In the absence of oxygen nerve

unlike muscle, contmues to respond to stimulation

for a considerable time It show s a progrcNsiv e fall

in excitability but does not fail to conduct until

the lapse of about 3 hours The action current or

the current of injury is gradually reduced dunng

1 The formation of acetylcholine m nervous tis

flUe 13 dealt with in Chapter 71
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this time but ru^os npam when o'cjgcn m read-

nutted A fail in pho«phocreatine content and a

rj«o m inoj^DJC phospliorus also occur

In the aoplij-Matcd non c the delaj^d heat pro-

duction declines no more rapidlj (if anj-thing Ic^

«o) than the initial heat, w hcrcas m the case of a

muscle contracting m the absence of oxjgen most

of the rcco\cr} heat is abolushed (p 877) In

ner\ c, therefore, both conduction and the recofcry

process can appareTidj/ le accomplished for a time

after (he cilemat orj/jen supply has been cut off

(2) In the rnrsENCE or oxygen In the case

of the excised resting nerve free sugar gradually

disappears but the gljcogcn content remains un-

changed and no laehc octd ts formed TIic«e ob*

«enations indicate that the function of the resting

nerve is probably rmintamcd in part b^ energj

derived from the combustion of sugar Energj is

abo probablj derived from the breakdown of

piiosphohpins During activity pho«phocrcatmc is

broken doirn but the gljcogcn content of the

nen e remains unaltered Sugar docs not disap-

pear more rapidlj than during rest, nor is lactic

acid produced Tlic glj cogen lactic acid ejele

w hich IS so promment m t!ic metabolism of muscle

thereJore appears to pbj no part in nerve fiber

conduction The immediate «ourcc of the energy

for conduction is believed to be derived from the

breakdown of pho«phocreatinc which is res)^

thesired after the passage of tlie unpulse TTie

ultimate «ourcc of the cnergj for the recoverj

process in nerve is unknown

It has been thought that the nerve fiber was m
capable of oxidizing lactic acid or of s>nthesizing

lactic acid to glj cogen, but, as mentioned above,

when an accumulation of lactic acid occurs as a
result of asphyxia small amounts do disappear

upon the readmission of oxygen Also, m a nerve
soaked in sodium lodoacetate the phospbocreatine

disappears and the nerve soon fails to respond but
if lactate be supplied the survival time is consider

ably lengthened and oxygen consumption in

creased (Feng) (The addition of lactate causes no
increased oxygen consumption by normal nerve )

These and other observations indicate that the

inability of the nerve to oxidize lactic acid is not
absolute but that, under certain circumstances at

aa3 rate, such does occur

Small quantities of ammonia (about 0 3 mg per

cent per hour) are produced by resting nervie and
about double this amount during activity The
source of the ammonia is probably adenjlpyro-

phosphate The inorganic phosphate abo increases

during actmty as a result of the breakdown of

pbovphocrraline and adcnjlpjTopbosphate and,

po<!cibl) , of piiosphohpins

Potassium of nerve The nerv e fiber js exception-

ally rich m potassium Cowan found that the

potassium concentration in the nen e of the crab

IS some 13 times greater than that in crab’s blood

Hatios as high as 65 1 for the pota®.«ium concen-

trations on the inner and outer sides of the mem-
brane liav c been reported for v ertebrate nerv c It

IS upon this difference in the potassium concentra-

tions that the resting potential (polarization) of

the nene is liehcvcd, according to the Bem'dein

hvpothe«!s, to depend But when the nerve is

stimulated or deprived of oxygen, potaseium dif

fuses rapHllj into the surroundmg fluid, but is re-

stored ogam (rcpolarired) during rest or, in the

ca«c of the asphyxiated nerve, after the readmiv

Sion of oxygen A nerve at rc«t and adequately

fiupplicil with oxygen docs not lo'^, potassium and

a potential difference between the surface of tlie

fiber and its interior is maintained Inrrca'ing the

concentration of potassium m the fluid batlung

the nerve will tend to reduce the potentw) differ-

ence, this procedure al«o reduces the excitability

of the nerve and with high concentrations excita

bibty is completely lost but is restored again when

the nerve is placed m «ea water The amplitude

of the action current or of the current of injury

13 also markedly reduced by raising the pota'sium

concentration on the outer side of the nerve Fur-

thermore, when the nerve is exposed to cold,

‘ blocking ’ of the iropuLe occurs at a higher tem

pervture than u^ual if the nerve has been «oaked

in a Bolntioa containing a high percentage of

potassium

The metabolism of the resting nerve may be

considered in terms of the membrane theory (p

1130} to be directed toward securing a certain de

gree of impcrmeabihty of the surface film for the

maintenance of the polarized state The chemical

changes associated with activity result m in

creased permeability and depolanzation During
recovery the membrane is repolarized the energy

being furmshed by oxidative proce^'ca The potas

stum IS feturned to the fiber and the sodium that

has entered is ‘ pumped ’ out

The fimin (gray matter) when supplied with

oxygen oxidizes gluco"^ and, unlike the nerve fiber

under the same conditions, produces lactic acid,

though in «maU amounts Lactic acid is vNo pro-

duced slowly whengluco«e is added to brain slices

tnrtfro with free access to oxv^en Glucose is pres-

ent in brain tissue m about the aame concentra-

tiaonsin blood, and is the mam substrate for the



1134 NERVOUS SYSTEM Seciion VIII

respiration of the gray matter The respiratory

quotient ol the brain is around unity Aa com-

pared with muscle the gra> matter contains only

smaU amounts of glycogen ^Mien the latter is

added to brain slices it is broken down very slowly

to lactic acid Hexosephosphate, according to

Asbford and Holmes, is not an mlermcdiarj m tiia

oxidation of glucose bj brain tissue, but the pro-

duction of pyruvic acid appears to be an essential

step The utilization of glucose by brain tissue is

made evident by its addition to brain slices, an
increased consumption of oxj gen then occurs nie
ox> gen consumption of brain tissue tn ii/ro is also

increased by the addition of fructose, mannose,

galactose, and hexose diphosphate and monophos-

phate, and to a much less extent by other sugars

Next to glucose, fructose and mannose are most

teadilj oxidised bj brain ahccs Lactate and pyru-

vate are utilized about as readily aa glucose

Glutamic acid and alcohol are utilized by brain

tissue to a small extent

In hypoxia and during convulsive seizures,

large quantities of lactate arc produced by brain

tissues, but as already mentioned, only minimal

amounts when the oxjgcn «uppl> is adequate

The large production of lactate under anaerobic

conditions and the minimal amounts produced

when the ox}gen supply is adequate raises the

question whether the formation of bctic acid

plays an} role in the normal function of the brain

It appears, at an} rate, that it docs not play an
mdi«pcnsablc part m the oxidation of gluco«c, for

nicotine, lodoacetate or h} droxymalonate inhibits

the oxidation of lactate but permits glucose to be

oxidized During convulsions, or when from any

cau«e the oxygen supplj is inadequate, the brain,

like muscle, uses phosphocreatine Similar

changes are produced b} injur} to brain tissue

Though other fuel can be oxidized b> the brain,

glucose, lactic acid and pyruvate are the only

ones, and especially glucose, which are utilized

normally to any significant extent In excised

brain tissue “the utilization of glucose is faster

than that observed m hepatic, cardiac, or renal

slices” (Ilimwich) Arespirator} quotient of unity

supports the conclusion that the mam fuel of the

brain is carbohjdratc, but more direct evidence

for the oxidation of giuco^ can be cited Ilirowich

and Fazekas, for example, determined the glucose

and oxygen contents of the artenal blood and of

blood drawn from the supenor longitudinal smua

of anesthetized dogs They obtained a figure of 13

mg perlOOce of blood for the glucose utilization

The quantit} of ox}gen which by calculation

would be required to oxidize this quantity of

^ucose 13 97 cc The ox}gen consumption actu-

ally observed was 0 3 cc These figures are, of

course, for the brain as a whole

The gray matter shows a much liigher ox}gen

consumption than does the white matter which is

composed mainly of nerve fibers Though the

nerve fiber can contract a small oxvgen debt, the

gray matter cannot and, m consequence, is highlj

susceptible to ox}gen deprivation It has been

estimated that the adult bram accounts for about

one-quarter of the basal metabolism of the entire

body at rest, or over 3 liters per hour, } et mental

work increases the general me(abofi«m to a

negligible extent (ch 44) The infant bram which,

as compared with the adult brain, forms a larger

part of the body has a rclativ ely greater consump-

tion of oxygen, its oxygen consumption is about

half the total ox}-gen consumption of the bod}

Considenng the high oxygen requirement of the

gray matter, cspeciall} of the cerebral cortex, it is

not surprising that it is so vulnerable to anoxia

Mental confusion, delinum and unconsciousness

follow any considerable reduction in the oxygen

supply to the brain The delinum of pneumonia is

due largely to anoxn rather tlian to toxemia, and

the mental aberrations associated with high alti

tudes are well known The metabolism of the

cerebellar cortex, according to some im estigatora,

is higher than that of the cerebral cortex Him-
wich and Fazekas have made the interesting ob-

servation that in week-old puppies the medulla

and midbraiQ have a higher oxygen consumption

than has the cerebral cortex but the reverse rela-

tionship holds true m adult dogs The mcrea«ed

oxygen consumption of the higher centers of

grown animals appears related to their having

acquired greater functional importance and as-

sumed a position of doimnanco over the lower

centers

The very high oxygen consumption of gray

matter aa compared to white matter (nerv e fibers)

IS not due to the presence of cell bodies, but ap-

parently to the great number of sy nap«es (ch 63),

for the postenor root ganglia, which are made up

of umpolar cells without synaptic connections,

have not a high vascularity or oxygen consump-

tion, and are not more susceptible to ischemia

than are nerv e fibers

The brain is also very sensitive to a reduction

in its supply of glucose, and when the blood sugar

lexrel falls to a certain pomt, mental confusion,

muscular incoordmation, convulsions and loss of

consciousness result The hypoglycemic symp-
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toms are quickly relieved bj the administration of

glucose, fructose or manno«e but not !>j pyruvate

or lactate In the human subject in«ulm Iijtio-

glj ccmia great!) reduce? the oxj gen conoimptMm

of the brain, but this js quickly restored to norma)

by the injection of gluco‘-c (Himwiih and a'^o-

cuates) The reiluction of the metabolism of the

brain ami its restoration to normal arc closely

associated in time with the hypoglycemic symp-

toms and their relief Vet, strangely cnougli, the

brain continues to utilize gIuco«c m the nb'^nce

of insulin, the respiratory quotient remains at

unity and the arteriovenous oxygen dillirencc is

unaltered after pancreatectomy

As might he expected from the relationship Ixs

tween the blood glucose level and the oxygen con-

sumption, the effects of anoxia and of hypogly-

ecnita arc m certain respects closely similar, and

are supplementary to one another lly pogly ccmic

convulsions are induced more iiadily m the pres-

ence of anoxia, and the effects of the Utter arc

more sev tre if the blood sugar is dcprc««ed

There is no c\ wlence that the lipids—cAo/csIerof,

Icciihm, cephahn and epAinjoini/cfm—which enter

so largely mto the c<5m{)Qs«tion of bram substance

serve any special metabolic need, tlieir function is

probably to insulate neighboring nerxe fibers from

one another Ix’or are fats or ammo acids, with the

exception of glutamic acid, utilized by the brain

Tills anuno acid is capaiile of restoring conscious-

ness to a subject of hypoglycemia, it is probably

oxidized directly by the brain, but may alsoeause,

through an adrenalinclikc action, the liberation

of glucose from the In er

Theories of the Action of Anesthetics

and ^'arcotJcs

There has been much speculation as to the man-
ner in which certain drugs induce anestliesia or

narcosis, but no theory is entirely satisfactory

There are three mam theones, which may be

termed the lipid soluhihly, membrane permeabiltlt/

and metabolic theories Tlie lipid solubility (Meyer-

Overton) theory is concerned mainly xnth the

mannerm which the anesthetic enters the neuron,

rather than w ith its mode of action upon the func-

tion of nervous tissue after it has penetrated the

cell This theory 13 founded upon a certam, but

far from perfect, correlation between the action of

anesthetic agents, and their solubility in bpid

(which the cell membrane and other structures of

the cell contain) but low solubility m water The
narcotic effects of the chemically inert ga‘«3.

argon, kry pton and xenon arc attributed to their

ready solubility m lipid

It was proposed by Lilhe tint the permeability

of t)ie cell membrane, with the consequent pre-

vention of depolarization, upon which excitability

depends, w as reduced by anesthetic drugs

TIjc metaljolic tiicory is ba«cd laigely on the

work of Quastcl and Wicatly, who have shown

that many narcotic drugs, notably the barbitu-

rates, par ildeliy dc and urt thane, depress the oxy -

gen con‘'Umption of brim ti«sue tn niro, and re-

dact the oxidation of glucose The metabolic

activity of the bram in nto is also inliibited in

nnostlicsia These inhibitory effects upon brain

metaboli-m arc dependent, presumably
,
upon the

interference with the function of oxidituc en

zyme systems, possibly by blocking the interac-

tion between flavoprotem and cytochrome i An
important objection to this Uieory is the failure

to establish a satisf ictory correlation bi tween the

concentrations of drugs which arc effective m in-

hibiting oxidation tn itlro, and the concentrations

which cause anesthesia Ether, for example,

ciu«c8 insignificant effects upon the oxygen ton

sumption of brain slices m concentrations which

indufc gcnirol anestlie-oa It is possible, howcv er,

that the comcntrations of anesthetic drugs in the

brain as a whole may be much lower tlian in cer-

tain special and restricted regions and tliat they

have specific effects on the reticular system

One point seems to be generally agreed upon

with respect to anesthetic and narcotic agents,

namely, that they act through a phy’sical rather

than through a chemical mochamsm All the evi-

dence pomts m this direction No consistent

chemical structure is associated with their anes-

thetic or narcotic property
,
their actions arc re-

vereibje, they do not appear to enter into any

chemical reaction, and they can be recovered al

most quantitatively from the ti'-sues unchanged
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62
THE UEELEX ARC. RECEP'lOU ORGANS. CUTANEOUS AND

KINESTHETIC SENSATIONS

The jm oluntarj muscular contraction which

results from the stimulation of a 6cn<c organ is

known as a reflex The quick withdrawal of the

liand from some agent which has inflicted pain or

the contraction of the pupil when a light islhrow-n

into the cj e arc familiar oTamples of reflex action

Control of the actuities of \anou3 glands is also

laigel} reflex in nature as are man> of tlie reac-

tions of the vascuUr, rcspiratorj and digestive

sj stems The causal agent of the reflex maj make
an imprc^ion upon consciousness, as when a

group of skeletal mu'^les contracts as a result of a
psuiful stimulus, or the initiating stimulus as vxcil

as the reflex act it«eir tnaj becntirolj unperceivcd

as m the ca*« of rcflc\cs involving the «ecrction of

glands or the activities of smooth muscle, eg . of

the blood v cs«els, heart or digestu e tract In some
mammals man) reflexes are present at birth, but

m others (mcluding man) onl> a few are present,

and development of the central nervous sjstem

IS very far from complete The ba«ic reflexes ap-

pear to be gcneticallj determined, and provide a
groundwork of mhonted behavior that blends

watb ffiutjnJ h} higher ceiiiers

The Reflex Arc

The anatomical basis of reflex action is the re-

flex arc which in its simplest fonn consstsof

(a) An afferent limb composed of the receptor

organ, wluch upon excitation, gives nse to nerve

impulses and the neuron whose processes transmit

the impulse to the central nerv ous sj’stem In the

case of the spmal reflex arc the cell bodies of the

afferent neurons are ‘utuated in the posterior root

ganglia

(b) An efferent hmb constituted of a motor
neuron which conducts impulses from the central

nervous sjstem to an effector organ—muscle or

gland In the case of motor spinal reflex arcs, tlie

axons of the efferent neurons leave the cord bj the

antenor nerve roots and travel m the peripheral

nerves, their cell bodies are situated in the ante-

rior horns

(c) A center situated in the graj matter of the

ccnlril nervous sj'stcm and consisting of the cell

IwmK and flentlritist of the efferent neuron ancTit^

junction (sj napsc) with the central process of the

afferent neuron

The afferent and efferent limbs maj connect

direttlj m the center, or one or more nerve cells

maj be interposed between the two These are

spoken of as connector, tntemuncial, or intercalated

neurons (fig 621) The stretch reflex (p 1162) as

shown b> Llo) i! is eamctl out through a reflex arc

of onl) tw 0 neurons, but the great majonty of the

spinal reflex ares m higher animals consist of

several neurons, and in most reflexes 'each afferent

neuron makes connection through collateral

branches and intcmuncial neurons with a large

number of motoneurons

Injujy
,
leading to lo«s of function of aoj one

part of the reflex arc, is sufficient to destrov the

function of the whole

The Receptor Organs

TTie afferent fibers end peripherally either as

barwomj sluisted SisiTieBtscfin seoesssoj sirno-

Cufes called receptors (fig 62 2) These are special-

ued to respond most effectively to one or other

type of Btimul us IVhen stimulated appropriately

an impulse or a senes of impulses is sent along the

afferent fiber Receptors are situated m the skm,

muscles, tendons, etc*, and m such special oigans

as those of sight, heandg smell and taste They

are aUo contamed in the walls of the respiratory

and digestive tracts, mesentery
,
carotid smus and

other mternal structures Through receptors in

these various situations messages (nerve im-

pulses) are contmually being transmitted over

somatic and autonomic pathway's to the central

nervous system

Thoaj receptors w hich re«pond to otimuli ans-

mg outside the body
,
e g ,

m the skm, eye, ear,

etc', are called e:rieroceptors Of these, ones which

make jjerecptjon at a distince possible, i-e ,
tbo=e

situated m the visual, auditory or olfactory sense

1137
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COKMSMOS KOTOS

MBCU
Fio 62 1 Diagram of a simple reflex arc

Fig 62 2 Diagram to show the nervous connec
tions betnecn the central nervous system and the
periphery (muscle and cutaneous receptors) (from
Adrian, The Hams of Sensolton)

organs, are sometimes referred to as distance re-

ceptors (telercieptors) Receptors Ijing m the

mucous linings of the respiratory or digestive

tracts are spoken of as interoceplc^s Propnocepton

are those which respond t3 sUmuh originating

w ithin the bodj itself, e g , m the skeletal muscles,

(p 1140) tendons, joints heart, carotid sinus

gastrointestinal wall, etc Tliough each variety of

receptor responds most readily to one particular

tjpe of stimulus

—

adequate stimulus—many will

respond in some degree to stimuli of other types

The retina, for instance, can be stimulated me-
chanically or electrically and tlie receptors of

taste, though respondmg most effectively to

chemical stimuli, may also be stimulated by an

electric shock applied to tlie tongue A terminol-

ogy based upon the type of stimulus which excites

them adequately is sometimes u«ed to designate

different \ arieties of reception organ Thus, tango-

(touch), cliemo- (taste, smell and the receptoreof

(he carotid and aortic bodies) and photo- (I'gbt)

TecepioTS are spoken of

Avalvsi-, of Sevsvtion

The problems of the 'senses have been studied

by two approaches First, by usmg human •mb

jects much can be learned by mvestigatmg what

physical and chemical ev ents they are able to de-

tect and discriminate, but this involves much
more than the sense organs, forexample, a subjec-

tive threshold may depend on the state of the

central nervous sy stem as much as on the sensory

receptors concerned Secondly
,
objcetiv e methods

of anoly sis can be used Inv cstigation of the action

of receptors m setting up nerve impulses has re-

ceived a great impetus in the last forty years by

the improved methods of detecting nerv ous activ-

ity electrically Much of this has been done in

animal experiment, but structural similarities of

sense organs in man and animals make it possible

to apply this knowledge to interpret liuman sen-

sory problems

. CcTASEOus Sensations

The sensations w hicii may be arou«ed by stimu-

lation of the skin are touch, cold, icarmth and mm
Each of these sen«attons, except theJavt. is evoked

from regions where sense organs possessing dis-

tinctive structural features are found Small areas

are mapped out upon tlie skin which are specific

for one or other sensation The areas arc called

touch, cold, heat or pain ‘ spots” respectively in

accordance with the sensation which their stimu-

lation arouses (fig C2 3) It must be emphasized

that these spots are outlined by subjective meth-

ods, and m ips vary from time to tune m the same

individual They must not bo confused with ob-

jectively demonstrable nerve endings The latter

are the basis from which ‘spots’ reach conscious

ness, but the central nerv ous sy stem may select or

reject components of the ECDsory discharge during

transmission to the cortex It must, also, be

pointed out that it has recently been demon
etrated tlint parts of the human skin which con-

tain few endings that can be differentiated histo-

logically, nevertheless have a wide range of

subjcctivcsensationtliat can be evoked by appro-

priate stimulation It is possible that the site of

the nerve ending within the skin may confer some

specificity on it or that as yet unrecognised fea-

tures of its structure may be concerned, but the

elaborate encapsulated endings are found in skin

surfaces of high sensory significance, e g finger

tips etc

If the muced nene supplying receptor organs js

exntcd direc% by the application of the type of

stimulus, c g ,
touch, heat, etc ,

for which the re-

ceptor it'«clf 13 adapted to respond, the charac-

teristic sensation is not, as a rule, aroused, a pain-

ful sensation usually results ‘ Moreover, reflexes

* Heinbecker Biahop and O Leary have re

ported that tactile as well as painful sensations

may be aroused by the electrical stimulation of the
nerve trunk The experiments were carried out
upon the exposed nerves of human subjects Stim
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Fxo 62 3 ShoTkmg cold epots <A) and hoi spots
(B) vithin an area on the palm of the hand The
eensatiOD m each ease was most mtense m (he
black areas, leas mteoso in the lined and mildest
ID the (lotted areas In the blank porttODs no de
finite sensation was aroused (after Goldscheider)

can usually be elicited much more readiij by

stimulating the receptors than by applying the

stanafes (itrectli (otfteaffcrentnerve.antfecrftiia

reflexes cannot be evoked at all by direct excita-

tion of the nerve fiber Pressure upon the pad of

the hind foot of the ‘spinal dog", for example,

causes a strong extension of the whole limb—the

extemor ihnui—whereas no form of stimulus ap-

plied directly to the afferent nerve itself will pro-

duce this reflex (Sherrington) The afferent fiber

before terminating m the receptor organ or as a
free nerve filament loses its myelin sbeath and

ncunlemma and ends as a naked axis cylinder

often branched or con\ oluted

Light touch Tactile sensation—the sensation

aroused by light contact—is sub«ierved by three

types of receptor, Meissner’s corpuscles, MerkeVs

disks and a basketlike arrangement of nerve fibers

uli of low mtensilv applied to the nerve aroused
the sensation of touch, those of greater intensity

a sensation of pain No other type of sensation was
expenenced by the subjects

surrounding the base of hau- follicle (fig C2 4)

Mdssner's corpuscles are situated m the papillae

of the skin, just beneath tlic epidermis '^ey are

unevenly distributed, being sparsely scattered

over such a region as the v olar aspect of the fore-

arm but numerous m the skin of the hand, foot,

nipple and hps, and m the mucous membrane of

the tip of -the.-tongue They arc well organized

structures, consisting of irregularly coiled nerve

ondmgs with capsules of connectu e tissue Mer-

let’s disks consist of groups of three or more cup-

shaped disks with a reticulated appearance (Fig

G2 4F) The nerv e fiber upon approach^ a group

of such structures breaks up into branches, one

going to each disk Jlerkel’s disks are found m
tlie skin of the snouts of pigs and other mammals
and in the fingertips, lips and mouth of man The
basketlike arrangement, surrounding the ba«e of

a hair follicle consists of a number of short, v erti-

cal, nerve filaments which end in small bulbous

expansions They arc stimulated by anj slight

movements of Ibo hairs

Inequality of pressure with conxequent defor-

mation of the skm surface is tlie.e'^scn^jal factor id

the stimulation of touch receptors If the pressure

IS distributed equally, and, therefore, no deforma-

tion of the skin occurs, a tactile sensation is not

puscle (deep pressure), C, bare nerve endings in

cornea (pain), F, Merkel s disks (touch) (in part
from Bainbriuge and Menzie Etsenhali of Physt

Longmann, Green and Co )
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CTpencnccd, wlien, for example, a finger a dipped

into mercury a sen-^ation-ja aroused only m the

narrow band of skin where it is deformed as a

result of unequal pressures at the mterface be-

tween the mercury and a\iy
ITie sensation of light touch is tested by bring-

ing a wisp of absorbent cotton in contact with the

skin, or by the use of von Froy 3 e^thesiometers

These consist of a series of baire of graded thick-

ness attached at right angles to wooden holders

The pressure in grams required to bend each hair

IS know n In order, therefore, to express the sensi

tnity of the skin to touch m terms of pressure

the hau is found by trial which when pressed

\crtically upon the skin until bending occurs,

causes the sensation Tlic sensitivity of the don
to touch varies widely in different regions The
minimal pressures required are given in table 62 1

^Mien hairy parts, such as the back of tbc hand,

are lightly brushed with a tuft of cotton wool the

hairs serving as lexers deform tho sbn, and thus

cause stmiulation of touch receptors situated m
the neighborhood of the hau* follicles Shaving the

hairs oxer such parts greatly reduces the 8en«i-

tixity to touch Other regions quite devoid of

haus such os tho finger tips and lips, on the other

hand, possess tactile scnsibilitj

Tactile locauzation Whena tactileslimulus

is appbed to a point upon the skin the normal

subject is capable of recognizing the location of

the stimulus with a high degree of accuracy This

faculty IS termed topognoM A tactile sensation

has, thus, associatcdmth it a localizing quality in

addition to its specific characteristic, which has

TABLE 62 1

The niinimot pressures required for the eUeilation

of the eensation of touch from
tanous culaneeus regione

(After Meyers)

Region
Cnms per

MuSmcler

Nose 2

Lips 2 5

Tip of finger 3

Back of finger 5

Upper arm inner surface of thigh 7

Back of hand 12

Calf, shoulder 16

Abdomen 26

Front of leg sole of foot 28

Back of forearm 33

Lo.n 48

been called ‘local sign” Though there is a neural

basis for point to point projection of skin areas to

the cerebral cortex, the actual faculty of locating

the point touched appears to be acquired by ex-

perience and not inborn Localization is much
more precise over some regions, such as lips and
tips of the fingers, than over others, such as the

forearm or thigh fn some nervous diseases this

locahzation is grossly impaired In certain lesions

of the cerebral cortex the subject usually
,
accord

mg to Horsley, when asked to locate the stimulus

indicates a point some distance from it on the

pToxvnal side In some diseases, notably hy stena,

the subject feels the stimulus at a corresponding

pomt on the opposite side of the body, or in a

limb on the side opposite to that to which the

stimulus was applied, this phenomenon is called

oUochema

The localization of a cold, hot or painful sensa

tion la very inaccurate unless the stimulating

agent actually touches the skin Thus beat radi

ated from a small object about 1 mm from the

cutaneous surface gives rise to a diffuse sensation

The more accurate localization when contact is

made with the skin is evident though the subject

experiences no sensation of touch It is likely,

nevertheless, that the tactile receptors are excited

that the failure to appreciate touch is due to mask
mg by the stronger stimulus and that impulses
arising m the touch endings are responsible for the

more accurate localization of the other types of

stimulus when these are applied directly to the

skin

Tactile niscnimvATioN (two point sensi-

niLiTT, cosiPASS test) If two Btimuh are apphed
simultaneously, two distinct sensations are felt

provided the distance betw een the tw o stimulated

points Ls sufficicntlY great Thus^when the points

of a pair of compasses are blunted or covered with

cotton wool and apphed to the finger tip the sub-

ject recognizes the dualit\ nf the pliTnnftig if-tNp

pomta are more than about2 3 tnm. anart, UTien

they are separated by a shorter distance a single

sensation is expenenced The minimal distance at

which the recognition of two stimuli is possible

vanesm different regions, as shown in table 62 2

In the case of the hmbs the power of di'cnmina-

tion diminishes progressively from the distal to

the more proximal segments, and hairless regions

in general have a higher discriminating ability

than those covered with hair

A correspondence is al«o exhibited betw een the

mobihty of a part and its discnminatmg ability

For example, the minimal distance necessary for

two Btunuli to giv e nse to a double sensation is less
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for the fingers and hand than for the arm, shoulder

and bach, and diminishes progressnelj over the

shin of the face from the region of the ear to the

lips

It should be pomte<l out tliat the \olucs given

m the foregoing tal Ic do not represent the dis-

tances separating indi\ idual toueli receptors, and

tactile ecnsation can be e\ohcd from single slun-

uh applied 'mccc^ivelj from iiomts onlj 0 1 mm
apart Tlic densitj of receptors in tlic surface w
only one of the factors enabling tJie central nerv-

ous sj'stem to discriminate characteristics of the

stimulus

TrcKLiso AVD rrcnrvQ There has been much
discussion concerning the origins of thesi •ensa

tion« The ticlfing «en-ation caus'd h^ h«»htsiim-

ulation of the skin, as bj a straw
,
appears to be

due to the summed effects of stimubtiog both

touch and pam endings ^Section of the lateral

spinothalamic tnct (which con\cj'S pam im
pul-^s) results in the loss of the appreciation of

pain but rct^aliQG of the «ense of touch a tichhog

sensation, cannol bo aroused o\cr the analgesic

fihui On the oflier hand, the «en«c of toucli is lost

while tliat of pam is retained when the shm la.

rendeiW moderot^̂ bchcrriic, again, the tickling

Bcn^atioif cannot T>o elicitc<f Tlie defunesa which

IS experienced in the region adjacent to a shght

mjufj*, or dunng the healing of a morc 6c\ero

injurj when the skin is rubbed is alao dependent

upon impulses travelling bj both tacfile and pam
fibers, but the spontaneous itcfuog (ic, m the

absence of anj external slrniulus) which is felt

under the same circumstancca maj be due to the

mild stunulatvoa of pam emnngs alone 'this tvpo
of itchme«3 IS affected fclatuelj little bj ischcmuu

Both t^-pca of itching arelittnbuted to a chemical

TABLE 62 2

Different culancou* areas eompared t«l& regard to

the mtntmal dtslance which must separate two

stimulated points tn order to arouse a double sen

saltan

(After Mejers)

Region I M Btmal
) D iUoce

Volar surface of finger tip 2 3

Dorsal surface of third phalanx 6 8
Palm of hand 11 3

''ole of foot 16 0
Back of hand 31 6
Back of neck 54 0
Middle of back upper arm and thigh 67 1

stimulator acting upon ners e endings and liber-

ated bj the damaged cells of the skin Tlus sub-

stance appears to be the same as that which causes

the triple re^pon^e An extract of skin «howTng this

rcspon«c when injected into normal skm induces

both t>-pcs of itching Histamine introduced mto
tlic skm has s “tnular effect Rothman believes

tliat itching 13 mediated the C group of nerv e

fibers

Cold maj be mediated bj the end organs of

Krau<!c (fig 02 4B) and vxtrmth probabl} bj the

cnil organs of Uuffmijfig 02 4C) * Mechanical or

electrical stimulation, as well as the application

of heat itself will stimufatc the latter end organs

and gne rise to the *cnsation of warmth The re-

ceptors for watmtU (Iluffint s) are situatedm clo«c

proximil> to the deep plexus of blood vessels

when thesj latter dibtc the endings are stimu-

lated bv the warmer blood commg from deeper

regions The cold receptors are nl'^ stimulated at

temperatures abov e 1 12®F gt\ mg nse to a sensa

tion not of heat but of cold Cold, of course, is a

negative quahtj—the «en«ation being due to the

withdrawal oT heat. It would be more correct,

therefore tosa> tliat the cold receptors srestimu

Jated »t extremes of temperature obovell2®F or

below thatat’which the warmTeceptors rcopond

WTien mapped on the skm, cold and touch spots

are much Ic's numerous than touch and pain

spots

PnE«sonF upon tlie skin considerabli greater

than that which elicits the sensation of touch

stimulates the more deeply b ing receptois includ

mg the Ponnion corpusefea (fig 62 4 D) The

*Watcrelon and others have questioned the
ew«tcnce of definite heat and cold spots since it

has been found that the points from which these
sensations can be aroused change from time to

time ID number as well as jd pattern He states that
when the skin is hjlieremic the entire surface re

snonds to warmth (punctate djstnbution being
abolished) and he believes that the entire «kin sur

face 13 potentiallj sensitive to this 'ensation the
apparent punctate distribution being due simply
to fluctuations in the aotiviti of different areas
The variability in sensation it has been suggested
Oiaj possiblybe related to a corresponding fluctua

tion in the capillar) circulation The observations
of Basett and asoociates indicate however that
the diffuse nature of the temperature sensations
in hyperemic skm can be best explsined upon the
baaia of a more ready conduction of beat through
the blood stream to neighboring end organs thus
when the cutaneous blood flow is profuse heat
applied to a nonsensitive point m the skm would
be conducted rapidly to adjacent warm spots The
observations of B&zett and his colleagues upon the
sensitivity of the prepuce support the conception
of heat and cold spots and the existence of discrete

receptor organs for these sensations as well as for

touch (Arch 2veur Psjch 1932,27,459)
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sensation of pressure is not however, a true cuta-

neous sensation, the Pacinian corpuscles are situ-

atc<i m tlie subcutaneous tissues or inner layers

of the dermis as well as in tendons, periosteum

and other deep-seated structures, their nerve

fibers run chiefly, not in the cutaneous nerves, but

m the sensory fibers of mixed nerves supplying

muscles, tendons, joints and blood i essels Since

the sense of deep pressure is preserved after sec-

tioning the cutaneous nerves, the loss of bght

touch, a purely cutaneous sense, maj, therefore,

be undetected in a lesion affectmg this sensation,

unless the contact is made \ery lightly, as by a
wi»j) of cotton wool, with the skin, otherwise re

ceptors in the subcutaneous tissues may be stimu-

lated

F.im S3 subserved by ssaked nerve enthisgs,

there being no organized end organ for this sensa-

tion The pain ner\ cs of the skin are described by
Woollard as consistmg mostlj of non medullatcd

fibers which terminate in the superficial layers of

the dermis in delicate loops lying parallel to the

Bkm surface, or as long naked ncurofibnilae Only
occasionally do fibnls penetrate the epidermis

Bare nerve endings mediating pain are also pres-

ent in the cornea (fig C2 4E) and in serous sur-

faces (peritoneum, pleura, etc ), touch, cold and
warm endings are absent and the corresponding

sensations cannot be aroused from these locations

Although it has been the general belief that the

cornea contains only pain endings and that any
stimulus, if intense enough to evoke a response at

all, causes pain The sensation of cold can, how-

ever, be elicited from the cornea, and according

to some, the sensation of touch without pam can

be aroused by a very mild stimulus such as a jct

of isotonic saline, )Certain structures, eg, the

tooth pulp, the middle menmgeal artery, the

arteries at the base of the brain and some of the

vessels of the scalp contain no sensory fibere ex-

cept those W'hich give nse to pain^Other struc

tures, on the contrarj
,
e g , the suostance of the

brain and the mucosa of the cheek opposite the

second low er molar tooth, are insensitive to pain
^

Most of the pain impulses ansmg in the skin'

travel to the central nervous sj’stem in the so-

matic nerves, but some of those from deeper struc-

tures join autonomic nerv es All enter the central

nervous sjstem by the lateral divisions of the

posterior spmal nerve roots or the cranial nerves

J Tlie pam endings do not respond selectively to

one variety of stimulus but to any type whether

mechanical, chemical or thermal, provided it is

sufficiently intense The pain stimulus, whatever

J

It may be, has one property in common, namely

,

that it IS of a nature to cause injury The sensation

of pam therefore serves a protective purpose, giv-

ing wammg of injurious stimuli-^timuli which

arouse painful sensations also provoke reflex ac

tions which have the following features (a) Tliey

Comprise movements for protection or defense, or

for the withdrawal of the part from the noxious

agent (^ They are prepotent, other less urgent

reflexes being for the time inhibited (c) They are

smpereUiie and can overnde voluntary control

Such reflexes are called noeiceplxie

Pekchtion of and Reaction to Pain

Pam thresholds A distinction should be drawn

between the perception of pain and the reaction

n-htek results, eg, coutracUon of facia) muscles.

Vocalization, narrowing of eyelids, changes in

pulse rate or nse in blood pressure, sweating, and

Vasomotor responses “The tlircshold can be con-

vemenlly measured by focussing heat from a lamp

On the forehead for 3 see and mcasunng the in

tensity which becomes painfi^/ The subject indi-

cates the jiorception threshold verbally and the

reactivity threshold may be found by detecting

when a change of skin resistance occurs by a

Wheatstone bridge and galvanometer

man the perception threshold, under similar

Conditions, remains remarkably constant betw cen

normal persons, and for the same person from day

to dav, or from hour to hour of the day jThe

threshold is altered, however, by such extraneous

influences as a loud noise, gnppmg some object or

clenching the jaws, which may raise it by 40 pej

Cent The threshold may be definitely rai‘=ed by a

placebo, and some distraction, such as pam or dis-

comfort, in one situation may reduce the percci>

tion of pain m another The tmteh applied to a

horse’s nose dunng a minor operation is a familiar

example Even other sensations, e g ,
touch, pres-

sure (rabbmg), warmth, etc ,
may raise the pain

threshold The analgesic action of countenrrata

tion 13
,
m some instances, dependent upon such

an effect Hypnosis also raises very considerably

the perception threshold, as do alcohol and, of

Course, other analgesic drugs

Hie threshold of reaction to pam varies widely

between different subjects In those of a stoical,

phlegmatic temperament, m pnzc-fighters, Ne-

groes and North American Indians the threshold

la high whereas in ‘ high-strung”, neurotic persons

it 13 low Alcohol and analgesic drugs raise the

reaction threshold to a greater degree than they

do the perception threshold (Wolff and Haryd)
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Cufanfou? pain A blindfolded subject is unable

to dj<tingmsh betnecn the pirn caused by a pin

pnek, a bot point, a punctate electrical 'timulus

or the plucking of a hair, pro\ ukd no associated

nonpunful sensation gn es the patient a clue as*to

the nature of the stimulating agent Tlicse pams
noiild all lx? described as slnrp ' bright” or prick-

ing A burning pam iscapcncnccd when the sensa-

tion IS more prolonge<l, nbctlier cau«cd bj heat or

ulta-iiolct light or bj a cliemical or mechanical

irritant Jlyrc is no spatial summation of i>ain

stimuli, 10
,

tlie threshold for pam is not influ-

enced by the extent of tlic area stimulate Nor,

m contrast to stimulation bj touch or warmth,

adaptation to a painful etimulus docs not occur,

gam continues to be felt ns long as the stimulus is

applied^Tlic biological significance of this is ob-

vious

Ftrsl and second pain It is a common capencncc

tliat a 'ingle painful stimulus applied to the skm,

if intcn'c ( nough, ma> gi\ c rt'C to two sensations

separated bj a short interval The first pam is

short and shaqi, the ‘wcond, more prolonged and

SON ere The ob«cr\ation8 of Lewis and Pochm
upon this phenomenon indicate that pam impuUes

arc comeved from the skin b> two sets of nenc
fibers, one of which is rapidlj conducting, the

other with a much slower conduction rate Tlioj

found that ischemia of the skin of the arm, m
duced bj arresting the circulation, abolished the

first rcspon*o to the needle priek, t)jc second re-

Bpon*e being unaltered for a time but later be

coming reduced Cocaine, on tlie other bami,

abolished the second respon«c before the first It

was shown moreover, that the time interval he

tween the two re«pon«es was prolonged as the

length of the nerve between the point of stimula

tion and the central nervous svstem was in

creased, a fact which seems to demonstrate dc

cisnelj the existence of a fa«t and slow pathway

for the transmission of cutaneous pain The time

interval between tbe two responses is 1 9 sec

when the stimulus is applied to the toe, 1 3 see to

the knee and only 0 9 sec. to the upper limit of

the thigh

The first painful sensation of the dual response

appears to travel by fibers conducting at 30-8

SI per sec and is mediated bj m>clmated fibers

they are more susceptible to asphyxia, the serond

pain response is transmitted by the slowly con

ductmg G group of fibers (conduction rate of less

than 2 m per sec ) ,
they are more readily affected

by cocaine

The rapidly transmitted pain appears to be the

sensory basts for protective reflexes Pochm found

that the “fast pam” is abolished m tabes but the
‘ slow pain” IS retained In this disease the re-

sponse to pm prick IS dclavcd, the withdrawal re-

flex abolished, and the larger fibers arc the first to

be destroyed

A third type of pam rcspon«e follows some little

time after certain forms of injury, o g ,
scorching,

scalding, sunburn or the application of an imtat

mg agent, and persists for a v anaUe period Ei en

n slight burn may cause a dull pain which con

linucs for many minutes This pam evidently is

caused by the release of a thcmical substance from

the damaged tissues and not by direct action of

the stimulating agent upon the nerve terminal'

Arresting the Wood supply to the part intensifies

and prolongsthc pam fhe diemical excitant does

not appear to be potassium, nor acetj Ichohne, nor

13 it due to altered pit It has not y ot been isolate <1

chemically

Dia&oaatim of cutaneous sensations In disease,

the several modalitic'^ of sensation, touch, cold,

warmth, and pun may be Jo«t separately
,
or they

may be temporarily cli'ssociatcdby artificial means
as by asphy xia, coc-unc or the application of cold

Tlius tbe cutaneous sensations, touch, cold,

warmth and pam arc lost m this order when the

skin IS made I'chemic If the skm is cocamized,

tbe appreciation of cold is lost first, then follow m
order the sen«es of warmth, pam and touch Cool-

ing the skm eau;^es first, failure of cold scn«at)on«

then in succession the sensations of touch, pam
and warmth arc lost Also, after section of a cuta

ncous nerve, tbe area of pam loss is smaller than

that o1 touch there is thus a boundary zoneirom

v^hich a response to a painful stimulus, such as

that of a pin pnek, can be obtained but which is

insensitive to light touch

Deep eensihfilif Pain m tlic deep structures,

mu'cles, bones and jomts, etc
,
the senre of pres-

sure in the subcutaneous tissues, and sense of posi-

tion and mov ement (c g , kinesthetic scn=e) of

jomta comem to the category of deep een'ibilitv

Deep sensibility w mediated by afferent fibers in

the mixed nerves Pam anting in deep atnicfures

differs in certain respects from 'ujjcrficial pain It

IS poorly localized (cli 43), and is often of a dull,

aclung or ‘‘sickening’ character as companxl witli

superficial pam which tends more u^uallv to Ime
a ‘ br^ht”, sharp or bunung quahtv peep pam is

more often accompanied by naa-ea anTvomitm^
flowing of the pul-e, an^' iati irfbUki pre'^uref^
whereas cutaneous pswuimoiEJsmaimiy asstya-
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/ at«l «itli a quickening of the pulse ami % nse in

blood pressure^

Muscles, tendons and fasciae arc cspcuallj sus-

ceptible to pamful stimulation by chemical

agents The injection of a fen drops of a 6 per cent

saline solution into one of these structures causes

pain Muscle is rclati\ely insensitive to pnekmg
or cutting but pain is aroused bj pressure, e g

,

pinching or squeezing, or bj exercising under

ischemic conditions (p 1143)''%evere tension acts

also as a pam stunulus for muscle, tendon or

fasciayPam occurring in ischemic museJe during

octiv itj 13 due to a chemical imtant produced bj

active tissues and which accumulates and stimu

lates the pain endings when the circulation to the

part IS arrested or considerably reduced This sub-

stance is referred to as factor P by Lewis and hia

associates The soreness of healthy muscles which

comes on some hours after exercise may be of the

same nature

Periosteum and cancellous bone are very sensi

tive to the various types of mechanical stimula

tion but compact bone is insensitive to drilling or

saning JThe arteries gn e nse to painful sensa

tions when pricked, but the walls of the vein«,

except the larger intracranial \ems, are usually

insensitive

Vueeral pam and referred pam are dealt with id

chapter 43, cenlral pam m chapters C6 and 67, and
headache m chapter 67

Hyperalgesta In many persons an area of ten-

derness develops around even a small cutaneous

injury and spreads for a considerable distance ui

all directions The soreness starts within a few

seconds, mcreases to a maximum in from 15 to 30

minutes and lasts for hours or, with a more severe

injury, for days The threshold for pain as tested

by a needle prick is lowered only slightly over the

area, but the pain when arou«cd is diffuse, and

unusually intense and prolonged This phenome-

non has been studied by Lewis and his associates

Injury was produced by prolonged faradic stiinu

lation of the skm, by crushing a small cutaneous

fold with forceps or by direct stimulation of a

cutaneous nerve trunk or one of its branches A
similar area of cutaneous hyperalgesia may result

from an injury or an inflammatory process mvolv-

ing deep lying tissue or mucous membrane Thus,

stimulation of a dental nene or of the mucous

membrane of the maxillary antrum is followed by
tenderness of the overlying skm of the cheek

Lewis’ experiments pomt to a specific system of

nerves in the skm as bemg responsible for the

hyperalgesia They are not sympathetic filaments.

for the phenomenon IS oI)«crved in skm completely

deprived of its sympathetic innervation Ixiwis

concluded that the nerve fibers responsible were

distmct from pam fibers and suggested a separate

innervation of ‘nocifensor’ fibers, this has not

been supported by more recent work such as that

of Weddel on the distnbution and sensitivity of

fibers m human skm It is now thought that the

nocifensor fibers are the same as the fine branch-

ing fibers subserving slow pam Impulses arising

in the damaged region spread v la branching fibers

to release a chemical excitant m neighbonng

areas, this alters the re«ponsn eness of the endings

of other fibers round the area of damage
A similar process has been demonstrated m

animal experiments by recording the action po-

tentials from small skm nerves

Eptentie, Proiopalhic and Deep SenttbilUies

Head and his associates, from the study of a

large number of penpheral nen e injuries, grouped

the several superficial sensations into two classes

(1) epteniu and (2) prolcpaihtc Tlie sensations

grouped under eptentie tensibihiy included light

touch over hairless parts, the power of localizing

the point touched, the detection of two individual

sensations when two points are touched srniul

taneously, and the appreciation of finer grades of

temperature, cool and warm le, temperatures

ranging between about 40* and 25*C Protopathie

termhiltly is a more primitive type of sensation

and more w idely distributed It includes pam and
the temperature sensations aroused by extremes

of heat and cold—above 40® to 50®C and below
20® to 2o®C In other words, protopathie sen®!-

bility possesses a high threshold but, though the

stimulusmust be strongm order to arouse a sensa

tion, tills once aroused is intense, diffuse, poorly

locahzed and peculiarly unpleasant m quality

Tho««o latter qualities of protopathie sensibility

are particularly prominent in the absence of

epicntic sensibility
,
which therefore has been con-

aidered to exert a restraining influence upon the

former The glans penis possesses only portopathic

and deep sensibilities

For the purpose of studying these two types of

sensation Head underwent an operation in which

his radial nerve and the cutaneous branches of the

musculocutaneous nerve were eeveredat the elbow

After the operation there was complete loss of cu

taneous sensation over the radial half of the back

of the hand Surrounding this was a narrow zone

in which epicntic sensibility alone was lost proto

patbic was retained This is due to over lapping
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of the protopathic innervation of the adjaecnt

unaffected akin area 0\er a amall triangular area

of akm at the wrist the relationship l>ctwceii tlie*«e

t«o sensations was reiersed, protopathic sensi

biht% naslost but epicntic retained Stopfordhas

6 nee shown that this latter tj pc of dissociation of

the two groups of sensations is aI"Q charactenalic

of section of a posterior root—the arei of proto

pathic loss being much greater than epicntic In

Head s experiment evidence of returning sensation

(due to regeneration of the ncraes) was noticed on

the 43rd day after operation when the rone of pro

topathic sensation was found to have liecome

broader and to have encroached upon the totalK

la^nsitnc area The onginal area insensitiic to

light touch remained unreduced W ilhin about six

months profopafhic sensibility had returned over

ncarh the entire area, yet (he extent of the epi

erthe loss remained unaltered The first signs of

the return of cpicritic sensation was not observed

until a year after the operation and was not com
plete after the lapse of two years Deep sensibility

was not affected bj the nerve section referred to

above, it is not mediated by fibers running in

superficial nerves Moderate prc«surc could !«

cverjwvhere appreciated This is an important

point to remember in the investigation of nerve

lesions since it shows that crude methods for

studying the sensations of touch may foil to reveal

any loss The superficial touch receptors aro stim

ulatcd by light contact with a wisp of cotton or by

the pressure of a fine hair, whereas a pressure not

very much greater, as with the point of a pencil

will stimulate the deeper ly mg pressure receptors

whose nerve fibers may be intact As a result of

these expenments in which dissociation of the

three types of sensation were clearly demon
strated, Head and his associates concluded that

eari jtfjaasJjao was mediated by sp/iarate snti

structurally distinct group of fibers Unquestion

ably, a deep sensibility is conveyed by fibers ecp

arate from those responsible for cutaneous eetisa

tions.but that epicntic and protopathic sensations

has each its specific fiber group has been senou^ly

questioned The work of Erlanger and Gasser and
of Ranson appeared to lend support to Heads
interpretation The C fibers of the former authors

were suggested as the possible mediators of proto

pathic sensation, and the A group of cpicntic

Ranson had previously described unmyebnaled
fibers in the cutaneous nerves which since they

were believed to mediate pain might offer an ana
tomical basis for the primitive protopathic eensa

tions The existence of protopathic sensation only

in the glans penis and the dissociation of the two

sensations which as shown by Stopford result

from section of the posterior roots also supported

Head s conception of two distinct sets of fibers

Expenments by other neurologists on the other

hand have failed to substantiate this contention

(«ce Trotter and Davies) Some would explain the

two cla««e8 of cutaneous sensation following nerve

section upon the basis of different rales of regen

eration of the receptor organs, the terminals of the

pain fibers being thought to regenerate first Fine

discrimination, according to Heinbecker, is de

pendent upon the nvmber of active end organs

within a given area The zone of protopathic scnsi

bility surrounding an anesthetic area caused by
nerve section is ascribed simply to the presence,

in reduced numbers, of intact afferent endings

which have overlapped the field of distribution of

the sectioned fibers

The recognition of these two ty pes of sensation

IS of distinct value from a clinical standpoint and
reflects the fact that conscioas appreciation of a

sensory message depends on nil its components,

removal of part of the message leads to the appear

ance of abnormal sensations such oa isolated proto

pathic pain

Vibration sense pallesthesia This is the ability

to pcrccuc stimuli of a vibratory nature applied

to the body surface as by means of a low-pitched

tuning fork, or other vnbratmg instrument They
anse if the stimulus is applied to bone tendon and

muscle and are therefore part of the system of

deep sensibility Pollock has shown that the vibra-

tion sense IS retained though tho superficial sen-

sations have been lost, which indicates that it is

conveyed by fibers other than those mediatmg

the latter sensations, namely by the deep sy stem

Receptors for \ ibration sense are probably also

situatedm the deeper lay ers of the skm, andm the

subcutaneous tissues Though the sen'C is usually

elicited by placing a ubrating tuning fork upon

a bone, c g the shm or some other superEciaf

bone, it can be arou'ed by applying the mstru

went to the soft tissues The structures which re-

spond to vnbration are the proprioceptors of

tendon and muscle The bans of this sense is

probably the stimulation of receptors by rapid

mechanical changes m pressure which will cause

many receptors to set up impulses together in

time with the tuning fork

Testing the vibration sense is an important

diagnostic aid m neurological conditions It is im-

paired or lost (and often before the sensation of

touch or kinesthetic =ense is affected) in le«ions of

the penpheral nerves, or of the posterior columns

of the cord, but is not affected if both tactile and

kinesthetic een«es are intact—a fact that supports

the view tliat it is meduted by the same receptors

which subserve both of the«e sensations

Stereognosis (G steno, solid + gnosis, know I
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edge), slereoffnoalie perception This is the ability

to recognize, i\ ith tbeej'es closed, the size, neight

and shape of objects placed in the hand or upon

some other part The absence of this sense is called

astereognosie ^Ticn placedm thehand of a normal

person while his ejes are closed, a coin, button,

cham, ball or cube is easilj identified from its size,

weight, sliape, texture (fur, wool, mesh) etc Rec-

ognition maj be made, though less readil>, even

if the object is laid upon the foot or pressed

agamst the toes Stereognosis is not a sejiaratc

sense, but depends upon the senses of touch,

spatial discrimination, cutaneouslocalization, and
the kmesthetic sense It is impaired or lost ui le-

sions of the peripheral nerves or posterior columns

of the cord, or of the somesthetic area of the

cerebral cortex

The Proprioceptors of Muscles,

Tevdo\s and Joints

The receptors situated m skeletal muscles and

m the tendons and joints furnish information to

the central nervous sjstem concerning tlie move-

ments and positions of the limbs and other parts

Afferent fibers carrjang this information make up
from 1 to 1 of the fibere in a 80-calIed motor nerve

As a result of the messages rcccivxd by llie nerv-

ous centers, the contractions of indiv iduat muscles

and groups of muscles arc coordinated to produce

smooth, fine!) adjusted and effective movements
which would be impossible in the ab«ence of such

guidance from the penpherj For this rea«on the

term kineatheiie is ajiplied to this group of re-

ceptors A proportion of these afferent impulses

arouse no sensation, tlieir information being dc

In ered to centers l^mg beneath consciousness To
otlu rs are due the «en«ations grouped in the sec

ti ii under deep sensibility The receptors in the

situations mentioned respond to mechanical stim-

ulation c g ,
pressure or stretch These tjpes of

stimulu' are furnished bj the strains and stresses

set up in the muscles, tendons and jomts during

muscular contraction

The bcn^orv indings in the various situations

mentioned aVj\ e are of four main tj-pes (I) wiiia-

ele spimlks, {2 Golgi corpuscles, (3) Pacinian cor-

puscles, and (4) imencapsulaled nem endings

(1)

The muscle spindle is a fusiform bo<lj from

0 75 to 4 ni 11 long and from 0 t to 0 2 mm brood

hing pinl'd to and between the inusilc fibers

(fig 02 5) It i- ton«tituted of a bundle of from

3 to 10 muscle fibers (inIro/u«aI fibers) cdcIosnI

m a fibrous capsu'e The latter is separated from

Fio 62 6 1 Golgi ending in tendon, 2 intra
fusal fiber sboning a muscle So^er sprsy andb,
annulo spiral endings

the intrafusal fibers by a Ij-mph space bridged

across bj delicate septa The intrafusal fibers

differ from the ordinarj fibers of the muscle m
being smaller and more circular on cross section,

and in having a greater number of nuclei and

coarser striations Thenerve suppl> of the spindle

13 double—afferent and efferent The former

enters the spmdie about its center, the latter more
toward one or other-wid. The efferent fibers are

mostly small (7 to 10 p) and go^P ®tid plates on
the intrafusal muscle fibers Thej are designated

y fibers to di-tinguish them from the larger a
motor fibers supplnng the rest of a mu«cle Tlie

afferent fibers end in two wajs The large (17-18

It) fibers coil round the middle of an intrafusal

fiber to form an annulospuial ending Smaller

fibers go towards the ends of the spindle and
ramif> to form endings, called from their appear-

ance, flower spra> endings of RufRni

(2) The f/oifn corpusetes (fig 62 5) are situated

in tendons and consist of a bundle of tendinous

fibers surrounded bj a Ij-mph space and enclosed

withm a fibrous capsule Afferent nerve fibers

enter the organ near its center and ramify upon
its constituent fibers Tension is the adequate

stimulus for these receptors

(3) The Pacinian corpuscles are oval bodies

composed of concentric laminae, hke the ‘ skins”

of a sectioned onion The afferent fiber penetrates

to the center of the corpuscle Pres'^ure is the

adequate stimulus Thc«c receptor organs are

found m tendons, joints, penosteum, especially

beneath tendinous insertions, in fasciae covering

muscles and m subcutaneous tissues (fig 02 4D)
Tliej are al'o found in the me^enterj

(4) Free nerre endings lie Ixtvrcen the mu«cle

fibers, in tendons and in the fasciae and jomts

ITiej mediate deep pain

T^e Rlaponses of Receptors

When the action potential of a nene trunk,

eg, frr^ sciatic, is recorded followmg maximal



Chapter 6S REFLEX ARC 1147

Btimulation, tho potential rccortled w n 8ub-

stantnl fnction of that occurring acro‘»s tho mcro*

brancsof the axons About 30 m\ maj appear at

electrodes on the surface, from experiments with

microelectrodes it is knomi that the action poten-

tial of each fiber is of the order of 100 m\ , the

diflcrcnce is due to the partial sliortcircuiting of

the action potentials by interstitial fluids and
connectu e tusuc, and because the internal re*!ist-

ance of the fibers is high, the potential at the

nerve surface is lowcrcil IMien onii a single fiber

in a non c trunk is activ e, the action potential re-

corded from electrodes on the surface ma> be onij

a few microvolts The impulses occurring nntu-

rallj in'cnsorj nerves art not sjnchronircd in the

different unit<, and hence it was not possible to

analyze them bj recording action potentials until

the inv cntion of the v ah e amplifier enabled them
to bemagnified and then recordcfl, w ith inscR6iti\

c

but rapid!} deflecting instruments such as oscil-

lognphs, lor the last 20 }pars the cathode ra}

o'cillograph has been gcnerall} used for tlia

purpose Adrian and bis a«sociatc3 at Cambridge

first recorded the actuit} of individual scn«ory

fibers in various mixed non cs, e g , in the frog’s

sciatic, set up b} stretching the gastrocnemius,

from fibers suppljang touch receptors in the frog’s

skin, and from digital nerves of the cat during

stimulation of receptors in the toe pad

Sense organs tn muscle The response of a single

mu«cle spmdle to stretch has first investigatwl bj

Adrian and 2kitterman They emplojcd the

stemo-cutancous muscle of the frog which arises

from the abdominal wall and is inserted into the

skm The whole muscle contains only three or

four muscle spmdles and by removal of portions

of the muscle, a preparation contauimg a single

spindle vntli intact nerve fiber, wns oblamcd

Stretching the muscle caused a rhythmic discharge

of impulses up the nerve fiber Increasing the

stimulation by greater stretch did not mcKaae the

magnitude of the action potentials but the fre-

quency with which they recurred increased up to

over 100 per sec This behavior has been found to

be general and “^ecn in many types of Ben«ory

receptor'^he intensity of the stimulus is signalled

by the frequency of impulses and these following

the all-or nothing law are all the same size' When
groups of receptors are studied theyvarym thresh-

old and an mcreasmg stimulus leads to a greater

total nerve impulse discharge both by more units

coming mto action and by the response mcreasmg

in frequency ^Matthews etnplo^'ed the small ex

tensor muscle situated on the side of the middle

toe of the frog which often contains onlj one mus-
cle spindle Impulses can be recorded from a
branch of the peroneal nerve 8uppl}ing it The
muscle spindle was stimulated bj loading the

muscle at various rates with different weights It

was found that (a) the frequency of impulses set

up was roughlj proportional to the logarithm of

the load, (b) the frcquenc} was much higher dur-

ing rapid extension than if the load were applied

slowly, (c) at Ifi^C the maximum unpulsc fre-

quency was about 290 per sec Tlpon altering the

temperature the maximum frequency of unpul«es

VTiried m much the same way as the refractory

period of nerve iifatthews, by dividing mu«cle

nerves until only one sensory fiber was active,

found in mammalian muscle that the feower-spray

and annulo-spiral endings m the spmdles and the

Gol^ tendon organs are all stimulated by pa«siv'e

stretclr Those m the spmdle responded to the

rate of cxteneion as well as its magnitude while

those in the tendon were little affected bj rapid

stretch* The response of some endings ceased dur-

ing active contraction winch relieves the strain

upon them (see fig 62 5), but some endings

thought to be the annuJo-spinl tjTie, which cease

to respond if contraction is just maximal, acceler-

ate theu’ discharge if the stimulus to the nerve is

supramaximal for contraction “Tliis was attrib-

uted to contraction of the intrafusal muscle fibers

increasing the stress upon the nerve endings The
high threshold agreed with the known smaU size

of the motor fibers ending within the spmdles now

designated ns gamma fibers Hunt and Kuffler

have smee confirmed tliat the sensitivity of the

muscle spindle is controlled by the activ ity of the

gamma fibers, these have been found to be acti

vated from the central nervous system under a
number of conditions

The Golgi endmgs respond to stretch of the

tendons whether passive or induced by contrac-

tion of the muscle and can thus signal the total

tension in the muscle

Adaptation The rhjdhm^ discharge of im-

pulses set up by the stunulation of a receptor

dmunishes in frequency and may cease entirely

though the stimulus remains at constant inten-

sity* For instance, if a weight is placed on tactile

receptors in the frog 8 skin, a burst of impulses m
many fibers occurs during deformation of the

skin but after one or two seconds this discharge

may cease entirely'This phenomenon is spoken of

as adaptation (see fig 62 6) Adaptation occurs at

a very different rate m different types of receptor

(see fig 62 7) Adaptation must ^ distinguished
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Fio 62 6 Adaptation Graph of response dur
ing first second after sudden loading wUh a large

load 100 gm Temperature U^C (AfterMatthens)

Musetc seiNDLe [raoej

.—Mm/m^^yyyyyyyyyy^.

fe>.-

fes,

I {
NCHve rieac

stiMuws I I

Fia 62 7 Showing the response of nerve filler

and of different types of receptor to a continued
stimulus Adaptation is most rapid in the nerve
fiber and slowest in the muscle spindle (from
Adrian, The Basis of SensaUon, ChrislophcrB,

London)

from fatigue If the stimulus is removed and rc-

appbed, e\cn after a very short interval, a new

outburst of impulses appears Adaptation is not

produced by the settmg up of impulses, for it may
bo shown that if electnealiy evoked impulses are

backfired into a my«cle spmdlo, no adaptation is

produced *Adaptation is associated mth the pres-

ence of the stimulus rather than mth the activntj

of the ti‘«ue* End oi^ans are not ea^ to fat^e,

but fatigue is hastened bj ovj gen lack whereas

adaptation is less altered .

The physiological importance of adaptation is

very great Tlie unchanging state of the environ-

ment la of much less importance to an organism

than new stimuli, aiKiitation acts to make new

e\ ents m the env ironment hav c a major stimulat-

ing effect on the sense organs and leaves only a

small inflow to the nervous system under station-

ary states This emphasis on new components in }

the sensory' environment may* be further enhanced

by transformations withm the central nervous

system We can see the result of such processes in

human sensation and we speak of “becoming

accustomed” to some environmental change

which mitially caused a large effect We do not

feel the contact of our clothes, a hot bath feels

much hotter on first contact with it than a short

time later Only the nerv c endmgs subserving slow

pain appear not to adapt/

Some very slowly-adapting nerve endmgs are

found, for example the otolithic organs of Crus-

tacea, and many of the vertebrate mu'cle pro-

prioceptors adapt very «lovvly and a discharge

continues for an hour or more if the stimulus ls

maintained Agam, the endings of carotid sinus,

aorta and tho«c excited by inflation of the lung,

all have slow rates of adaptation At the other

extreme the endings surrounding hair follicles

adapt so rapidly that when a hair is moved, im-

pulses cease as «oon as the hair comes to rest

though displaced to a new po«ition A Pacinian

corpuscle deformed suddenly may set up only one

impulse

The genetu of Thjlhmc discharge At the nerve

ending the stimulus operates to produce a state

IQ which the axon is excited at regular intervals

In terms of the membrane theory of nerve, it is

supposed that the appropriate stimulas acts by
producing a partial depolarisation of the termina-

tions, so allowing current to flow from more dis-

tant regions Tins is confirmed by the recent

demonstration of generator polentiale occurring in

simple sense organs Thus Kats has demonstrated

that m the frog’s muscle spindle a long-lasting

change of potential occurs near the terminations

when stretch is apphed, and that this remains

after impulse generation and conduction by the

axon are abolished by anaesthesia. Similar poten-

tuls have been demonstrated by Gray in the

Paanian corpuscle In the crustacean stretch

receptor the cell body lies peripherally
,
and micro-

clectrodes within it havebeenshownby Kufficrto

record the local changes accompanying stretch of

the muscle which initiated a rhythmic discharge

Rhythmic discharges can be evoked by constant

current stunulation of many nonmedulbted and

some meihillated nerve, fibers, in some sensory

end wgans applied steady currents raise or lower

the rate of rhythmic response by summing alge-

braically with the normal generator jjotentiak

Specific scnsatiom Accessory nonneural por-



Chapter 6S heflex auc 1140

tions of the BCJTse organ act to rai’c the threshold

to 6omc tjTKs of stimulation and lower it to

otter®, an<! thus confer ®necificiti if>

tivit> of ttp receptor Tliu®, for c’cample, chemicnl

agents arc unable to penetrate the lamellae of the

Pacmian corpuscle at all rapidlj, so ensuring

ui«en«iti\ itj to chemical stimuli, while transmit-

ting the clTect of mcclianical deformation Tliw

specificity 13 rarely complete and, for example in

liie dog, pressure on the thermal endings mil

increase the response to a thermal stimulus, anti

pressure on ta®tc buds mil increase the re®pon®c

to chemical stimuli It haa long been known that

structures m the retina can be stimulatctl by

pressing on the eyeball and gi\c a sensation of a
light stimulus Tlic taste buds can ftI*o be stimu-

Utcil electrically' The pain endings which ha\e

no encapsulation arc mQ«t readily reached by

chemical agents, anil on injury occumng, cell

breakdown products appear to lx; tlic normal

stunulus

In conscious sensations the quality ascribed

depends largely on the pathway by which im-

pulses arrive at the higher levels of the central

nervous system Tims impulses m the Vlllth

nerve, whether set up by an cleclnc stimulus

applied via fluid in the external meatus or by air

borne pressure patterns, are appreciated as sound,

those from the Ilnd nene as light, whether due

to light OP pressure on the eyeball Cutting Gow
er’s tract abolishes pam sensations from areas one

Segment below the lesion (contralateral), only

impulses ascending by this pathway arouse pain

The various pathways to the bram come from

receptors protected from some of the physical or

chemical ev entsm the env ironment and organised

to be very sensitive to others, so conferring a

specificity which enables the brum to separate

events mto recognisable categories
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REFLEX ACTION

In peripheral nerve the individual fibers con-

duct independently and little interaction occurs

but in their central terminations interaction be-

comes the important process It depends partlj

on proximitj (fig G3 1) and the absence of myelin

at terminations but also on the release of trans-

mitter substances and the movements of ions

along electrical gradients

In a complete animal any reaction depends m
greater or less degree on many factors in its

environment nhich affect its senses In anal^-sis

of the mode of action of the central nervous sj's-

tem, components of central activity can be par-

tially isolated as reflexes This isolation may be

assisted bj surgical section of the central nervous

ej^tem, as m the spinal or decerebrate prepara-

tion, or b> anesthetics such as barbiturates

nhich suppress differentiallj the activity of par

ticular parts, or b> controllmg the eQ%iroDment

so that a simple stimulus is presented m isolation

as m testing the knee jerk

In the intact animal or man, the reflexes that

can be Lsolatcd are limited, e g , pupil reflexes to

light, the blink reflex, the knee jerk, and certain

pam reflexes More detailed and quantitative in

formation has been derived from animals by

methods which simplify the nerxous sj-stem and

where stimulus and response are capa'ble ol ac-

curate measurement, as in the classical expen-

ments bj Sherrington and his collaborators, where

the response was measured as contraction of a

particular muscle or group In the last 30 >ears,

in addition, analj’sis of the impulse discharges

entering and leaving the central nerxous system

has added much detail, the nature of electnc

changes accompanJ^ng reflex activitj at elec-

trodes mserted within the central nenous system

have assisted the dex elopment of theories of the

mechanisms concerned All the simpler reflex

pathways appear to be geneticallj detenmned,

but the delaj m de\ elopment of the central ncr-

\ous system after birth enables interaction of

genetic and environmental factors to occur In

many species highli elaborate reflexes are pres

ent at birth and can be regarded as “race learn-

ing* in evolution, as wuthout many of these sur-

\ ival IS impossible

The Spinal Preparation

Many reflexes can be studied m the spinal

preparation If this is made by decapitation

under anesthesia after ligature of the blood ves-

sels to the head, the respiratory center in the

midbram is removed, and, consequently, venti-

lation to the lungs must be maintained by means
of a pump This can replace the function of res-

piration in oxjgenatmg the blood, but not that

of controlling the elimination of COj to maintain

constant pH This is grossly disturbed bj loss of

control bj the respirator} center In addition

the loss of the controlling centers for blood pres-

sure, heart rate, the vasomotor center in the

midbram, all lead to circulator} ebnormalit}

and greatly lowered blood pressure due to loss of

lone of the blood vessels However, the knee

jerk, flexion reflex, and scratch reflex can all be

seen for some hours after decapitation If the

spinal cord is severed below the outflow to the

respiratory mu«cles, the animal can survive for

long periods with hindlegs isolated from the rest

of the central nervous B}stcm INTien such sever

ance of the cord occurs m man b} accidents or

gunshot wounds, there is loss of all normal sensa

tion and voluntary control below the lesion

Spinal Shock

Immediately after severance of the spinal cord,

all activit} below the lesion is completel} absent

but IS followed by a progressive return of re-

flexes In laboratory animals reflexes begin to

return m a few minutes and continue to increa«e

m activity and number for some weeks, the

flexor reflex and knee jerk are the first to return

In primates, including man, recov ery occurs much
more slowly and imperfectly and is still contin

uing SIX months after the lesion This depression

IS known as spinal shock, it is not due simpl} to

the mjunes produced in transection for after re-

covery of reflexes a second section lower down

does not reabolish them It appears to bo a sign

1150X
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of fnnctioml dt®orB'inu'ition nml m®cn®itj\itj

duo to tiie absence of impulse discliargc*! from

the higher Je\els uhich normally reach manj
centers in the spinal cord

The Knee Jerh (See al«o Ch. 61)

The contraction of the knee exten'ors when the

patch V tendon h tapped la found in most mam-
mahand similar nflcxca occur m manj mu®clcs,

in man, the nnkle jerk seen in the gastrocnemius

on tapping the tendo acliiUis The jerk reflex w
not of oh\ lous purpose, hut it h an exhibition of

fundamental purposne mechanism In nhich

muscles contract reflexlj as a load is imposed on

tiicm mcchanicallj It is of great \aluc in clinual

exs.'muMt.voiij a.od iD eh-’Acdat Ji.Oev jMrfJtmisiws

A tap causes an abnormal, brief nctn ation of the

mechanism bj w Inch muscular mo\ eraent is tc

Utec! to the ineeJnnics of the cm ironment n hteh

13 cspeiiallj seen as posturd contraction m miis*

clcs called on to support the bocK , often referred

to as aniijranfj/ «iu«cfc« (p llG-l)

Tendon jerks m man can be studieil com on

lentlj bj recording the mechanical and electric

dianges m the gastrocnemius follon mg a tap, a

timed and calibratcil blon to the tendons, de-

bs ered bi a mechanical tendon stnkcr Tlic

record of action potentials from the mtt«cle

gives the time of tiie start of actn itj m the mus-

cle nith more precision than a mocliamcal

record Some 30 in«cc after a blon to the tendon

the action potential appears in tlie muscle, and

the contraction develops 3 or 4 msec later Most
of the delaj or latency of the response is time

occupied in conduction to the spinal cord and

back to the muscle, there are small latencies be-

tween the tap and the imtiation of impulses lo the

afferent neurons, and between the arrival of

nerve impulses at the muscle and the develop-

ment and spread of action potential mthin it

The reflex can be graded by grading the tap on

the tendon, it cannot be suppre<6ed \ 0lunt3nly,

but can be increased by contracting other iniiscles,

e g , reinforcement by gripping the hands to-

gether The motor impulses leave the spmal cord

long before anj reach the cortex to produce

awareness of the tap

Hoffuanv KEFLEX If electfodcs are placed at

A (fig 03 2) over the course of the pophteal nerve,

the same reflex can be set up by «itimulatmg the

sensory fibers electrically The electrically evoked

reflex is spoken of as the Hoffmann reflex after

its discoverer The sensory fibers concerned are of

low threshold By gradually increasing the stim-

Fio G3 1 End feel (represented bj smalf bliek
o\al«) or pieds tcrmincouj making contact with
the body and the dendrite® of a nerae cell A axon
f> demlntc* (From Lmrig Body Holt and Com
pan> New \ ork )

ulus A, a point is reached where a Hoffmann re-

flex IS obtained, preceded much earlier by a di

rcct response from stimulating a few of the motor

fibers itli a strong etunulus the direct response

becomes vfr> large, and the reflex disappears be

cause of impulses al«o travelling antidromicallv

to tfie spinal cord and producing a refractorj

state m the motor neurons The delaj between

excitation at A and the direut motor response

gives a value for the conduction time and end

plate delay between A and the start of response

in the muscle Similarlj
,
the reduction m reflex

time when the stimulus at A replaces the tendon

tap, gives a value for initiation and conduction

of impulses to A, so that with the electncaily

ev oked reflex, the tunc of conduction to the spinal

cord, plus central dclaj
,
plus conduction back to

A, IS the mterval on the record between the start

of the direct response and that of the reflex re-

sponse (Y, fig 63 2) This interval (18 to 25 msec)
is largely made up of conduction time, and allow-

ing tor this, leaves about 2 msec for the tune

taken between the arrival of sensory impulses at

the spinal cord and the appearance of motor

impulses leaving it This is called the reduced

nfiex lime and comprises conduction tune vnthm
the apuial cord (partly m small branches of neu

rons which may conduct quite slowly ) and also

of true delaj at the synapse

In man the nerve action potentials have been

recorded from the roots clo®e to the cord bj m-
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Fio 63 2 Diagram ehowiog elicitation of the patellar and UolTmann reflexes, tnul left oscillo
graphic tracing of the muscle action potential in knee jerk meet nght, the Iloftmaon reflex elicited by
a shock delivered at 4

serting needle electrodes by lumbar puncture

This method was successful!} used b} Magladery

and coworkers on the spinal cords of medical

student volunteers at Johns Hopkms University

However, the central delays can be more con

\ enicntlymeasured at the exposed cord in spinal or

decerebrate animals, and it has been so analysed

with increasuigly accurate methods during the

last fort} jcars Llo}d found a reduced reflex tune

of about 1 6 msec in the cat In Lloyds expen

meats the reflex could be set up either by a sharp

tug from an elcctroma^et pulluig the tendon of a

muscle, or by an electncal stimulus to activate

the same fibers The fibers concerned are the

large (16 to 18;i) axons from which the annulo-

spiral endings of muscle spindles are innervated,

they tan be selectively excited because their

threshold is lower than that of smaller fibers It is

now thought that the earliest impulses to leave

tlie cord m the jerk reflex have licen interrupted

by only a single synapse It is known from de

generation experiments that many of the afferent

fibers go directly to motor neurons and end m
bouton* fenninatix scattered on their surface Al-

low ing for the conduction w ithin the spinal cord,

the delay between the arrival of impulses at the

boutons and the initiation of impulses in the

motor neurons is 0 6 to 0 9 msec
,
in some cir-

cumstances, e g ,
occulo-motor neurons, studied

by Lorente de N 6 a synaptic delay may be as low

as 05 msec It will be seen later that it can xarv

from these values when the excitation only just

reaches threshold for motor discharge and is a

minimum of 0 5 msec
,
when a previous lolley

has just entered the cord

So far we have only considered the earliest

comjxinent of the knee jerk reflex when a syn

chronous or nearly synchronous volley of im-

pulses reaches the spinal cord The initial response

IS often followed by further discharges of im-

pulses which may travel by mtemeurons and
arrive later at the motor neurons IVlule the knot

jerk enables the activity of the monosynaptic

pathway to be uncovered, it is not a pure mono-
synaptic reflex as normally evoked, and while it

13 convenient to speak of monosynaptic reflexes

they are a simplification arrived at by neglectmg

the later activity or suppressing it by anesthetics

In the decapitate spinal preparation the muscles

are flaccid and cannot support the animal’s weight

against gravity, in contrast, in decertbraU ngidily

(ch 64) the limbs are vigorously extended by re

flex contraction more than adequate to support

tlie animal’s weight Itvvasshounby Sherrington

that this ngidity of muscles depended on a reflex

action elicited by a stretch stimulus, for division

of either sensory or motor roots abolished it, and

it 13 inhibited by stimulating a cutaneous nerve
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Stretch reflexes arc exaggerated in decerebrate n
giditj’ and absent during spinal shock, they return

after some ih>'s m animals with divided spinal

cords

Sherrington recorded the tension m the boIcus

muscle of the cat when the muscle was stretched

(see fig 63 3) The principal strueturea responsible

are the muscle spindles, the tendon organs arc not

the source of excitation for these can be aneslhe-

tircd bj infiltriting the tendon wath noxoeaine

without abolishing the stretch reflex TIic spindles

actuate the motor neurons bj the monosynaptic

pathway and also by less simple patlis Sherring-

ton gave the name p/asfic tentts to the condition

of muscles exhibiting stretch reflexes, because

when an attempt is made to flex the limb, the

stretch reflex causes the muscle to resist displace-

ment until considerable force is exercised Tlien

the tonus melts away (clasp knife reflex), the

limb moves easily’ to a new position, but testo<l

in the new position, again it resists flexion

position of the muscle spindles and their

behavior when the muscle contracts (see ch 62)

fita them to provide automatic «c!f-rcguiilmg be-

havior, the spindle is situated m parallel with (he

rest of the muscle (sec fig 63 4) DTicn (he muscle

contracts, it takes the strain off the spindle and
so reduces excitation of the reflex, lengthening

the muscle increases the stretch reflex which re-

sists the force causing the exten«ion This simple

basis is refined by two additions, the small (7)

motor neurons which innervate the muscle spm-
dle itself can accelerate its response and so act as

control on the sensitivity of the reflex It has

recently been shown by Giramt and Sferton that

many factors which alter the stretch reflex in

decerebrate aiumals modify the activity of the y
motor neurons We thus liave a self regulating

action using the a motor neurons with delicate

control exercised by the gamma fiber control of v’*

the muscle spindle itself The other addition leads

the plastic tonus to vanish with forced flexion,

this appears to be due to the tendon organs

The most important structures in the stretch

reflex (chap 64) arc the onnufo-sptrof endings

(ch 62) and the large nen e fibers which innervate

them The role of the flawer^spray endings is not

yet fully understood All normal muscular reac-

tions and reflexes are superimposed on the back-

ground of the stretch reflex This means that other

activation arriving at the motor neurons flad:>

them in a condition appropriate to the external

mechanical load
,
and the requirements for control

of muscular action are thus delegated to a very

simple reflex pathway which, by its speed of

Ste
”
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Fio 63 3 nc9pon<ie of quvdricep*? to stretch r
of 4 mm

,
before If, and after P severance of Us

nerve During the rcspon«c W, a stretch of semi
teodinosus begins approximate)} atS, followed by
n stretch of biceps at /J (After Creed, Denny
Brown ct al , Rejlex Aetmli; of the Spinal Cord,
Clarendon Press, Oxford )

action, can co-ordinate muscular action to pro-

duce the same movement when a wide range of

different conditions of resistance are encountered

In cngineenng we “peak of a sent^syslem when

action IS controlled by a mechanism’^designcd to

keep that action constant, for example, a cen-

tnfugal governor controls an engine to run at

con«tant speed with changing load by regulating

the throttle The centrifugal gov ernor imitates a

sense organ and the throttle valve the motor

neurons, and the feedback of information about

the action to the controllmg mechanism is the

essential feature Thus the simple proprioceptive

reflex IS present under all normal conditions, and

other reflexes blend with it and so produce action

§
Fia 63 4 Diagram to show the mechanical

conditionswhcn a sensory end organ lies “in paral
Icl with the muscle fibers A and B, skeletal mus
cle fibers S, afierent end organ on an intrafusal

fiber innervated by a 4 fiber G, Golgi tendon
organs in series with contractile elements II,

weight (After Fulton and Pi Suffer )
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rehte<i to the mechanical reaction met with in

the movement

Phasic and Postural Contraction

The stead} contraction of muscle in the stretch

reflex is maintained for long periods, and when
the activit} of individual motor units is studied,

it 13 found that impulses are set up b}r individual

motor neurons at frequencies up to nearlj 50 per

sec
, and raav remain subatatiliflll} tegular down

to 1 or 2 per see A motor unit consists of a
neuron in the spinal cord providing the axon

which runs to the muscle and divides there, to

innervate many muscle fibers (10 to 100) A single

activation of a motor unit is the least response

that can occur via the spinal cord The tension

exerted b} a single motor unit when its nerve

fiber Ls tetanised ma} amount to as much as 30
grams The activity of single units has been

studied by subcbviding motor nerves until the

actiijty of a single fiber can be recorded electn-

call}
,
but a V alunble indirect method was evolved

by Adrian and Bronk Tlicy found that when
concentric electrodes consisting of a hypoclermic

needle with a wire, insulated except at its tip,

running down its center, w as thrust into a muscle,

tlic muscle action potentials of the group of

fibers compn«mg the motor unit, could be re-

corded This technique makes it possible to find

how a single motor neuron disciiarges under a

variet} of conditions Tlie method has been

ividel} used in man as well as animals and much
of our understanding of human muscle control

has been derived from it The slow!} repeated

discharge of motor neurons m tonic contraction

would give tremor in the contraction were it not

for the fact that different units fire independently

and at differing rates so that the asynchronous

activation of the individual units becomes fu«cd

into an apparently steady contraction Increasing

V oluntary or reflex contraction in man (and am
mals) IS brought about by an increasing number

of units being excited and also by sn increase in

the rate of firing of impulses to individual units

Thus an asynchronous motor discharge is evoked

b} as}nchronous bombardment of the motor

neurons by simple or indirect pathwajs from a

large number of sensory receptors The phasus

jerk reflex and the tome postural contraction de-

pend on common structures and when a tap is

given to the tendon of a tonic muscle, many
units are activated S}Tichronously, after the jerk

13 ov cr there is a brief absence of tonic acliv itj—
‘ ihe stlait period ’—w hdc the muscle re-extends

to the original length, the tonic discharge and
contraction then continue as before We thus

have ft sclf-regulatmg action using the a motor

ceurmis mth delicate control exercised b} the y
fiber control of the mu«cle spindle itself

Grading of Reflex Response

Sherrington found in many types of reflex that

the response could be graded by gradmg the

strength of the stimulus and this is also seen in

the knee jerk m man and tendon reflexes in am
mats As the stimulus is increased, there is a

threshold at which a liminal retponse is obtained

with further incrca.se the rtflex grows to a maxi
mal response Further increase may reduce or

alter the response Itis, however, found that with

the threshold stimulation which just fails to pro-

duce any reflex response impulses are m fact

being set up in a number of afferent fibers, and
there IS a central threshold requiring simultane-

ousamval of impulses m a number of fibers before

a reflex occurs

Summation and Occlusion

These facts, well known from Sherrington s

studios on numerous reflexes are clearly seen m
the simplest form in Lloyds expenments stimu

btmg dorsal roots in the spinal cord with gradu
ally increasing shocks, and recording the size of

the action potential both of the sensory fibers and
of the motor fibers the magnitudes are closely

related to the number of sensory fibers activated

and the number of motor neurons excited to

carry impulses out to the muscles (see fig 63 5)

The graph in figure 63 6 shows that a certain

number of sensory fibers must be activ ated before

any reflex occurs the reflex grows rapidly with

further addition of active sensory fibers and
gradually reaches a maximum when all of the

large fibers are excited The relationship is clearly

not a linear one and underlies the properties de

scribed by Shemngton as spatial summation'

and ‘ occlusion
’

When two afferent nerves give a reflex in the

same muscle, convei^nce is said to occur, if both

are stimulated simultaneously the contraction is

not the sum of the tw o separate reflexes If slim

ulntion 13 near threshold it is greater, i e , special

summalton takes place, if both are maximal, it is

less than their sum occlusion is present

If m figure 03 6 we imagine the sensory fibers

divided m two and placed on two pairs of stimu-

lating electrodes, the case clo«ely resembles Sher

imgton’a jnvcsiigation of volleys set up in two
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Fio 63 5 Dor«al root ventral reflex diacharRcs from the Crjt paera! segment The successive records
illustrate the growth of the reflex discharge as the afferent (dorsal root) volIe> is increased in sue The
figures to the right hand of each observation give the reJativo size of the afferent volley emplojed for
that observation Time 5 ro'ce {After Llojd)

ncr\e branches reaching the spinal coril together

If both stimuli are set to the threshold m isola-

tion, each ma> actuate 10 per cent of the total

ingoing fibere nhicli fail to otokc a refiex Wicn
botl) are stimulated together, 20 per cent of the

fibers will be actuated, and from the graph it w
clear there ^nll now bo a large reficx owing to

Buramation For stimuli clo'se to the threshold

the summated response ma> be many times that

of cither atone

If, on the other hand, both stimuli arc set to

activate all the fibers m each nene, each alone

will produce a 50 per cent maximal volley, and

this as may be seen from the graph will activate

90 per cent of the efferent units However, both

activated together cannot produce ISO per cent

of the maximal response The deficit between the

actual response and the respoD<ie cakubted from

the sum of the two, namely SO per cent, is due to

“occlusion” and reflects the anatomical fact that

many neurons receive afferent excitation from

fibers that branch and supply many others It

IS knowTi that any motor neuronmay receive some
hundreds of boutons terminaux from different

fibers, it is deduced that for an impulse to be set

Up a minimum number of boutons must be si-

multaneouvjy active If a neuron has sufficient

boutons activated, it fixes a motor impulse, but

further addition of more from the other nerve

cannot lead the all-or nothing structure to do

more immediately Hence it is usual to -see sum
matioa between reflexes ev oked by near threshold

stimuli while occlusion is often seen with stimuli

activatmg a higher proportion of the fibers

Something of the organization of boutons from

different nerves is learned by finding the nerves

Fic 636 Dorsal root venliaJ root reHex prep
oration The «i2e of the two neuron arc (2N) re
flex discharge is plotted against the size of the
afferent volley evoking the reflex Inset The ini

lial portions of similar curves from other expen
ments to illustrate the variation in onset of the
reflex discharge from one experiment to another
(After Lloyd )

betneen which summation can occur In genera],

sensory fibers from muscles that act synergically

at the same jomt produce summation while those

from antagonistic muscles do not and may pro-

duce a depression of the reflex response known as

mhibition The response occurs primarily in the

motor neurons supplynng parts of the muscle

close to the origin (mu«cle spindles) of the sensory

fibers concerned Thus the jerk reflex utilizing a
monosynaptic pathway is anatomically localized

and restnefed by the pattern of central cotinec-
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tions, and the flexibility of response is not nearly

as great as when intemeurons are concerned in

reflexes considered later

Facilitation—Temporal Summation

^\^len a volley of impulses is subliminal, no

reflex takes place Yet ive cannot assume that no

effect has been produced within the centra] nerv-

ous sjstem, for as described above, two sublimi-

Tia\ voWeya togtlViCT iriay produce a wAfetaidiai

reflex response However, the two xoUej's do not

need to arrive simultaneously to produce sum-
mation It also occurs when the same nerve

fibers are actuated twice in quick succession,

temporal summation can occur The change of

state m the central ncrxoua system by which the

second subliminal xolley is rendered luninal is

spoken of as facilitation To study facilitation, a

volley may be sent into the spinal cord, referred

to as the conditioning volley, followed by a sec-

ond the test xoUej, to see how the response

differs from that obtained when the test loUey is

used m isolation Temporal summation has been

studied in many reflexes smee the beginning of

the centurj, but will be first considered in rela-

tion to the sunplo monosynaptic actu ity as in the

tendon jerk If the test volley and conditioning

xol]e> arc imultancous, and applied to different

j«[

” 1-
. . . I012343610910 II Jt U It»ec

Fia 63 7 Facilitatloa of biceps reflex bj af
ferent volleys in eemitendinosus nerve Amplitude
of the test reflex expressed as per cent of control
amplitude, is plotted as function of the time inter

lal between conditioning and test volleys To
obtain the curve represented by dots conditioniDg
volleys of near reflex threshold strength were used
Stronger conditionins* vollejs caused the appear
ance of a second penod of facilitation (crosses)

(After lioyd

)

portions of the nerve, we have spatial summation

As the two volleys are separated in time, the

response to the test v oUey becomes less
,
the time

course is shown in figure 63 7, obtained b} Lloj d

from the cat, the later activity of the poljsynap-

tic pathway s is evident in the upper cun e It w lU

be seen that the response has fallen to about half

at 3 msec
,
the facilitation continues to decay

exponentially The later part of this curve can

only be ehtwvoed vath vievk stwwwh for the at

Uvity of intcrneurons leads to additional phe-

nomena which are responsible for the upper

curve It is clear that under these conditions, the

change of state at the motor neurons outlasts the

amial of the afferent volley, and something per-

sists for ft number of milliseconds which is able

to make a later volley more effective Sherrington

named the change of state in facilitation ‘the cen

tral excitatory state”, and suggested that cxci

tation bad to accumulate somewhere m the path-

way and reach a eertam level before di'chaige of

the motor neurons occurred This lias been sub-

stantiated m more concrete terms by recent m-
vestigations described later

Flexor Reflexes

The purposive significance of these reflexes is

clear A noxious stimulus, euch as pinching np-

pbed to a limb leads to its rapid withdraw a] and
concurrently a crossed extensor reflex is often

seen with it The flexor reflexes can be obtained

m many mammals and man by a pamful or noxi

ous stimulus The afferent fibers are those from
the skm and the response cm be obtained by
stimulating wide regions of a limb by pm pnek
or an electrical stimulus Stimulatmg a mLxed

VRX'.s. ts’jff.L '& wttfis. by ‘jf.

ion The stunulus is abnormal in that fibers from

different regions and of diverge function may be

stimulated simultaneously, this does not normally

occur with sensory stimuli The bmb is rapidly

withdrawn and may be maintained flexed for

several seconds follomng a strong stimulus

As m the stretch reflex, phasic and sustained

components in the reflex can be identified (fig

638), after nearly synchronous activity in rapid

withdrawal, the motor umts fire at rates of 5 to

40 per sec during the maintained flexion

Facilitation may be readily demonstrated m
flexor reflexes Usmg an clectnc stunulus to a

nerve to elicit the phasic component of the reflev,

Sherrington and Eccles showed that as the stimu-

his was increased in strength, the latency short-

ened, xrhen a threshold response was obtamed, it
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occumnl later than when a •'tronger stimulus was
u'sed to e\ okc a large rcQex The reduced reflex

time for the flexor reflex m the cat is about 2 o
msec

,
and a greater sjmaptic delaj than in the

jerk reflex is to lx anticipated for the fibers

imiciaating the «kin do not appear to poasc*^

boutons on tin motor neurons thcmscKcs, but

all end on mterncurons so tliat at least tw o s^map-

«cs must occur m the path U'cd bj the flexor

reflex Temporal summation for this pathwaj is

found oicr much greater interxala than m the

monosjaiaptic patlnvaj l\*ith facilitation, the

delaj sulTered bj a xoltcj of impulses teaching

the spinal coni sliortlj after each other maj be

reduced to a minimum of a little o\cr a milh

second From such effects Shemngton formed hts

thoorj of a gradable central excitatorj state

which caused motor neurons to fire when suffi

cientlv intense, and which pcrsistetl <ome tune

after the afferent impulses were oier Such o

thcorj xmmediatelj niggesls an mtcrprelation of

the reduction in latency nhen facilitation occurs

Tins w illustrated in figure 03 9 Tlie central

evcitatorj state postulated b> Sherrington has

since been shown to be closplj related to clctlncal

cliangcs that can be recorded from central stmc
turca dunng activity

Flo G3 8 riexion reflex showing after die
charge The duration of the stimulus is indicated
bj the pair of nearJj vertical lines (After Sher
rington )

Tio 639 Dngrxm of graded central exc>tator\

state reaching a motor neuron threshoJ I giving
earlier response to a large vollea ef \ \ and
maximum she rtening of latencv with facilitation

by a previous subliminal stimulus

Inhibition

Imputes troadhng in 8cn«orj fibers from an

tagomst muscles maj produce a reflex response

m those muscles but depress the response of the

agonist For thus to occur, thej mustamveatthc
spinal cord at lca«t 0 5 m«cc before the impulses

producing the reflex We are no longer dealing

with Simple, mvariable conduction such as is

seen in peripheral nerve even in tbe«c simple,

direct reflex pathwaj's, reflex response maj be

prevented bj nerve impulses of different ongm
Such inhibition, which will be considered m detail

later, maj be prolonged, for mstance a einglc

excitation of a nerve supplying the skin can abol

ish the knee jerk completelj m a spinal cat for

up to sec

(>o«sed Extensor Ileflex

As the pathway m the central nervous sj-stem

becomes more complicated there is an incre3«ing

modification of the impulse patterns m tnivelhng

through the spinal cord In the crossed extensor

reflex the latencj maj be manj times longer than

in reflexes considered above With a weak Btimu

lus repetition at Mo 'ec intervals for a second

or more maj elicit the reflex The discharge of

impulses by the motor nerves is no longer clo«clj

related to each volley of afferent impulses but the

flnng rate of the motor neurons is mdepeodent

and often asjTichrooous m different units The re-

flex builds up slowlj over several seconds and on

cessation of the stimulus dies awaj slowJj with

after-<lischarge Orcumng in the motor neurons

The crot^cd extensor reflex is normallj *een

blended with the tome etretth reflex m the muscle

examined and there is co-operation between the

two reflexes Thus when the stimulus is made so

weak that no reflex occurs m the slack mu'icle

when repeated with the stretched muscle a re-

flex maj result Sunilarly when the muscle is

Ftretched a contraction results if a contralateral

skin nerve is stunulated sublumnallj for produc

ing a reflex If the muscle be deafferented bj

cuttmg the sensorj roots the crossed extensor

reflex can <tdl be elicited by stimulating a skm
nerve on the other "ude However now threshold

IS raised the onset is more abrupt, and the after

discharge shortened ith the stretch reflex blend

11^ with it the response is less explo«i\ e

The ero'^sed exten«or reflex is inhibited bj

stimulating a skin nen e on the same side, and

maj thus be replaced bj a flexor reflex There us

then said to be algebraic summation of the
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central excitatory state and central inhibitory

state produced

Reciprocal Innervation

It has been seen above that afferent fibers

from a muscle excite it monosjuaptically, while

those from antagonists inhibit it Such reciproc^

effects are found from many muscles, but the

interconnection of central neurons, on uhich re-

ciprocal mnervation rests, are not solely or even

primarily functions of the afferent fibers from the

hmb
At the bcgmmng of the century, Graham-

Brown showed that under very deep anesthesia

alternating movements of the limbs may occur

This was given the name of narcosis progression

Study of such phenomena shows that reciprocity

occurs between the centers of antagonistic mus-

cles e%en when all the sensory roots 6upp]>iDg

them are cut For instance, in the spuul cord of

a cat with all lumbar sensory roots cut, stimu-

lation of the cord or of roots above or below the

lumbar enlargement provokes altematiog move-
ments of the limbs, and even under such condi-

tions reciprocal contraction still holds Activity

ceases m one muscle when at its height m the an-

tagonistic mu«cle It becomes clear then that

central connections must underlie reciprocal in-

nervation as well as specific effects elicited via

fibers from a particular mu«cle when these are

intact When the motor neurons of any muscle

are excited, a diminution of evcitabilitj occurs m
the motor neurons of the antagonist The de-

tailed nature of these central interconnections is

not jet fully understood

Fractionation

The reflexes considered above fall mto the class

of segmental reflexes in that thej are largely de-

termuied by fibers entenng a segment and excit-

TABLE 63 1

The tensions of the reflex responses for each nerve

are expressed as percentages of the

strongest con^rac/iofi

II p fleisr

(tenSQC flKlK 1

lemons)
IDOSU)

Aokle

Internal saphenous 100 56 87

Popliteal 3 or less 42 100

Peroneal distal to

tibiahs anticus

14 100 69

mg or mhibiting the motor neurons within that

same segment Normallj, inter«egmental con-

nection bj propnospmal fibers co-ordinate ac-

tivities at different levels and in the flexor reflex

evoked bj a pinch stimulus to the skin, excitation

will reach two or three segments from the sensorj

fibersbut may spread far out«ide these The refiex

flexion occurringm anyparticular muscle changes

when the position of the sensorj’ stimulation is

altered The motor neurons to a particular muscle

form the final common path for manj reflexes,

and when different sensory nerv es are stimulated,

the activation vanes considerably ThLs is spoken

of tss fraclwnalion, and tjpical results arc given

in table 63 1

Scratch Reflex

The scratch reflex is elicited b> light etimula

tion of the flank and is readilj elicited from a

spinal (or normal) dog Its purposive nature is

obvious Sherrington used a small star-wheel or

mechanical fica which, when rolled along iheakui,

would evoke reflex scratchmg Alternatively the

skin may be stimulated with a weak elcctnc

shock WTicn the stimulus is moved on the skin,

the balance of activitj in the muscles alters to

make the limb scratch close to the stimulated

spot Incommg sensorj nerve impulse dischaiges

thus possess local sign which determines the

exact pattern of activitj distnbuted among the

motor neurons of the several muscles that arc in-

volved Man) reflexes reituire alternating mov e-

ments, scratching, walking, swimming, etc
,
and

alternating activitj is easilj provoked in the

spinal centers Such movements are spoken of as

cltmtc, and the second movement is often assisted

bj 8en'=orj stimulation produced durmg the first

movement The interconnection of centers which

underbes rvciprocal mnervation is also involved

The propnospmal pathwaj's link not only

neighboring segments but also the lumbar and

brachial enlargements in quadrupeds, and in nar

COS13 ptt^rcssion there may be alternating activ

ity m flexora and extensors m opposing phase on

opposite sides, co-ordinated with similar move-

ments m the forelimbs The appearance of spinal

shock below a section has alreadj been mentioned,

but when the cord is divided there are also modi-

fications of reflex activitj spreading fonvard from

the section The best known of these is the

“Shemngton Schiff phenomenon” If in a decere-

brate animal the spinal cord be divided between

the lumbar and cerv ical enlargment, the hind-

Timha immediatelj become flaccid and recover
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Fra 63 10 Electnenl chnnKca in anterior rootn of (he frog in rD'<pon«c to shock excitation \ entral
root? cut A 14* C electrodes 15 anti 11 mm SjorIc shock to ipulateral sciatic nt arrow B 16® C
electrodes 2 and 11 mtn Single shock to ipoilatcral dorsal root Cord cut through about 2 6 mm above
and below exit of root C, 10* C electrodes and 10 nun Single shock to insilateral peroneal nerve
D 15* C electrodes 2 5 and II mm Repeated shocks to ipsilaterAl peroneal nerve marked bj arrows
(Time marker for A C at foot of C *fo ?ec on D) (From Barron and Slatthens )

from shock slowh the forclimbs become even

more active in decorobratc rigiditj, and nil re-

flexes i!i front of tlie section are enhanced and

morceasiij elicited Tins laattnbutcd to removal

of forward travelling impulsca tliat have nn in

lubitorv iction on the forw ird center?

Viscera! HencTcs

In addition to the vomatic reflexes undcrljmg

locomotion and protection a number of reflex

actions involving the viscera can be thcited m
anurwls mtli the spinal cord divided Immedi
atelj following a spmal section there is 1o<« of

va^motor tone, and it appears that continual

tonic discliarges from the v asomotor center in the

medulla are nece3«ari for the normal contraction

of capillaries and artieries INith rccovcrj from

spinal shock, however, tone gradually returns to

the vessels and it is supposed tint the lower

neurons concerned {in the lateral columns) which

supplv the B) mpathetio s> stem gradually accom
inodate until their activity is maintained without

supraspinal impulses reaching them The sacral

outflow IS normally the final common patli for

the reflexes of defecation and urination, anti these

reflexes can be elicited in the chronic spma) dog

bj distention of the bladder or rectum although

the pattern is abnormal Similarly some sexual

reflexes are also present Goltz and Sbemngton
showed that with the spinal cord divided im
pregnation and parturition took place Stimula-

tion of the genitalia was followed by erection

and copulation with the accompanjing muscular

activit} The reflexes of pilo-erection aremediated

V 13 the sympathetic sj'stem but cannot easily be

elicited in the spinal preparation When a ^inal

preparation is asphyxiated by "topping the respi

ration pump, many neurons concerned discharge

V igorouali and reflex co-ordination i? disrupted

A mass discharge of motor impulses mav occur

with convulsu c mov ements, which no longer show

reciprocal mnmation these arc followed b>

defee ition urination and pilo-erection

Electrical Actnil) of Central Nervous Tissue

Eleclncal changes nn be led off from electrodes

»n or close to the 'prn i] cord in a numberof wa^s,

and different components are emph^iised mth
different arrangements of electrodes

(a) EUdrodes on the surface j leld a negative

and positive complex when anj vollej of im
pulses enters (lie cord which long outlasts the

action potentials of the impulses

(b) EkciTO-ton\c poicnhafs observed from the

roots of the spinal cord indicate changes occurrmg

within the coixl m the fibers examined Thus

when an afferent vollej reaches the spinal cord, a

sequence of cliangcs is recorded from the domal

roots lasting some 100 msec and a different se-

quence of changes from the ventral roots The
latter are closelj related to the discharge of im-

pulses from motor neurons (fig 63 10)

(c) Focal potentiaU I^Tien a fine m«ulatecl wire

or a saline filled micropipette is thrust into the

central nervous sjstem and records are made
between tlus electrode and a distant electrode on

non active tissues, a record is obtained which

vanes with the position of the electrode m the

cord and shows a correlation wath reflex activity

(d) /ntroceflular electrodes If fine glass micro-

pipettcs are drawn with a tip diameter of to I

ft and are filled with a salme or strong KCl solu

tion amgle cells maj be punctured without their

normal activity ceasmg immediatelj-'^lthough

uj many ca«cs the mjuiy produces a
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Fio 63 11 Intracellular potentials set up in &
BSt motoneuron by tvo anerent volleys in DSl
nerve, the fir*t being submaximal for group I fi

bers, the second being set up by a supramaximal
stimulus Note that summation to set up a spike
occurred at the shortest interval (first record),
the intervals of the second and fourth «hich are
equal, being just critical A and B shon precisely
the same responses but at high and ioa- amplifica
tions respectively (From CrocX and associates

)

rapid discharge of impul«es if they are severely

damaged

From observations hy these methods it is clear

that the arnval of a volley of sensory impulses

results m a depolarizanon of some part of the

motor neuron surface which, if sufficiently in-

tense, culminates in a propagated impul«e

With asynchronous bombardment of the motor

neurons, long-lasting depolarization of motor

neurons occurs, and the rate of rhytlimic dis-

charge is related to the magnitude of the local

potential

IMien the monosynaptic reflex was studied by
Ecclcs and his collaborators with intracellular

electrodes, the local synaptic potential corre-

sponding to Shernngton’s C E S had a rapid

rise and lasted some 5 or 6 msec (fig 63 11)

Summation between successive local changes

could be seen to occur ^\Tien impulses from an

antagonistic muscle were set up, which caused

inhibition, the dcpolanzation was counteracted

by a hyperpoIanzatiOD having about the same

tune course as the dcpolanzation However, stud-

ies both of intracellular and root potentials liave

shown that the voHcy-producmg inhibition sent

in isolation produces little or no hj perpolariza-

lion, but IS effective in neutralizing depoHnza-

tion caused by an excitation of the reflex

It IS thus possible to consider Sherrington’s con-

cepts, C E S and C I S , as an index of the elec-

tncal state at the motor neurons which is clo'^ely

related to their excitability It should be em-
phasized that electrical changes in fluids imply

movements of ions but that ions have a chemical

nature as well as an electneal charge, and that

the electneal and chemical aspect of events at

the synapse are complimentary and represent

descnptions m the terms of charge or chemical

nature of the same processes

Tlieories of Reflex Action

The concepts of a central excitatory state and

central inhibitory state, derived from reflex ex-

penmenls, can be related to the depolarization

and hyperpolarization of the neuron surface dem-
onstnlcd for some components of simple re-

flexes These demonxlrate changes of state which

outlast the action potential of the afferent volley

In the periphery
,
e g at the motor endplate, the

importance of humoral transmitter substances is

fully established, and clearly the central changes

of state are consistent with long lasting trans-

mitter substances being released on the synaptic

surfaces The presence of humoral agents or

chemical transmitters has been sought within

the central nervous systein Owing to the com-

plexity of the situation it will be a long time

before we can describe the processes of the vari-

ous syuiapses in very exact chemical terms but a

number of agents, including acetylcholine and

adrenaline, have profound effects on central struc-

tures

In many quarters it is held that as a neuron

appears to be a pharmacological unit produemg

the same transmitter at all its termmations, the

same mcommg volley could only produce an

exciter substance at one point and an inhibitory

substance at another if an additional neuron

were located in the second pathway There is

some evidence that this may be the case, e g

,

the 5 msec by which an mhibitory volley must

precede a testmg volley to produce direct inhi-

bition Chemical transmiMion provides a simple

basis for long lasting changes which can be ex-

tremely prolonged in regions where the enzymes

destroying the transmitter are m low concentra-

tion, and it offers an explanation of the very
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prolonRcd efTccta («c\cnil gecond?) that maj fol-

lo^\ a «ingle inhibtlorj afferent \oUcy

Howc\er, a second theory has been do\ eloped

(see Lorentc de N6) to account for long lasting

actmtj It sugge<'t8 that closed ehaiaa of neurons

lja\e impulse nctivitj cirruliting around them

and may produce rc-cacitation of other neurons

for long pcnod^i (see IVall) IVhile this is an

altractue idea nhieh is consistent with manj of

the phenomena obsen cd, no direct evidence of

the rea'erbcratmg chains has jet been found, and

the stabditj of long lasting changes after gross

surgical interference with parts of the spinal cord

makes it difficult to accept this hjpothe^is for

some of the common long lasting eicctneal and

reflex events ob«cr\cd However, it is clear that

centers in the cord can interact bj internal con

nections as m reciprocal innervation after de

affcrentation
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64
THE PHYSIOLOGICAL MECHANISMS GOVERNING

POSTURE AND EQUILIBRIUM

Stretch Or Mjotatic Rcncxes

One of the basic reflexes is the stretch reflex

It IS present in all healthy skeletal muscles, but

it IS more pronounced in some muscles than m
others and is more readily elicited and more pro-

nounced under certain circumstances RTicn a

mu'cle IS stretched it responds bj contracting

This IS the stretch reflex Pulling on the muscles

stimulates the muscle spindles (sec ch 62 and p
690) nhich arc specialised sensory end organs Ij

mg among the muscle fibers Those spindles send

afferent ner\ous impulses up the muscular nerve

and into the spinal cord over the posterior spinal

root Within the spmal cord these impulses arc

transferred over a single synapse to the a motor

cells of the anterior gray column of the spinal

cord These a cells, m turn, send impulses out over

the anterior spinal roots, don n the musiubr nerve

and into the skeletal muscle where they cause the

muscle to contract This reflex is normally present

and serves particularly to maintam the body of

the animal in an upright position Such reflexes

arc, therefore, more pronounced m the extensor

KVUsftWs Tlvesc. vef!ic,xc& bcconve exfigg,eta.tcd alter

the cerebrum is removed by transectmg the brain-

stem through the mesencephalon (dcccrcbration)

This produces a state knoven as decerebrafe rigid-

ity in which stretch reflexes are more easily elic

ited, these stretch reflexes are commonly studied

under the abnormal circumstances of decerebrate

rigidity Naturally
,
section of either the related

antenor or posterior spinal root, or dividing the

muscular nerve, or destroying the related portion

of the spinal cord interrupts the reflex arc and
aboli«hes the response Tlie muscular response is

proportionate, mthin limits, to the strLtchmg

forte, and jwrsists as long as the stretching is

maintained The muscular contraction ceases as

soon as the stretching force is withdrawn, le,

there 13 no after-discharge The latent penod of

the stretch reflex is short—less than 20 msec This

reflex 13 rcathly inhibited by stimuli to the ex-

tremity which would ordmanly be painful (noci-

ceptive stimuli), or by stimulation of the afferent

nerves from the skin, or by stretching the antago-

nistic flexor muscles, or by applying excessive

stretching force to the muscle itself or to its ten-

don Tills latter inhibition givegn«e to the length

enmg reaction (sec below) These forms of inhibi

tion arc largely devices to protect the muscle from

overextension, and the animal from injury In

figure 64 1 arc the graphic results of the classical

experiments of Liddell and Sherrington demon-
strating some of these points

As noted above the stretch reflex is enhanced

by dcccrcbration Such transection of the mid-

brain abolishes controlling inhibitory impulses

from the cerebral cortex, the basal ganglia and
the antenor lobe of the cerebellum which are

transmitted dow n the spmal cord from the bulbar

reticular formation, while leaving intact the fa

cilitatoiy mechanism m the more caudal portions

of the reticular formation Even w ith fixed lesions

of the central nervous system the intensity of the

muscular responses to the stretch reflex wax and
wane under varying circumstances This modula-
Uow of ibo Mftox losponao may to trovigtit, about
by cliangCB in the«e facihtatory impulses which

affect the stretch reflex directly
,
or by descending

impulses which vary the response of the muscle

spindle to stretch This latter effect is produced

over small neurons known as gamma efferents

which anse in the anterior gray columns of the

spinal cord and innervate the intrafusal muscle

fibers within the muscle spindle This control of

the rtsponsiv eness of the peripheral sensory end-

oigan IS in considerable measure exercised by the

reticular formation of the brain stem By varying

the tension within the muscle spindle, its response

to stretch IS V aned and, m turn, the reflex muscu-

lar contraction

The afferent fibers of the myotatic reflex arcs

are laige cahbered, myelinated, rapidly conduct-

ing fibiis of theA group The dark muscle fibers of

the extensors, upon which the maintenance of

posture depends, are also more plentifully sup-

1162
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Fiq 1 The fltretch rcflc’C of tl»e ouadriccps
(cal) Muscular response (M) before and (I*) after
cutting nerve to the muscle T is a record of the
table /all which stretches the muscle At the right

IS shown the ellcct of reflex inhibition, evoked be
tween i and t' by stimulation of afferent Cbera m
the ipsdateral pcroneopopliteal nerve (from Lid
dell and Sherrington)

plied vitb large diameter nerve fibers than ate the

pale fibers of flexor muscles The stretch reflexes

show reciprocal innervation, when a muscle reacts

by contraction to a stretching force its antagonist

relaxes the wyofattc unit which consists of mus*

clo receptor, afferent nerve fiber, spinal center

and motoneuron, "exlubits uathin itself m full

measure the elementary mechanism of reciprocal

mnervation” (Llojd)

The Knee and Ankle JtnKs

A sharp tap upon the patellar tendon, when the

knee joint is scmi flexed stretches the quadneeps

extensor muscle and causes it to contract Simi-

larly a blow upon the tendo-Achille8cau«csa quick

contraction o! the call muscles These bnci con-

tractions Or jerks, as well as those desenbed below

for the upper limb, arc “fractional examples of

the stretch reflex" and are not due to stimulation

of the tendon but stretching the muscle A stretch

of 0 05 mm or less in second being su/Ecieot

to ehcit the response A voluntarj action, such

as clasping the hands together, reinforces the re-

flex and increases the force of the jerk The center

for the knee jerk in the human subject hes in the

2nd, 3rd and 4th lumbar segments of the cord, it

IS innervated through the anterior crural nerve

The center for the ankle jerk is situated in the Ist

sacral segment, the penpheral nerve is the sciatic

Llojd has shown that only two neurons are m
voUed m the reflex arc of the knee and ankle

jerks, and of other myotatic reflexes, i c , the im-

pulse passes from afferent fiber to motor neuron

without traversing an intemuncial neuron (see

also ch 62)

Any condition, such as decerebration or mjuiy

tothe descending motor pathwaj s (ch 0^), which
enhances the strctcli reflexes increases the tendon
jerks * TJicy are abolished by an injury or disease

involving the efferent or afferent hmb of the reflex

arc or the center itself (anterior horn cells) On
aecount of its brief tmtchhke character the knee
jerk 13 sometimes spoken of as the “phasic reac-

tion” of the stretch reflex, whereas the sustained

contraction resulting from a continuous pull upon
the tendon, and which is concerned in the main-
tenance of posture, is referred to as the “static

or postural reaction” of the strctcli reflex The
knee jerk is leas subject lo abnormal states, e g

,

spinal transection, anesthetics, circulatorj fail-

ures, etc
,
than arc the poitural reactions In an

animal such as the dog or rabbit, the Knee jerk

returns m a few minutes after spinal transection,

m the monkej after some dajs In man, though

postuml reflex activitj is cntirelj lost, the muscles

being quite flaccid, the knee jerk is clicitable m
some degree m some 3 weeks or even earlier after

a complete transverse lesion of the spinal cord

(sec ch C5)

The smooth and steady character of the con

tractions brought about through the ordinary

stretch reflexes concerned with the maintenance

of posture, is due to tlie osjuchronous nature of

the impulses set up by the numerous stretch re-

ceptors and the ns> nchronous reflex discharge of

impulses down the motoneurons to the muscles

The muscle fibers are, therefore, nc\er all re-

laxed nor all contracted at the same time The
sharp contraction of the quadneeps characteristic

of the knee jerk, on the contrary, is brought about

by the discharge of a vollej of synchronous im-

pulses and therefore by the fibers of the muscle

contracting m unison

CUmus Under certain conditions a muscle or

group of muscles mstead of contracting smoothly

and continuously may do so rhythmicalij in a

senes of rapidly repeated movements or jerks

Thus, m lesions of the central nervous sjstem as-

sociated with hypertonus, sharp passive dorsi-

fiexion at the anUe joint with maintenance of the

foot m the dorsiflexed position by light pressure

upon the sole, evokes a stretch reflex which con-

‘Wben the electrical responses are recorded
from the muscle of an animal during the elicitation
of a tendon jerk, cessation of the action currents
13 found to occur during the actual contraction of
the muscle This, the “o called “stfenl period ’ is

probably due to the muscle spindles l>cjng relieved
of stretch as the muscle shortens (see p ll&l) An
additional factor is the synchronous nature of the
discharge down the motoneurons, for, the latter
being all excitedm unison pass also simultaneously
into the subnormal phase J ^
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gists of a senes of rhythmical contractions of the

stretclied muscles (ankle clonus) The sudden

dorsiflexion causes a sufficient number of stretch

receptors to discharge a s%nchronous \olley of

impulses along the afferent ner%e to the spmal

centers and a synchronous efferent vollej to be

discharged to the mu«cles The continued stretch

of the muscle caused bj keeping the ankle in the

dorsiflexed position sets up another synchronous

^ oliey as soon as the motoneurons hav e recovered

each tune from tlie subnormal phase of the pie*

cedmg one Thus, the clonic movements continue

so long as the muscles are kept upon the stretch

Clonus can be cv oked in a similar fashion in other

situations

Some Otjieii Stultch Heflexzs (Deep or
TEVDOh Reflexes) or Cunical

lUPORTANCE

The join jerA Tapping tho chin mth the mouth
partly open, and jaw supported, stretches the

masseters which contract and jerk the jaw The
reflex center is in the pons

The bieepi jerK la elicited by a sharp tap upon

the biceps tendon m front of the elbow joint,

the re«ponse consists of a quick contraction of the

biceps with flenon of the elbow The center for

the reflex is situated ui the flth and 6th ccrvicnl

segments of the cord, it is inncnated through the

musculocutaneous nene
The tncepi jerk is evoked by a blow upon the

triceps muscle just above the olecranon process

of the ulna, contraction of the muscle and exten-

sion of the elbow result The center for the re

sponse lies in the 6th and 7th cervical segments

the peripheral nerv e is the musculospiral (radial)

The sujivnaforjCTfe coii'>i‘its of contraction of the

supinator muscle and flexion of the elbow, it

follows a blow upon the styloid proce«3 of the

radius Tlie center lies m the 5th and 6th cervical

segments of the cord, the peripheral nerve is the

musculospiral

Rossobmos reflex which is seen with hypcrac

tivity of the stretch reflexes in the loner extrem

itj
,
consists of flexion of the toes, including the

hallux, wlien the toes are flicked on their plantar

surfaces A similar response {Hoffmann t reflex)

which consists of a sudden flexion of the terminal

pliahnx of the thumb can lie evoked by flicking

the finger tips

Tlie Tone of Skeletal ^luscle

As a result chiefly of the work of the Sherrmg

ton school the word ‘ tone" or ‘ tonus" as applied

to skeletal mu'cle has acquired a clearly defined

meamng Muscle tone is the steady reflex contrac-

tion of the muscles concerned in mamtainmg the

postorc characteristic of a given animal species

To use Sherrington’s words ‘ reflex tonus is post-

ural contraction ” Tonus has its basis m the

' static reactions" of the stretch reflexes, and its

Beat IS therefore mainlym the anhgranly muscles

In most mammals these are extensor muscles and

in decerebrate rigidity the animal exhibits an at-

titude which is a caricature of standing, due to

an exaggeration of the tone of the extensors

In man the antigravity muscles and conse-

quently thc»e which exhibit the greatest degree of

lone arc the retractors of the neck the elev ator*

of the jaw (masseters), the supra«pinatu«, the ex

tensors of the hack, the ventral mu«cJes of the

abdominal wall (probably), and the extensors of

the koce and ankle (vTsstocrureu«, gastrocnemius

and soleus) Wlicn these mu«clcs are completely

relaxed, as in an unconscious person tho body

collap«cs In the healthy conscious person stretch

reflexes are largely instrumental m prev enting this

occurrence

Though the fundamental ba«is of tonus in v ol-

untary muscle is the myotatic reflex centered in

the spinal cord tho tonic state is mfluenced pro*

foundly by higher centers Impulses from laby

nnthine and neck mu«cle receptors (pp IICC and

1170) exert their influence upon this background

of tonus established through lower spinal centers

Simibrly pathways from cerebellar, midbrain

and cerebral centers convey impulses which im

pinging upon the final common path are capable

of altering the degree of tonus, or effecting finer

adjustments m the tonic state and of maintairnng

its normal distribution between groups of muscles

(fig 648, p 1173) The tone of a given group of

muscles may also be influenced through the spmal

centers by impulses arising m other muscle groups

(c B ,
neck muscles and the mu«clcs of tho digits

ankle and wnst, as m the positive supporting

reaction) and in skin receptors

WTicn the spinal centers are separated from

higher centers there is an arcflexic state of muscu-

larflaccidity Gradually this gives way toastate

of hyperreflexia The extensor tone however,

never is as pronounced as in dearebntp rigidity

whereas the flexor reflexes are more activ e

A feature of tome contraction is its economy in

the expenditure of energy Posture is maintained

for long periods wntli httie or no ev idence of fa-

tigue, eg in decerebrate rigidity m the main-

tained closure of the jaws, standing or sitting in

the normal person, and in the clasping reflex of
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Fio &4 2 The reflex effect of the lab^nnthine
and neck reflexes on red and pale mtjscle I*rcpa
ration mlh section of brain stem sb^htl^ anterior
to superior colhcnii M triceps, short lateral head
(pale) double traced Ime.Ehortmedixl head (red),

single hne Keck dorsiflexed at I andxentnflcxerl
at i I,abj nnlh tn tatermethtie position in each
neckposture (From Creed Dennj Drown Eecles,
Liddell and Sherrington lifjlex Aetmly of the

Spinal Cord, Clarendon Pre«s )

the frog The incrc'i'sc in metabolism is less than

m the case of thoie ortUnarj contractions nhich

result m mo\emcnt, though the difference is not

as great as ii-as once supposed’ The work of

Forbes and of Adrian and their associates indi-

cates that the cconomt of enei^ is effected

through different groups of muscle fibers eontract-

mgm relaj s, onlj a proportion of the total num-
ber of fiber groups of the niu«clc being actnc at

anj moment Tlius, active fiber groups mingled

with mactn e groups arc scattered throughout the

muscle The alternating periods of rc«t ami ac-

tmt> of the muscle groups explains the abdity

of the tonic contraction to be maintained for so

long without shoning fatigue

Red axd ttuiTE Mcscle

The skeletal muscles of manv animals, eg,
birds rabbit cat etc ,

can be clearly divided into

two tjpGS (a) red or dark and (b) xrhxle or pale

The former, as compared with the latter, arc com
posed of smaller fibers having a granular and more
opaque appearance, possessing more distinct

longitudinal striations but less pronounced cro<3

stnations and containing a larger proportion of

sarcoplasm * These red fibers contract more slowlj

,

fatigue less readilj ,
and are tetanized at a “lower

rate of stimulation than are the pale fibers The
pale fibers are translucent, show prominent cross

stnations and a small quantity of sarcoplasm

* In the normal human subject postural con
tractions cause a nse of from W to 70 per cent in
the basal metabolism In certain nervous states,
m which the bodj is mamt'iined tn fixed attitudes
for long periods (catatonia), the increasem metab
obsm resulting from the tome contraction of the
muscles is less (20 per cent) than in the normal
subject The circulator} effects of sustained pos
tore are al«o less pronounced in the pathological
cases
*The} resemble the intrafusal fibers of the

muscle spindle (p 1146)

amma) As a result of the destruction of the
labjTinlhs the head has dropped, this position of i

the head induces reflex flexion of the forelimbs /
and extension of the hmdiimbs (tome neck re

(

flexes, p 1171) (After rollocl and Dans ) f

Those inu«cles which execute rapid movements
are usual!}, though not mvanabl} of the pale

variet}, whereas the slower movementa are car

ried out cbiefl} b> the dark muselee It is probable

that all muscles are a mixture of the two (Mies of

fiber, but that in some the red in others the pale

type predominates The segregation of the two
tj-pes of fiber in different muscles ts much more
pronounced in some animals e g the fowl and
rabbit than m others In birds capable of soaring

or of long flight the meg muscles are main}} of

the red t>pe In man and the monkey the two
kinds of muscle can be distinguished with the

naked e}e though the differences are not verj

pronounced The predominance of one or other

t}!^ of fiber, can however be readilj made out

under the micro<>cope The rapidly cootractin_g

flexor cmaeles are latzeU comuosed of the palci/^
fibers, whereas each of the extensors usually ha» a
superficall} placed , rapidly contractin g, pale^om-v^

poneni tor bead) and a deep slowly actin^jdarfc [/

head No hnrd and fasTliiie, however, can be

drawn, Stnee both t\ oes of extensor muscle exhibi t

toae, and both take part in phasic contractions

IBe 612)

'

Decerebrate Rigidity

This IS the term applied to the sustained eon

traction of the extensor muscles which supen enes

upon transection of the brain stem at anj level

between the superior colliculi and the vestibular

nuclei * It was first studied and described in de-

* Decerebration can also be produced bj tying
the common carotids and the basilar artery at the
center of the pons and thereb} depriving the fore

brain of Its blood supply
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tail bj Sherrmgton The animal assumes a char

actenatic attitude mth Irnibs stiffly extended,

head retracted jaws closed and tail horizontal or

erect Wlien placed upon its feet the limbs sup-

port the weight of the bod> (fig 64 3 A) The

position IS a cancalure of the normal standing pth

silwn The knee jerL and other stretch reflexes

(pp 11G2, 1163) are exaggerated The righting

reflexes are abolished tonic neck and labjnnthine

reflexes are retained

y
In some instances there is increased reflex ex

citability of the flexor muscles as well but the

cl aractenstic feature of decerebrate ngidity is

the tonic contraction of the muscles which main
tain the posture of the bodv against gravity (p

1152) iheanligrantymuscles It maj be pointed out

that in the frog whose natural posture is squatting

with flexed thigl s legs and arms it is the flexor

muscles which are the site of decerebrate rigidity

Also in the sloth whose habit it is to remain for

long periods suspended from a tree branch flexor

rigiditj IS the characteristic result of decerebra

tion In the pigeon the flexor muscles which mam
tain the resting (folded) position of the wing ex

hibit rigidity and in the ape the muscles which

hold the elbow gemiQexed when the body is erect

show increased tone In man abolition of the func

tion of the cerebral motor cortex results in a state

of increased tone m the flexors of the arms and id

the extensors in the lower extremities whereas

decerebration at the mesencephalic level is as

soeiated with extensor spasticity m all four ex

tremities

ToMC l^ABtRlNTHIVE AND JsECK REFLEXES IN

THE Decerebrate Preparation (see

ALSO p 1171)

Lab) nnthine propnoceptors are responsible for

the tone of the neck extensors eonscquentlj after

destruction of the labynnths m the decerebrate

preparation the head is no longer held erect but

falls into the full) flexed position The ngidit) m
the forelimbs in turn la maintained through pro-

pnoceptive reflexes initiated m the extended neck

muscles as well as directlj through labjimthine

reflexes (p 1171) After lab)rinthectom>, there-

fore the flexed position assumed b) the head

sets up propnoceptue impulses from the neck

muscles which lead to a reductionm the extensor

tone of the forelimbs these then become strongly

flexed upon the chest (fig 64 3B) If the neck

muscles of the lab)nntIiectomazed ammal are

deafferented movements of the head are without

efi’ect upon the extensor muscles of either fore

or hind limbs

LENOnreMNO AND SnoRTEVivo Reactions

Attempts at passive flexion of the extended

limb of the decerebrate (or chronic spinal) prepa

ration are met by considerable resistance If the

force 13 increased bejond a certain point the

stretch reflex (upon which the resistance depends)

is inhibited and the limb gives waj suddenly

(clasp knife effect) It may then be easily flexed

to any degree and remains m the new position

The elongation of the extensor muscles which

permits the flexion of the limb is called thes/

lengthening reaction
’ Upon moving the limb

again mto the extended position the extensor mus-

cle shortens adaptivel) and agam resists the

limb being bent This is the shortening reaction >J

These reactions give the muscles a certain plastic

quality The giving way of the extensor spasm

m the lengthening reaction has been ascribed to

the setting up of mhibitory impulses in the ten

don and the muscle when the stretch stimulus

reaches a certain intensity The knee extensor is

inhibited also by a contraction of the opposite

knee extea«or this is known os the crossed exten

set or Phdltpson s reflex

A CONSIDER-Vnos OF the CENTRALMECHiNISMS
Concerned in the Production or

Decerebrate Rioiditv

Dazett and Penfield succeeded a keepmg am
mals (cats) alive for from two to three weeks after

a«<ptic section through the midbrain The am
mab showed extensor rigidity up to the day of

death though as time elapsed the condition

tended to be less constant intervals of reduced

extensor lone and increased flexor tone altemat

mg with periods showing the typical decerebrate

posture The fact that extensor ngidity was pres

ent so long after operation makes it clear that the

condition is not due to the irritation of fibers at

the line of section for the«e mu»t hav e undergone

d^eneration before the end of the survival pe-

nod In a more recent investigation Bard and

Macht demonstrated that if the hypothalamus

IS left intact even though “tevered from the mid

brain and bulb and if the animals are given in

tensive care they may recover some useful move

meat of their extremities following transection

throv^h the upper mesencephalon

Decerebrate ngidity is evidently due to the
j

release from higher control of a center or centers '

situated below the level of the transection This

control of the stretch reflex (postural reflexes

muscular tone) is complex The precentral motor

cortex exerts the most marked inhibitory effect
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upon thc«p rcflcK nm^cuhr acttv itiis In tlii» por-

tion of the cirebral cortov a n-irron stnp ongv-

nnlly desenbed l)\ Marion Hines nml commonl>

J
known 05 4s is particiiinrlj actn e in thus regard

Area 4s lies ju«t anterior to area 4 or the area

gigantopjTaiTiidahs which contains the Bclx cells

and immediatclj Ixhmd area C, an agnnular

precentral area which eontuns no lietr cells

Neighboring cortical areas are probahlj al>^ simi

larlj although le«s I fit ctu elj nctiie Tlie opinion

once held that tliLS mhihitorj effect o\ er the post-

ural reflexes is exercised bj the gigantic cells of

Betz m area 4 of the precentral gjTus and the

corticospinal tract which ansps from the prceen

tnl g>Tus (the “p\rjmKhil tract”) is cerhiinly

erroneous. Tliere is sNo c\ idejice that some of the

• basal ganglia exercise a certain controlling in-

fluence, probablj botli inhibitory and facilitatori

,

over the postural reflexes but detailed informa-

tion regarding the anatomy and phy «iologj of this

mpchamsm ts lacking In smmaN the antenor

lobe of the cerebellum exeri iscs in inliibitory con-

trol oxer the stretch reflexes Destruction of this

portion of the cerebellum m the cat results m a

state akin to decerebrate ngiditj whereas m a
decerebrate cat electrical stimulation of this por-

tion of the cerebellum causes a pronounced relaxa-

tion of the decerebrate ngidilj In man it appears

that this cerebellar inhibitory mechanism is citlier

far leas effeclue than m animals or is alisent al

together for no one has cxer demonstrated any

human cases m which cerebellar lesions have re-

sulted m spasticity The only alteration m muscu-

lar tone seen in human beings with ccrebclhr le-

jv\nii?.ij«.b,'5v\>:ACU3

In any consideration of the control of muscular

actn itj by the central nervous system one is re-

peatedly impressed with the important differences

between the organization of the nervous system

of man as compared wnth lower animals If one

removes the precentral motor cortex (areas 4 and

6, or the frontal agranular cortex) from man, a

severe and endunng spastic paralysis of the con-

tralateral extremities develops If, on the other

hand, the ‘motor” cortex or the cortex of the sig-

moid gy rus is removed from the cat or even if the

entire cerebral cortex is removed any paralysis is

fleeting and slight, and any alterationm the tonic

state of tlie skeletal musculature la of little mo-
ment These facts illustrate the constant care

winch must be exerted m interpreting any facts

demonstrated in animal experiments in explana-

tion of phenomena obsera ed in man
Area 4s exercises its inhibitory influence over

mu««dar activity by transmitting impulses to a

centrally placed bulbar portion of the reticular

formation It is likely that the basal ganglia and

the cerebellum also send their impubcs there The

reticular formation al«o contams a laterally placed

/ncifitalori/ mccliamsm which is capable of cn-

haneing the postural reflexes ^ Tins facihtatory

nietliani«in is connected with various other cen-

tral neural etnictiires but most notably njth the

vestibular apparatus and the vestibular nuclei

T1ie<e nuclei may augment reflex activity either

directly over the vestibulo-«pinaI pathways or by

way of the reticular formation It is obv lous then

that the reticular formation which contains both

inhibitory ami facihtatory mechanisms is capable

of acting as n center for the regulation of the

stretch anvl other postural reflexes and of muscu

lar activ tty m general

TIic view that spasticity is not merely the re-

sult of excessive spinal reflex activity released by

the removal of «upra«cgmcntal inhibitory con

trol but IS due to an imbalance of the reticular

formation between inlubitioo and facilitation is a

di«tinct advance in our physiological thinking,

but it represents an mcomplete understanding of

the problem and ignores many clinical facts Some

of the most striking examples of muscular spas-

ticity from disturbances in the human central

nervous eyslcm ate seen m patients with trau

roatic or neoplastic lesions of the spinal cord In

such cases the entire bnin including the reticular

formation of the brain-stem has been excluded so

far as conceras the skeletal musculature which is

innervated by the spinal cord below the level of

I'fie lesion Obviously in such cases the mecfianism

gmng to the 'ipastieity za a purely spinal one

and the condition must represent s removal of

descending inhibitory influences and a release of

spinal mechanisms from suprasegmental control

Decerebrate Rigidity m Man
In certain neurological disorders m man one

encounters disturbances m muscular tone and of

the postural reflexes including the stretch reflex

With lesions m the region of the midbram one'-

sees a state \ ery akin to decerebrate rigidity in the

laboratory animals All four extremities are ng-’

idly extended The forearms are pronated The
muscles show the lengthening and shortening re-

a^ions, and the tonic neck and libyrmthine-t-e-

fieims arc elicitable IVhen the head is flexed on

the neck the legs are ngidly extended and the

anus become flexed at the elbows BTien the head v

IS rotated to one side the extrenuties on that side
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become ngifilj extended while those on Uie oppo-

site side relax or flex \\’lieii the head is rotated

to the opposite side the pattern is re\crs«l (fig

64 5) \4ith decortication rather than dcccrebra-

tion the picture is somewhat different Tlic tower

extremitj is still usually spastic in extension but

the upper extremity is usuallj flexed at the elbow,

wnst and fingers This is the situation usually

seen m patients with a spastic hemiplegia caused

by a destructue lesion in the internal cap'uile

Diseases affecting the basal ganglia are com-

/monlj associated with increased muscular tone

This differs from spasticity m that it affects both

flexors and extensors more nearly equally, and
the degree of resistance to passive manipulation

is more nearly constant throughout the range of

motion This ngidity seems to be dependent upon

proprioceptive afferent impulses, as it disappears

when the postenor spinal roots are divided Thus
it re'cmbles the apasticitj of decerebrate ngiditj

which is dependent upon the stretch reflex for its

existence

The Spinal State

Transection of the cord produces an immediate

flaccid paralysis of the muscles below the point

of section Immediately after section m the lower

cervical region the limte hang limply, the muscles

being quite toneless, the stretch reflexes and

other extensor re«poQ«C3 cannot be elicited, the

knee jerk is abolished The blood ptessure falls

and vascular and visceral reflexes are unobtain-

able This condition is called eptnof ihock Its

-duration vanes wuth the species The higher the

position of the latter m the phylogenetic «cale the

more profound is the shock and the slower is the

recoverj In the frog its duration is bnef, in the

rabbit, cat and dog the knee jerk returns within

a few minutes (rabbit), or m an hour (cat) or

longer (dog), but in the monkej, not for several

dajs Other extensor reflexes, however, remam
m abejance for a much longer time In the cat

and dog the picture immediatelj following spinal

tran'icction is different from that seen after de-

cercbration The extenoor stretch reflexes are le^

active while the flexor responses to nonceptive

stimuli arc more easily elicited Conscqucntlj ,
if

the spinal cord of a decerebrate preparation is

sectioned, the exaggerated extensor tone charac

tenstic of the latter is rcplacetl (behind the sec

tion) an unbalance in favor of the flexor

muscles

Spinal shock also follows section throu^ tlie

medulla below the vestibular nuclei (dreapttofe

preparation) (sec also p 1150)

In tlw cat and dog recov ct> from spinal shock

gruloalli takes place in a few dajs The blood

pressure is rcstorwl to normal and the vascular

reflexes can again be obtamcxl The reactions of

the extensor muscles return, and the animal is

able, though imperfectly and very bneflj to sup-

port the weight of the body when placed upon its

feet (chrome «puial ammal)

Spinal shock is attributed to the removal of im
pulses which in the intact amma] descend from
higher centers to reinforce the spinal centers That
It IS due to this and not simply to an inhibitory ef

feet of the local injury itaelf seems clear from the
fact that after an ammal has recovered from spinal

shock a second transection made behind (lower'

than the original one) does not cause a return of

the shock state In the eat and dog the flexor re

flexes arc evidently dependent onlj to a minor ex

tent upon the higher centers since they are capa
ble of being executed by the spinal centers alone

and arc seen in their most exaggerated form in

animals or human beings with a complete transec

lion of the spinal cord The fact that the extensor

stretch reflexes are less active to the spinal animal
13 due to the loss of facilitatory impul*es from the

reticular formation and the vestibular nuclei but
these reactions can also eventually be carried out
by the epinal centers In pnmatee in which a

greater degree of motor function is represented in

the cerebral cortex the immediate effect of cord

section upon reflex activity is much more pro
found than in the cat or dog Eecoverj of reflex

activity following traruection of the spinal cord is

m considerable measure dependent upon the con

ditiOD of the ammal or patient Infection or im
paired nutrition greatlj retard recovery

The ‘“ITialamus” Animal

This term is given to an auimal whose cerebral

hemispheres hav e been remov ed leav mg the optic

tbnlatni intact (see fig B4 9, Section I) Such

preparations retam their nglitmg reflexes and can

regulate their body temperature They are al-o

capable of carrying out coordinated reflex acts

and show, often to an exaggerated degree, reac-

tions which in the mtact animal are a'«ocLnted

with emotional states (fnght, anger) Such reac

tions, which are termed p«eudoaffcctive, are also

exliibited by an animal whose cortex alone has

been ablated (see ch 66) In contrast to the de-

cerebrate animal, the dL«tnbution of muscular

tone in the thalamic cat or dog shows little de-

parture from the normal, though pronounced

extensor rigidity becomes evident when the ani-

mal is held suspended in mid air

Pnmates on the contrary, arc usuallj unable
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Fta W -4 Sfioning posture of a “thalamus*
monkc}^ The underneath limbs are extended and
the uppermost flexed hen the anim&l »s turned
over, the previouslj extended limbs (bems now
uppermost) are flexed, and those which were
flexed (now underneath) are extended (After Bic
her and Fulton )

to w alk after bilateral decortication, and there are

profound alterations m the muscul'ir tone of the

limbs Tile aniznal gtnorallj nssumes a character

istic attitude Wien Ijing upon its <ide the limbs

of the uniler part of t!vc bod\ arc extended and

the uppermost limbs flexed Tlie uppermost limbs

show a pronounced grasp reflex Turning the ani

mal on to its opiiositc side reverses the picture

The limbs which were undcrncatli and extended

arc now flexed and «how the grasp reflex, while

the limbs pre\aous)> upperniost, being now under

neath, are extended Righting reflexes (except

those dependent upon \ision) and the tome

labyrmtlune and neck reflexes of Magnus and de

Fig 64 5 Decerebrate child Suprasellar cjst
causing, interruption of descending patbwavs at
the level of (he tnidbram Ttiroing (he head to one
Side causes extension of the arm of that side and
increased flexion of the opposite arm (Modified
after L E Davis '

Ktcijo are shown m a <«tnking fashion (figs 64 4
and 64 5)

If the extirpation of the cerebral cortex is ear-

ned out piecemeal over a considerable period of

tune, and if the animal is giten meticulous care

as to nutrition and manipulation of its extremi-

ties, it IS possible occasjonalJj to produce an ani-

mal which can stand briefl} and awkwardly and

c\en take a few steps, but m general such anam-
mal 13 quite disabled The disability is much more

profound than tliat scon m a decorticate cat

Static and Statokinetic Reflexes of

Magnus and de Kleijn

The reflex mechanisms goxeming the orienta-

tion of the head in space, the position of the head

u relation to the trunk and the appropriate ad-

justments of limbs and ejes to the position of the

head, arc called into action bj afferent impulses

discharged from receptors situated m (a) the \es-

tibular apparatus (semicircular canals or utncle)

(b) the neck muscles, (c) the retina, and (d) in the

bod) wail or limb muscles

These are complex reflexes which arc concerned

with the posture of entire extremities and of the

trunk as the> arc influenced by movements of

other extremities, of the trunk and of the head

and neck Thci aid in maintaimng the position

of the bod> m space, m restoring the bod> to an

upright position when its pontion has been dis-

turbed, in progre««ion forward, etc A more de-

tailed account of the«e postural reflexes follows

General Static Reflexes

The RiGHmo Reflexes

The onentation of the head in space, and the

abiLty to maintaui the bod> lo a certain definite

(oonnal) relation to the head is a characteristic of

ammal life A cat held back downwards and then

allowed to fall through the air lands upon its feet,

its bead and bodj assuming m a flash, the normal

attitude Afishre«istsanj attempt to turn it from

its natural position and if placed m the water

upon its back flips almost instantly into the

noftnal swimming position Even a cray fish

rights itself from the back-down position * These

* ITie otoc3at of the prawn is homologous to the
utncle of mammals It is open to the extenor and
at moulting time its lining is shed The otoliths
consist of grains of sand which the animat it<el[

introduces into the otocyst If, after moulting the
aotmals arc placed in a dish containing fine iron
filings Ibc'e are inserted and various forced move
meats of the head and body can be induced by
bnaging a magnet into relation with the ear
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Fia (>4 6 On left po<>ition taken upb\ »thala
mua rabbit with intact labyrinths As it possesses
the labjnntlune righting reflexes it carries its

head in the normal position On the right position

taken up by a raboit like the precc^ng but de
prived of its labyrinths The head is not raised

towards the normal position (After Magnus )

nghling reactions arc complex and intolNe fitc

separate tj"pc9 of reflex

(a) Labyrinthine nghtmg reflows acting upon

the neck mu'cles

(b) Neck nghtmg reflexes acting upon the body

(c) Body righting reflexes acting upon the head

(d) Body nghtmg reflexes acting upon the

body

(e) Optical nghtmg reflexes J

The first four of these are demonstrated best

upon a ‘thalamus’ animal (p UCS) IV hen a
‘ thalamus ' rabbit or a blmdfold normal animal

IS suspended from the peh is (fig &4 C) the head

turns until it assumes its normal position in space

1C, into the position it would occupy were the

animal in its natural position The maintenance

of the head m the new position is due to lain/

nnthine nghtmg reflexes acting upon the neck

muscles Turning the body of the animal through

the air into different positions is followed by com-

pensatory moicments of the head, its orientation

in space being thereby mamtamed After extirpa

tion of the labyrinths or destruction of the utnclc

alone, and suspension of the animal as before,

the head shows no compensatory movements,

it hangs limply like that of a dead rabbit

VVTien the blindfold or thalamic animal is laid

resting upon its side on a table the head is raised

into the usual upnght position as a result of the

laby nnthine reflexes just mentioned The contrac-

tion of the neck muscles which rotate the

sets up in turn, proprioceptive impulses, which

through a center in the upper cervical coni exert

an mfluence upon the muscles of the body which

rotate it (thorax first, then pelv is) into the normal

relationship to the head This is the neck rvUiiyr

reflex acting upon the body A labynnthectomized

animal when laid upon its side behav cs m a some-

what similar manner The reaction under the lat-

ter circumstances is due, however, to the asym-

mctncal stimulation (pressure of one side of the

body upon the table) of exteroceptors in the body

wall, and the reflex contraction of the neck mus-

cles This is the body nghtmg reflex acting upon the

head If a board of a weight equal to that of the

animal is hid upon its upper surface, the pressure

being thereby disposed equally on the two =ide«,

the compensatory mov ement of the head does not

occur

Again, when a blindfold animal or one which

has been decorticated is hid upon its «ide and its

head held down to the table, to elimmate the

nghtmg reflexes of labyrinthine and ccrvrcal ori-

gins, as well as the body nghtmg reflex acting

upon the head, the body nev ertheless attempts to

nght itself by raising theTimdqua^ers This must
be due to the asymmetneal pressure upon the

body exerting a reflex effect upon the skeletal

muscuhture, i e
,
a body nghtmg reflex acting

upon the body

This reflex is well shown by the hbryinthecto-

mizcd dogfish, especially after blmding TVTien

pheed in the water (pressure being equal on all

sides) upon its side or back the fish depm ed of its

labyrinths swims away m the false position

WTien, however, it comes into contact with the

bottom or side of the tank (pressure then bcuig

everted unequally) the nghtmg reaction immedi-

ately occurs Even worms possess this means of

onentatioD

The optical nghlmg reflexes are initiated

through retinal impre'«ions Tliey are absent in

tVws ttaVaimc ammaV Vheii center is cOTtiinV

(occipital lobes) "Visual impression's play a promi-

nent role m the orientation of the head in some
animals, such as the monkey

,
dog and cat If a

labyrmthectomizcd dog is held in the air m order

to exclude the body nghtmg reflexes, it is capable

of orienting the head, but is not able to do so if

bbndfolded The optical nglitmg reflexes are of

minor importance as compared with the laby

mtbme in animals such as the rabbit and guinea

pig who=e cortical development is more rudimen-

tary, and who depend to a large extent upon sub-

cortical visual centers In the more mtelligent

animals the optical nghtmg reflexes are abolished

by decortication Yet even the cray’fish depnved

of its otocyst, which is the homologue of the

utnclc of mammals, nghts itself, though vnth

fpsq facility than normally, when placed upside



CAapfer POSTiniC AND EQUILIBniUM 1171

doun in water In this medium nghtwg reflexes

due to unequallj distributed pressures upon the

bodj surface must ob\ iou«I} be m abeyance, tlic

righting reaction, then, is appartnllj cnlirclj of

retinal origin That this is so la proved by blind

mg the animal, then the righting reaction is lost

complete^

To sum up, the righting reflexes may now be

cn m their natural sequence llTion the animal

placed upon its back the lahyrmthmt reflex

acting upon the neck muscles turns the head into

its normal relationship to the dimensions of space

the proprioceptive reflexes of the neck muscles

then bring the body into its normal relation to the

head When resting upon n rigid support these

reflexes are remhreed by body righting reflexes

(on head and body) ^Vlien tlie animal falb

through air or n ater, the«e latter reflexes of cour«c

do not come into play A labyTinlhcctomizcd but

Qthcnn'e normal animal, such as the cat or dog,

recovers its upright position when allowed to fall

J
hrough the air, as a result of the operation of

lie optical righting reactions, the nghting ability

IS lost, however, jf the eyes arc covered mtb a

hood A]«o, an au-'breathmg animal deprived of

its labyrinths, though a good s\\ immcr, drowns if

thrown into deep water, since it cannot onent

itself by the sight of surrounding objects Deaf

mutea, whose labjTuiths are very frequently un-

developed, though able to smm may become dis-

oriented and drown if they fall or dive into deep
water

Righting reflexes may be demonstrated in Uic

human subject A baby a few weeks old, for ex-

ample, when lyung prone raises the head into a
nearly vertical position RTien blindfolded and
held by the pelv is in different positions m the air

the head is moved toward the normal position

Local and Segmental Static Reactions

Supporting Reactions

Magnus speaks of the simultaneous reflex con

tractions of both extensor and flexor muscles and

other opposing muscles whereby the joints are

fixed and the limbs conv erted into ngid pillars for

the support of the body against gravity as the

poszhve supporting reaction This reaction is ini-

tiated by

—

(a) Impulses discharged from the propnocep-

tors of the flexor muscles of the terminal segments

of the limbs—digits and ankle or wrist, the pres-

sure of an ammal s paw upon the ground by

stretchmg these muscles provides the adequate

stimulus which calls forth simultaneous reflex

contractions of the flexors and extensors of the

knee (or elbow

)

(b) Myotalic reflexes set up in the flexors of

ankle and toes (plantar flexors), and of the corre-

sponding forehmb joints, excessive extension at

tbeot joints w thus counteracted Any tendency

toward oier-extension at the knee or elbow is also

provided agamst through the reflex set up when
tilt flexors of these joints are stretched Similarly

,

any tendency of tlie knee or elbow to bend under

the weight of the body calls forth a myotatic re--

flex from the extensors, which prevents any

weakening of the supporting action of the hmb
(c) Impulses set up m the pressure receptors in

tJic deeper layers of tlic skin of t)ie sole wlien in

contact with tlie ground, thus exteroceptive re-

flexes reinforce tho«c of proprioceptive ongm
TTio cxtcroceplor element is well shown in a de-

ccrcbcUatcd dog l^Tien such a preparation is

placed upon its back and the head «trongly flexed,

the hmdhmbs arc flexed m all jomts Light pres-

sure with the finger upon the toe pad then cau«e8

an extension of the limb, and if the finger be

moved with the hmb as it extends so that only

very light pressure upon the pad is maintained

oncluos the sensation of the hmb being drawn out

by the finger For this reason the mov ement has

been called the ‘ magnet reaction
"

The relaxation of the muscles and the unfixing

of the joints which enables the limb to be flexed

anil moved to a ivew position is called the negahie

supporting reathon It is brought about b\ raiding

the pad off the ground and plantar flexing the toes

and ankle Tlio exteroceptive stimulus and the

stretch stimulus to the plantar flexors are thus

removed The reflex ‘ unlocking” of the hmb is

not, however, sunply due to the removal of these

stimuli, but has m addition a positive clement,

namely, the stimulus provided by plantar flexion

and the consequent stretching of the dorsi flexors

of the toes and ankle—relaxation of the extensors

of the knee or elbow and contraction of the flexors

result

The BUpportmg reactiona, though seen best in a

decerebellate ammal, can also be demonstrated m
the decorticate preparation or in one who=e bram-

Btem has been divided above the medulla oblon-

gata Segmental static reactions, e g ,
flexion re-

flex and the crossed extension reflex liave been

desenbed in chapter 63

Statotonic or Attitlidinal Reflexes

(1) Tonve fo6i/nnMine and necA reflexes acting

upon ifie limbs These reflexes influence the tone
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Fio C{ 7 Diagrammatic representation of the
positions of au animal s head each marked nath
the angle which the mouth cleft makes mth the
horizontal plane (After ilagnua )

of the skeletal muscles and tliereby matntam the

different parts of the body m an attitude appro-

pnate to a giten position of the head Tliey are

investigated best in the decerebrate animal (p

1165), the righting reflexes being then lai^elj

abolished The propnoceptors concerned arc m
(a) the lohynniK (tonic labjTinthiac (utncular)

reflexes) which are brought into play bj altera

tions in the position of the head lo space, (b) the

neck mxiielea (tonic neck reflexes) which come into

action when the position of the head is altered

relatively to the bodj In order to study sepa-

rately the part plajed by each of these reflexes

in an> guen reaction, the following procedures

arc adopted

A To exclude tke neck re/«e«
(a) Immobilization of the neck of an animal by

means of a plaster of Paris bandage in order to

prevent movement o! the head in relation to the

trunk Any tonic effects resulting from a change

in the animal s position must then be due solely

to alterations in the position of the head in space

(labjnnthine reflexes), or (b) section of the pos

tenor roots of the first three of four pairs of ccrvi

cal nerves

B To exclude tome labyrtnlhine refiexes

(a) Fixation of the head alone in some suitable

apparatus The tonic effect resulting from move
ment of the body must then be due to an alteration

in the position of the body in relation to the head

1 e to movements of the neck, or (b) destruction

of the labynnths or section of the 8th crania^

nerves

Tlie labjTinthme reflexes exert an influence upon

the tone of the exteneor muscles which is in the

same direction (mcrease or decrease) tn all four

limbs The influence of the neck reflexes, on the

other hand, is usually m opposite duections in the

fore and hind pairs of limbs Tlie greatest degree

of extensor tone is exerted through the lab3T!nth

mcchanum when the animal is supine and the

mouth cleft inclined at an angle of 45° (fig 64 7)

above the horizontal plane, and is least when the

mouth cleft makes an angle of 45° below the

horuontni plane

Extensor tone diminishes as the angle increases

it IS mimmal in the prone position with the moutf
cleft at an angle of 45° below the horizontal plane

Inm animal on all fours the labjnnthme effect

js, therefore, to increase or decrease the extensoi

tone m the muscles of all four limbs when the Lead

IS strongly extended or flexed, respectively In

the decerebrate labyrmthectomized animal the

peck reflexes alone operating, flexion of the fore-

limbs and extension of the hmdlimbs occur when

the neck is flexed toward the sternum (ventri-

flexion) (sec fig 643, p 1165) Extension of the

neck (doreiflexion) produces the converse picture,

1 e , extension of the forelimbs and flexion of the

luodlimbs Ulien therefore, the neck la ventn

flexed in tfie dglircbrato animal witn intielkby.
rinths. the neck reflexes remfOTCO the tonic labv

nntbine effect upon the forelimbi but antagonize

tiutuiwntnenindlimbx^ tbeusimlj/-glilf.ig roUvn

tioD of the forelimbrinth strong extension of the

nunuiimbs \Vhen the neck is extended the neck

reflexes reinforce the labj nnthme effect upon the

tone of the forelimbs but antagonize that upon the

hindlunl» The effect of the neck reflexes upon the

extensor tone of the latter again predominates*

(he extension of the forelimbs is maintained but

definite relaxation of the hindlimbs occurs

Rotation of an animal s head (turning in the

frontal plane of the skull) causes increa'cd ex-

tensor tone of the fore and hindhmbs on the side

of the body toward wluch the jaw la rotated (jaw

ItnAs)* and reduces the extensor tone of the oppo-

site limbs (skuH limbs) • Inclination of the head

toward one shoulder (lateral flexion) as when an

animal turns a corner is accompanied by similar

effects—extension of the limbs on the side of the

body toward which the jaw (or snout) is mclmed

(jaw limbs) and flexion of the limbs on the oppo-

site side (skull limbs) A

Pre^ura upon the last cerv ical vertebra reduces'^

the tone in all four limbs (terlebra promincTi^

reflex)

* Magnus has introduced the tertn jaw hmhs to
indicate the limbs toward which the chin of man
or the jaw of animals is rotated or inclined The
opposite limbs, 1 e the limbs to which the vertex

01 the skull 13 rotated, are called skull limbs
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Fio 64 8 PhotoRTApl s of a normal tit sbowinf* the animal j posture (on left) when its attention i?
attracted b> an object placed abQ%e tt 1 hotograph of ihc game animal (on right) when its attention is
dratsn to an object below it The difTercnce between tl e two positions of ti c forclimbs is very marked
because in them the neck and labi nnlhine reflexes reinforce one nnotl pr the hindlirobs are in much the
same position in both ca“es «ince tl e two sets of reflexes cancel one another Ufter Magnus )

Tlie significance of these reflexes and their im

portance in the coordination of the postural

muscles maj be realized when the attitudes of the

intact animal arc observed Thus when an animal

turns to one side the limba of that side arc stiff

ened in order to support the bodj s weight A cat

looking upwards to a bird m a tree extends the

forelunbs and flexes the hindlimbs thus giving

the back a suitabtc inclination wbch improves

the position of the head and eves and ptaccs the

bod} in a position prepsratorj for a spring (fig

04 8) ^Vhcn looking into a hole or beneath a cup-

board the flexion of the forolirabs and extension of

the hindquarters gives an opposite but no less

advantageous inclination to the body Depression

of the backm the region of the last cerv ical v erte-

bra brings the animal mto a crouching attitude

Stato*tonic effects may be demonstrated m cer

tarn nervous Ie«ions associated mtli a state anal

ogous to decerebrate ngiditj of animals (pp 1105

1160) Turning th^head to one side for example

causes an increase in tone of the extensors of Uie

jaw limbs and hypotomcit} in the limb muscles of

the opposite side ’ \tTien the head is in the posi

tion for maximal lab3nnthme tone i e when the

patient is supine and the neck extended the ex

tensor tone of the paralyzed limbs increases but

becomes reduced m the prone position

(2) Tonic labynntlnne and ctnical TCftexes acting

upon the eyes Tome effects upon the eje musclra

analogous to those desenbed for the skeletal mus-

cles result from changes m the position of the

head Labyrinthine and neck reflexes are respon

sible Alteration m the position of the head with

neck immobilized or movement of the liead m
relation to the bodj after labjTinthectom} la fol

’This Bccording to Alagnus can al«o be shown
in a certain percentage of normal infants and in

hydrocephalus it may be weT! marked

lowed by compensatory eye movements Turning

the head dovv nw ards causes an upward mov cment
of the eyes wliith are held m this position so long

as the head position is mamtaincd the tone of the

superior recti and inferior oblique being ujcrea«td

while that of the mferior recti and superior

^bhque is reduced A corresponding compensatory

movement of the eyes occurs when the head is

turned upward Similarly when the head is

turned to one side the internal and external recti

of the tw 0 ey es cooperate to dev late the e> es out

ward Of inward in relation to the head Briefly

,

_ the eyes are moied in a d/reetioa opposite tojhst

Unrla-jd—thirTtlffir ^^al positions

m space are maintained and the visual field exist

mg prior to the head movement remams unal

tered It ’'hould be pomted out that the actual

nioiemcnt of the eyes is a stato-kmetic reflex (p

1174) anddue toa differentmechanism (^emicucu

lar canals) from that which mamtaios the eye

position while the liead is held in the altered atti

tude The latter is a stato-tomc reflex, dependent

upon the utricle

SuSlSlART OF THE CENTERS FOR GENERAL STATIC

Keflexe^

Magnus found that all the static reactions men
tioned in the foregoing section could be obtained

unaltered after removal of the cerebellum as

could also most of the stato-kinebc reflexes to be

desenbed m the next section b>evertheles9 this

rather surprising fact does not necessarily imply

that in the normal intact animal the cerebellum

play3 no part m these reactions A contrary con

elusion must be drawm from anatomical considera

tions and from oJiscrvations in cerebellar disea'^e

m which disturb inces referable to the labyTinth

^ g afinormaf positions ofAcad faffing cfc ) are
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Fig 64 9 Diagram to illuotrate the effects of
sections through cat’s brain at various levels Line
I, thalamic aminal, righting tonic labvnntbine
and neck rehexes retained, little disturbance of
muscular tone. Lines II and III decerebrate
rigidity, Line IV, behind \estibular nucleus, de
capitate animat, extensor rigidit> less marked
tonic neck reflexes retained Section at level of
«econd or third ceriical segment of the cord—
“pinal animal—abolishes the tonic neck reflexes
(after Magnus) , III indicates Sherrington s ongi
nnl «cct,ion

manifest Moreover, numtrous connections be

tween the labyrinths, the vestibular nuclei and
tlio cerebellum have been demon«tnted

(a) The righting refltiee All the labjnnthinc
righting reflexes, as well as the bodi righting re

flexes acting upon the head have their centers in

the mulbrain The center for the optical righting

reflexes is cortical, that for the bod} righting

flexes acting upon the head have their centers in

the mulbrain

(b) The ttato ionic labyrtnlhint reflexes acting

upon the skeletal muscles have their center id the

vestibular nuclei

(c) The neck reflexes arc centered m the upper

two or three cervical segments of the spinal cord

(see fig 64 9)

(d) The centers for the tonic labyrinthine ond
reriicnl reflexes acting upon the eyes are situated

betneen the vestibular nuclei and the oculomotor

nuclei

Placing and flopping reactions These have been

thorough]! investigated b} Bard Bard and Brooks
describe {i\e placing reoctioni

(I) If a cat IS held in mid air with legs de

pendent and chin held up so that it cannot see

anj thing below or m front, contact of the backs

of the forep-iws with the table s edge is followed

I)} a quick movement of the limbs which brings

the pswa, soles down, precisel) upon the surface

of the table (2) If the forelimbs of a cat are held

down while the chin in brought in contact with the

table near its edge, the forepaws when released

are instant!} raised and placed upon the table be

side the chin, a movement which is usually fol

lowed bj extension of the limb« and the assump
tion of a standing position (3) If the fore or

hindhmbs of a cat standing or sitting upon a

table are pushed over the tables edge, thev are

immediate]} lifted and placed in their original

positions (4) If one abducts, without holdmg, the

limb of a standing cat, it is instantly returned to

its previous position (5) If a blindfolded cat is

suspended in the air with forelimbs free and its

head brought toward some obstacle, at the in

stunt that the vibnssae come into contact with the

object the forepaws are raised and accuratel}

planted upon the surface of the object The first

three of the^e reactions are due to stimulation of

receptors upon the body surface (exteroceptors)

and probably also of proprioceptors in ma'cles

and tendons The fourth is a purely proprioceptive

reflex, the last is initiated from tactile receptors

The hopping reactions consist of limb movements
which serve to maintain the standing position

against an} force acting upon it in a horizontal

plane When, for example a cat is held so that its

body IS supported upon one fore or hindlimb and

IS then pushed in one or other direction, the sup

porting limb hops quickl} in the direction of the

displacement the foot being kept directl} under

the corresponding shoulder or hip The hopping

reactions are probabl} dependent upon m}otatic

(stretch) reflexes (p 1163)

The placiog and hopping reactions are con

trolled from the sensorimotor area of the cerebral

cortex Removal of this region from both cerebral

hemispheres by Bard and Brooks was found to

abolish the placing reactions and to produce an

extreme degree of deficienc} m the hopping reac

tions Decortication (complete removal oi the neo

cortex) produce no greater deficiency The control

exerted b} the cerebral cortex is entirely contra

lateral, i e the component movements of the re

actions on one side of the body are governed soleh

by the op|>osiie side of the brain

Kinetic, Statokinetic or

Accelerator Reflexes

The term kineUc is attached to these fabjTin

Fig 64 10 Diagram showing the semicircular

caaals and their relation to the planes of the skull

S m^ian sapttal plane, F, transverse frontal

plane (see text)
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I-;r 64 11 Diaffnin of the C, foch
lea, C R , cntnlisjeumcns, S eiecnlg. 13 utricle

Receptor nrcas indicated in lieaCjTilack

tliinp refletra becau«c tJjcj art ciu'ipd bj the

Plot cmcnf of the head, but «mcp it » not the mo\c-

ment it«elf, but aaeleralion nlxjie a certam rate»

angular (rotarj ) or linear {progre-^u e) that is the

adequate «tiinQlu«, acceleraiory refiexce js a better

namo

Avatomt or Tufc LtBrntMii

Before a description of other labj rinthme (unc

(ion< c g , the stato kinetic reffexes can be tin

dertaken, a brief description of the structure of the

{ab^rlnth must be given This structure consists

of an auditory, (cochlear) and a nonauditor> por,

tion tVe are concerned here onlj nith tfte latter

nhich we shall refer to simph as the lahjpotb
The bony labyrinth comprises a senes of cavities

tunnelled in the petrous part of the temporal bone
The cavities are the three semicircular canal* each
of which opens by Us two extremities into a ovoid
chamber known as the leatibule The bon> lab>

nnlh lodges a series of hollow membranous struc

<iynftf—fAe rnrerndrirnous I'adyrinf'/f The membran
oils lab^rInth consists of (a) TAree $emt circular

Fig 64 12 Diagram (not to scale) giving a
lateral view of the internal ear within the skull

\ , vertical canals H horizontal canal, U utncle,
S saccule, C, cochlea (Redrawn fom Quiz )

Fic dll'! Drawing of cri«ta (From Baileys
Iltatology afier Schafer

)

canals King in the corresponding boD> canjJs (b>

Two sacs the utricle and eaccufe situated in the

ve«ljbuJes (fig 04 JJ)

The 8EMICIRC11.SR esNsLs One extretmt> of

each canal shons an exi>ansioa kno»n as the

ampnlfa wherein is -ituated the pecific eon<c or

gan The membranous lahiTinlh is filled mth fluid

—the endolymph a similar fluid—the pertfympA

—

lies betneen us walls and the nails of the bony

labynntb The canals be m planes approximately

at right angles to one another and are calletl

respectiveh external or lateral (horizontal) on

tenor ar superior (sertieal) and posterior (vertical)

(see fig 64 10) It will be noted that the nonex

paoded extremities of the vertical canals join to

form A common stem through which the> com
jjjsujicstg nfth tbo viru-}o fSgs 64 S4 JJ sxn}

6412)

The external canal is directed with its convexity

outwards and backwards When the head is in the

erect position this canal is on]> approximate!}

honzontal it is inclined backwards and down
wards at an angle of about 30® to the horizontal

plane The vertical (anterior and posterior) canals

both make an angle of about 4a® with the frontal

and the sagittal planes of the skull * The anterior

canal of one ear is therefore nearly in the same
plane as the posterior canal of the other ear

whereas the posterior or anterior canal of one ear

13 at right angles to Us fellow of the oppohite "ide

as well as to the other tno canals of the same ear

The external (honzontal) canals of the two sides

he in the *aine plane

Tde cbist V This 18 the receptor organ of a ecmi

circular canal It is situated in the ampulla and
consists of a mound of sensorv hair cells between

which are non'»Bn*orv supporting cells The sen

• That 13 their planes croa.s both the frontal and
aagittal plane* diagooall}
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eory celh are surmounted by a gelatinous dome

shaped structure—the cupula this contains fine

longitudinal channels in which the hairs or cilia

lodged (fig W 13)

Tiil Otolith Organs—the Utricle and Saccule

In the nail of the u'riele he the openings of the

semicircular canals The utricle cnmnuimeates

through a fine canal with the cochlea and by a

second small channel—the duclns utnculosaecu

Inns—with the saccule The sense organs of the

utricle and saccule are called nuxeula Each macula

is a plaque of sen'itive hair cells covered by a

gelatinous material—the otolith membrane—con

laming crystals or concretions of a calcareous sub

'tanee—the otofitA* The macula of the utncle is

situated on its anterior and medial walls the two

portions being joined at an angle of 140* The
sensitive hair cells are directed laterally and pos

tcnorly The saccule communicates with the

cochlea through the canatia reuntena The saccular

maculae are situated obliquely forming an au^c

of 27* wth the vertical plane an<l 22* with the

horizontal The saccular maculae of the two sides

incline towards each other so that if continued

backwards they would meet behind the head The
dorsal lobe of the saccule also contains a macula
whose hair cells face downwards The saccule com
municates with the utricle on the one band and
wutli the cochlea on the other Its communication
With the latter is through the duct of Henson The
sense organ of the saccule is also given the name of

macula* and is constructed upon a plan similar to

that of the utncle

The Nervous Cosvectiovs of the Labyrinth

The central connections of the vestibular mech
anismere very widely distributed throughout the

central nervous system and are far from being

fully known but the following connections are

fairly well established

Tl e impulses from tl e proprioceptors of the dif

ferenl parts of the non auditory laby nnth are con

*The term lapillus is sometimes applied to
the otolithic organ of the utricle while that of the
saccule is spoken of as the «agitta

INTERNAL RECTI
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to tbc mctlulla bj the vestibular branch of

tbe 8th neric The cell bodie-* of the vestibular

fibers he m Scarpa s Ranglion situated jit the hot

tom of the internal aiublorj meatus 'Iltose cells

nrebipolar TheirafTcrcnt proec"- cs (deiultiles) are

ib'tnbuted to the scn«o organs of the utricle aac

cuie and semicircular canals, and terminate m the

hair cells Their avoiis pass (or the most pirt to

the superior, lateral, wiediol and in/crtor irstibufar

K«c/ei m the medulla (a fen go dirccth to tlie

flocculo nodular lobe and the fnstigial nuclei of

the cerebellum) from which rcla\ filicn) follow

three patbwa>8 (fig G1 1-1) Diiis thire nre

(a) Ascending fibers from tbe r-tipenor vcstib

ular iicucleus winch join the modi it longitiiiiinal

bundle of the same side From the medial aestilni

lar nucleus impulses are rela\od to the medial

longitudinal fu'ciculus of the opposite side, from

the inferior vestibular nucleus fibers ascend in the

medial longitudinal fasciculus of both sides The
fillers from the*8 nuclei terminate in the nuclei of

the 3rd 4tb and 6th cranial nerves and constitute

the vesibulo ocular tract Througli these connec

tions, refiex movements of the eves are lirought

about

(b) Fibers dc'cend from the lateral (Dieter s)

and the inferior vestibular nuclei Those from the

lateral nucleus constitute the vcstihiilospinal

tract (ch 85), while those from the inferior nuc
leus descend in the spinal extension of the medial

longitudinal fasciculus as far as the upper cervical

region of the cord, where the> synapse with the

anterior horn cells Through these connections im
pulses are convej ed to the skeletal muscles

(c) Fibers pass via the inferior cerebellar

peduncle mainly to the flocculonodular lobe of the

cerebellum on the same «idc but also to the fasti

gial nucleus of the same side These constitute the

vestibulo cerebellar tract

\s a result of his clinical findings I H Jones
concludes that the fibers from the vertical and
from the horizontal canals follow different paths

Those from the vertical canals do not according

to this observer, enter the vestibular nuclei but
ascend to tbe pons where they divide into two
diverging paths, one arm of the T so formed joins

the medial longitudinal bundle and is distributed

to the ocular nuclei, the other passes to the cere

helium via the middle cerebellar peduncle

Effects Foelowtng Labyhinthectomt

(iv the Doo)

UmlaUral labi/nnlhedonitf (1) Ocular Both
ejes are turned toward the side of the operation

The ej e of this side aho shows a dow nward dev la-

tion while the ej-e of the sound side deviates up-

wards (skew deviation) Horizontal nystagmus

(pp 1179, 1180) with the slow movement toward
the operated side

(2) Lfl(eraZ/?eji(jn and rotation of Vie occiput to

(he Ofieratod side togctlier with flexion of the

thon\ on the pclv is toward this side

(3) The extensor lone of the limb muscles is

greater on the sound side tlian on the operated

aide, the limbs of this side being flexed and ad

ducted wherns tlioso of the opposite side are

extcniled and abducted

(4) bponlancous mofentenls These are all to-

ward the oj>or ited side and consist of (a) circling

le, turoing of the liodj around a vertical axis

(b) rofUng ic rotation around a horizontal axis

m the rabbit tlie rolling movements are \er>

violent, (i) side to side movements of the head

(Iiead iijstagmus) (d) falling to operated side

(e) sttpjMng gait

Manv of the fongomg features eg, nvstag

mus rolling and iircling movements are imfa

(Hcmniturt le the result of irritation of nene
endings b\ the operative trauma The> therefore,

improvt with time Tlie others eg, oscillating

movements of the head head tor«ion stepping

gait, falhiig and asvmmetncal distribution of

tone, arc deficitncj phenomena '® Tlicse for the

roost part also improve since tliej tend to be

compensated b\ vi-ua) and other nonlab^TJnthme

reflexes cspeciallj m higher onimals who also

learn to exercise cerebral control over the al>

nofini) muscular aolnitj

Bibteral Ubj nnthectomj produces irritative

effects similar to tho->e described abov e the direc-

tion of the movements being variable and de-

pendent upon which ear shows the greatest de-

gree of irritation The labjorinthine static reflexes

ate, of course, abolished but m the more intelh

gent animals the defects of orientation are laigel>

compensated for b\ visual reactions The normal

reactions to rotation (p 1 179) are abolished

It IS surprising that such striking manifesta-

tions were seen in the dog following destruction

of the lafajTinth as section of the eighth cnmal
nerve in man is not followed an> such s^mip-

tom complex In fact such a section is usuallj fol-

lowed bj no sv mptoms or signs of any moment
The viucstion must therefore be raised as to

whether the manifestations desenbed abov e

might have arisen as the result of some complica-

tion of the operation, or as the result of an in-

complete destruction of the labjTinth which re-

sulted m stimulation The different results maj

•* Cocaine injected into the labjrinth produces
the dcficicncv phenomena characteristic of labj
nnthectomj but when applied to the nerve stump
after removal of the labyrinth it prevents the oc
currence of the irritative phenomena
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TABLE W

1

SemicirruUr Ckoal

i

RonIt on VboLt iIm

itudi !
Tn

T;

1
Vertical

£
1
j

I
«i*V30|3

.

Right ant vert • .
• ® •

I>cft ant vert 0 ' • ' 0 ' • ' ©
Right post vert • ® ® • •

,
®

Left post vert ® • ®
:

• ©
i

•
Right horizontal O o o

' O • ' ©
Left horizontal o o o O ® •

Re«pt>n‘>M of the 8>x eemieircular cansta (of fi»h

the thornhack ra) ) to rotation • excited, ® in

hibited O unaffected ant vert = anterior ver

ttcaf, poll vert « pcwtenor vertical (After

Wnenatein and Sand )

be dependent upon \ariations in function and

importance of the labjnnths in different animaH

IxAByniNTHiyL Ftrvenov

The semicircular canaU arc organs of namic

sensj, the otolithic organs Bubwrve both dynamic

and static senses Tlic hair nils of the cri«tae in

the canals respond to angular acccloradOD (rota*

tion), and are therefore called rolary receptors The
h-iir-cells of the micula on the medial nail of the

utricle, and probably the macul » of the saccule,

as ncll, arc stimulated mainly b> changes in post*

tion of the head, and bj linear acceleration They

are c died ffront^ receptors “

The semicircular canals The rotary reteptors of

the cristac respond and giv e n«c to a sensation at

the commencement and at the ce^tion of a

rapid rotary movement Tliough impulses at Ion

frnjutncv are dischai^cd along the nerve fibers

nhile the head is at rest,'a sharp increase in iin

pulst frequency occurs a|^ the commencement of

the rotary movement, and at its end The mpid

discharge lasts for about 25 seconds The rotary

receptors, therefore, give no information of a

continuous rotary motion of unvarying speed,

though any alteration in speed of rotation (angu*

lar acceleration) arou«ca a sensation The reason

for this will 1x5 ev idcnt upon consideration of the

stimulating mechanism

Stimulation of the sen«iti\c hair-cell» of the

>' Breuer (1S74 to 1801) was thefirnt to point out
the diflerence in function between the semicircular
canals and the utricle

enstae is brought about through the effect which

the movement of the head everts upon the endo-

lymph nithin the canil, the particular canal

which IS stimiihtcvl defwndmg upon the plane in

which the rotation occurs The canals are of capil-

lary diameter (0 I to 0 2 mm ui man), and the

endolymph is of relatively high viscosity (2 to

3 tunes tint of w iter) The membraneous laby-

rinth J3 a practically dosed system and is sujj-

ported on the out-ide by pcnlyroph, and the un-

yielding walls of the osseous hbyrinth

tMicn the henl turns quickly from a i)o«itioii

of rest, sav to tlie nght (•'ee fig &4 IG and table

fit 1), le , in i clockwise direction, and in the

plane of the horizontal canals (around a vertical

avis), the endolymph within the canal, owing to

Us inertia, does not niov e at first mtb the w alL of

the canal This lag iscqmvalcnt to a movement or

flow of endolymph to the left—anticlockwise—in

both canals But owing to the rehtive {X)«itions

of the two ampullae such a flow of endolvmph

causes the cupula—the gelatinous mass sur-

mounting the cn*ta, and in which the hair-ccll-

are embedded—to swing toward the utricle in

the nght ampulla and away from the utricle in

the left ampulIalDeflection of the cupul i causes,

in turn, dc^rmation of the hair-cells which acts

as a stimulus when the swing is toward the utricle

(right) but Jv inliibitory" if it is away from the

utncle (left) These events are reversed when the

rotation is to the left—anticlockwise

TIius, I clockwise rotary movement of the head

(eg a quick turn) around a v ertical axis stimu

lates the right horizontal canal, an anticlockwise

motion excites the left, or put in another w ay
,
the

rotary receptors tre stimulated onl\ when the

Harrow part of the canal is leading and the am-
pulla trailing

The nceptors of the vertical canals, on the

other hand are stimulated only when the am-
pulla is leading and the narrow part of the canal

bringing up the rear There is no explanation for

this difference betw cen the horizontal and v ertical

canaJs

The mavimal response is giv en by a canal w hen

it IS rotated in its own plane'* No response h
aroused from a horizontal canal by rotation in. i

« It wall be recalled that the vertical canals are
placed diagonally m the head, and that an anterior

vertical canal is m the same plane with tlie pos
tenor canal of the opposite side, therefore, in a
manner analogous to Inat of the horizontal canal-*,

a diagonal rotary movement forward will max
vmalty stimMlate an anterior canal an<l sMppre«s

the activity m the opposite posterior canal A
backward rotary movement would act in the op
posite way
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phno flt Tight angl<«« to thi« But a \ crtieal canal

thougli ino«t clTectn cly stimulated h\ rotation in

it*, own plane (diagonal) al-o gi\t^ a lesjsr ro-

vjionsc when rotated ici other plam'' Thus a quick

tilt of the head, forward or Inckward (rotation

around a tran«acree axis), or litcralh toward a

«ljou!fler (rot ition arounil an aiitrropo^tonor

iMs) stimulates the x ertical nnals Tlie thrishold

of cxcit ition of a horizontal can il is an anguiir

ucolcration between 2’ and 3* per sec

\Mipn an\ rotarj moxement is cfintmuw! for

longer tlnn a few seconds ami the inertia of the

endoljmph is ovenome, the cupuli regains its

resting (urabent) position, at the cessation of the

mo\emeiit the momentum of the fluid causes

binding of the cupula in a dinction opjiositc to

tint at the commenument of the moiement

This IS whj no sensation occurs, during prolonged

rotation but a sensation of turning in the oppo-

site dinction IS felt when the rotation suddenl}

ceasc-

The meehamatn of the «emioinular canals is

admirabU suited to signal rapid tunis of the head

1

0

a rotarj ino\ emi nt m one or otiu r plane But

it ispoorh adapted to rejiort continuous rotation

at a constant speed (for a- Admn (lomts out

thisisa moiemcnt to wlttelt the both throughout

its life IS rarel> if e\ erx subjecteil and has there-

fore not de\ eloped suitalik reee(*lorsfor rwotduig

it) Continuous rotation tends to confuse rather

than to inform, and also, because of the swing of

the cupula la the reverse direction nhea the ro-

tar\ mo\ement ceases an illusion of rotation (m
the opposite direction) is crvateif Tlie ballet

sUarpT aifvJj ofto/yj.vcw //? a piss^vtie ly

making a senes of alternating acceleration and
deieJeratJon

A brief outline of the erpenwients on lesti&ufar

/unction The foregoing account of \e«tibular

mechanisms is ba«ed upon the work of mans in

Mstigators Some of the more recent experiments

will be bnefl> outlined

Tait and McNallj studied the effect on frogs

of tdtingand rotation after deneriation of one or

more canal- m x anous combinations, and after

destruction of the utncle or saccule Steinhau«en

elucidateil e=peciall> the mo\ ements of the cupula

in the canals of the pike whose labxTinth can be

n«ualized in the living fish after the introduction

of India ink, the cupula showang up clearlj

against the darker background This structure

w IS shown to completeU partition the mxity of

the ampulla beuig m contact cxori where around

it^ free circumference with tiip membranous waD

It xvas shown to mo\ o during calonc stimulation

as well as dunng angular acceleration, but not

dunng electneal stimulation Later, similar “tud

ICS ncre made bv Dohlman which confirmed

Stemhauscn’s findings Dohlman followed the

endohmph mo\ ements bj means of a drop of oil

introduced into a canal Ross emplox'ed the right

half of a frog s head held in an apparatus wherebx

the lab^Tinth could be turned and fixed in am
desired plane, and subjected to rotation The elec-

trical changes were reconled from a fibment of

the auditory nerxe CJockwi«c rotation caused a
respon«t from the horizontal canal, whereas an

anticlockwise moxement was ineffectue Stem
liausen s conception of a deflected cupula caured

b> anendoUmph moxcmcntwasxenfied Lowen
stem and ‘'ind cmploxtd the surxmng isolated

bbx'nnths of the pike and raj (Raj a clax ata) and

rcconfed the electneal potentials from mdtvidual

canaU and found tliat the nerve endings of the

enstae discharged impulses contmuouslv dunng
rest at a Jon rate but at increased frequency dur

mg angular iccelcration and deceleration Ad
nan expcnmtntmg with cat® rccortled the po-

tentials from single units bv means of a fine wire

elcctrotlc inserted mto the medulU m clo«e prox

iQiitj to tJie vestibular nuclei The mam findinga

of others m cold blood animals were confirmed

EretcTS or Stimulation of the
SEMiciBcuLxn Canxls

The semicircular canals respond to am one of

the following forms of stimulation (I) Rolalion

(angular acceleration) of tlie head on a vertical

transverse or anferDpo«tencir axis Chihnc—
sjTiDging the ear with a hot or cold 'olution (3)

Gahamc (-1) ^leehantcal

Rotation

The effects produced bj rotation are (a) eye

moicmenfs (b)iertiyo (c) reactions o/ t/ic neck ond

Imb musclet (d) reactions of the autonomic nen ous

system

(a) Eje moremenls MTien an aniraa] s head is

turned sliarplv on a v ertical axis i p ,
in the plane

of the horizontal lanals the eves deviate in the

oppo-ite direction and then, return with a quick

jerk to the onginal forward lookmg position The
movement earning the “low deviation of the eves

is reallv a rotarv one through a small arc

If the horizontal rotation is continuous, a

rbvthmieal to and fro moiemont of the eves oc

curs when the rotarj mov ement cea“cs Tins is

called nystagmus ft can be ea«iij demomtratod
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m man rotating him with ejes cIo<5etl in a

rc\olving chair, at a rate of about 10 complete

tumv in 20 seconds In order to stimulate the

canals maximallj, the head should be inchneil

IJT* CtE

Fig &1 16 Diagram of ampullae (V) of hon
zontal canals and utricle showing deflection of the

cupula during rotation I’Uis and minus signs indi

cate increase and decrease re-’pectivelj, in tM
imput^e fre(\uencv fromthehiir cells, arrows indi

cate the direction of rotation, C, cupula

QtJICK
uovDoirr

Fig 64 17 I’oslrotarj njstagmus

fornaitl about 15® when the rotary motement is

almost cxactiv m the plane of the horizontal

canals. WTieu the rotation is suddenly stopped

(angular deceleration), and the subject opens his

eyes the rapid to and fro motion of the eyts is

seen It consists of a slow deviation to one side,

and a quick return to the normal position Thus

post rotary njstagmus lasts for about 20 sec m a

normal person its nuick component is in a diree-

tion oppQsiti. to that oithe rotary movementTBy
com ention the qmcK movement or jerk to the nor-

mal pontion w taken to designate the directum of

nystagmus from ukateier cause Thus a right

horizontal po«t*rotary nystagmus is caused by

rotation to the left At the beginning of the rota

tion to the left the njstagmus would be in the

opposite direction—quick movement to the nght

(figs (>4 15 and 64 17)

There are two other forms of nystagmus—ter-

luai and rotary—m whith the eyes o«cillate up
and down, and round and anteroposterior a\i8,

respectively These ty pes result from the simul

tanoous c\citation of both vertical canals Verti-

cal nystagmus is induced when the canals are

stimulated with the sagittal plane of the head in

the plane of rotation that is with the head in

clmed about 90° to one or other shoulder Tlie ro-

tary type follows when the frontal plane of the

head is bent fonvard 00° or more, or backw ird

30° to 00° In e ich mstance the po«t rotary

nystagmus is ob>^.rved after the head lias been

brought upnght

Cenfraf connections responsible for nystagmus

The slow pha«e of nj stagmus is initiated from the

semicircular canals and has its center in the vestib

ular nuclei from which impulses are di«charged,

in part at least through the median longitudinal

bundle to the cj e muscles The quick movement is

entirely central but the nervous pathway s upon

which It depends are uncertain However, ils neu

ral mechanism must he in the brain stem between

and including the nuclei for the third nerves and

the vestibuli nuclei for nystagmus occurs after

transections of the brain above and below these
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level' re'pectnelj It is not nliolishpt! h\ ahli

tion of the cerebellum F\en the nuclei of the 3nl

nml 4th nerves not be neces«irj for in the

rabbit n% tapraus can be ui<lucc(l after ipctioii jiHt

nboac the abducent nucleus loroiite dp NA lins

located the center for the r ipid ph I'p m the for

matio reticulari' in the reMon of the diducent

nucleus He al o found that njstaEmus could still

be produced after section of both median lonfti

tudiinl bundles There m ij he a doiihte pathnaj

from the vestihulnr nucleus to the nuclei of the

ocular ncrae®—through the medial longitudinaf

InindJe ind through the formatio reticularis

(b) 1 erfi^o Vertigo consists of a «en«atton that

the en\ ironmcnt i' whirling, that objects at winch

tlie person is looking an. moaing of a feeling of

unsfp iduiC'S and of an actual di'turbanro of the

equilibrium of the indnitluil “o that he k un-

«tead\ and staggers He tnaj fall n the sul>-

ject i« rotated with head ereit liis Mrtigo is m
tin honzontal plane i c ,

in the plane of the ex-

ternal canals but in the direction opposite to that

of the prtMQus rotation (sensation of counter-

rotatiorO

If the subject ts rotated with the head iKiwcd

forward at an angle of about <10*, m order to stimu

late the vertical canals and the head maintained
in this position after rotation the sensation is the

same as if the head position ha<t been upright dur
ing rotation, i e one of counter rotation in the

horizontal plane If however the head !•> brought
upnght ifter rotation there is then a sensation of

falling to one or the other side i c of rotation of

the hod> in the frontal plane the sensation ts of

falling to the side awav from that toward which
thebodv had been rotated Rotationwith the head
bent backwards to an angle of 60’’ and then brought
upnght gives a sen=ation of falling to the same side

as that toward which the hodj had lieen rotated
(see table 64 2) A sensation of falling forward or
backward (i e rotation in the sagittal plane) re

suits from rotation with the head flexed on one
shoulder and then brought upright

Vertigo arises from other causes than rotation

It IS a common symptom in disease constitutional

or neurological, and occurs m ileoholic intoxica-

tion seasickness, swinging, etc ALo just as the
labi noth influences the movements of tlie ocular

muscles so contersel^, Jabjnnthine function

mat bp disturbed and t ertigo produced as a result

of some unusual or abnormal action of the e^e
muscles \crtigo and its associited phenomena
are, therefore, common effects of eje strain or of

Mewing the landscape from a moMiig tram, an
ocular element is also an important contributory

factor m the causation of sea«ickne" For ex-

ample, if one sees a moving picture, which if ac-

tiully cxpenenceil would Cause guiduicss, a sen-

sation of vertigo is aroused But with whatever

condition vertigo is n«sociit(d whether eardio-

vospulir, reJul, tovir, gistrouitcstinaJ or neuro-

logical, its immediate cause is excitation of the

stmicirculirc inaUorof their cantral connections

(c) litaclions of the neck and hmb musics In

animals stimulation of the honzontal tanaN bj a

rotarv motion causes alterations m tone and

movements on Ixitii «ides of the bodj which tend

to rpsi't the rotirv movement and enable the

animal to maintain its balance IMien for ex

ample, a frog i» rotated on a round table saj to

the left the tone of the neck muaclcs is mcreascxl

on tlie right side and reduced on the left the head

turning to the nght The limbs, especialb the

hmdlimb on the left arc extended those on the

right an flexed the animal may move around to

the right Ci**v«ation of the rotarv motion lauses a

rev cnal of tlips< effet ts ujwn the neck and limb

In the snake lizard ind reptiles with very long

necks, the head ma\ deviate to one or other sicfe

by as much as 100® or more Sometimes a quick

return to the normal position occurs as m njstag

mus

Du»sfr de Barenne who first described thc«e re

flevcs dies a -imple means for their demonstra

tion Uiiennfrogisrotated say to the left around

its long axis bv su pending it bv a thread fixed to

lU jaw and giving the thread a twist between the

finger and thumb the animal a nght hindhrob is

extended and abducted and the toes spread while

the left hmdlimb is bent at knee and ankle and

the toes Reved As the movement to the left comc'

to an end and turning to the nght begins the limb

movements are reversed Similar movements ma\
occur in the forelimbs

CorTpsponding effects follow rotation, e g ,
a

quick tilt in the plane of a v ertical canal Tait and

McNally described the respective vertical canaU

as affecting the limb muscles on one or other

‘ comer" of the body Thus, stimulation of the

nght antenor v ertical canal by a quick tilt di

agonally forward and to the right causes contrac

tioD of the right forelunb stimulation of the left

antenor vertical canal by tilting forward and to

the left causes a corresponding mov ement of flie

left forchmb Backward tilting to nght or left

causes respectiicly, contraction of the muscles

of the nght and of the left hmdlimbs

The pQ$( pointing (esi of Barany Under ordi-

nary circumstances a normal person if he places

lus finger upon a tertam spot has no difficult in

hitting the mark again with his eyes closed After
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TABLE 6i2

Pot tion ofnwd Type and Ditcrl on of !

Nyslagmvs (Rapu) Pbase) I

Sensation of
VcrtiKo litad
tprieht iftrr

RoUlion

Past Po ntmg

Fall ng (after

Held®
UiruthO

Upright or

forward
1

Rotation right Honzontal left Turning left To right To right

Forward 120® ' Rotation right Rolarj , left Falling to

left

To Hfeht To right

Bickwvrd
30'’-60°

Rotation right Rotsrj, Tight I jlling to

right

Xo left To left

Inclined to

right shoul

der

Rotation right ^ erlical downward Falling for

ward
Upward

i

Backwnrd

Inclined to

left shoul

der

Rotation right \cr(icnl upward rdluig Inck
i

ward
1

Dowiiwtrd

1

Forward

Backward
30*-60“

Caloric 112*F to

ear or 6S®r to

left

j

HorizontsI right falling to

right

To left To left

Forward 60*-

120*

1

Caloric 112*F to

left ear or 6S°F

to left

Galvanic

1

Honzontal left

:
1

Mixture of honzoni'ili

and rotarj Direc
j

(ion same aa that

of current 1

1 ailing to

left

To right To right

^^lth stimuli oppo<ile to sign to those given in the table tho rcactums nrc reversed

rotation, though able to phcc liis finger upon 'i

mark nitli lus ejes open, he cannot fintl it again

when his cjcs are clo'iccl The finger dettaUs or

pfi't-jxnnts to one or other ^nle oi above or belo%\

the mirk, the direction ol'tfie mi-b aim ficing de-

pendent upon the direction of the previous rota

tion and upon the position of the head during

rotation («oe table 04 2) Pa«t pointing is not re-

flex in nature but is a voluntary motor act the

error in judgment is the result of the issocmted

subjectii c phenomenon, a subconscious correction

being made in the opposite direction for the false

sensation The deviation of the finger and the

\crtigo arc in opposite directions

Other post rotary reactions If the botlj is ro-

tated m the plane of the horizontal canals and the

movement stopped, the head (ejes closed) then

turns m the direction of the rotation If rolabon

is earned out with the head in one or other plane

of tlie vertical canals and the head after rotation

is brought upright while the ejes arc dosed the

bod> leans to om or other side backward or for

ward actortling to the position of the head during

rotation Tlie subject ma> actualh fall m the

direction to which the bod> leans Ihe phenom-

enon IS virtuaiYv a pisf pointing oi‘ ti'ic entire

IkkIj The actual fall h therefore, opposite in

Fig 64 18 So called discobolus position re

suiting from Pvloric or galvanic excitation of the

labyrinth (From Camts after W odak and I ischer )
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direction to the \ertipnous •sensation of falling

Tint IS, t) c suhje t Jus the illusion tliat lie is

leanmg to one side (i c , a son«c of lieing rotated

m the frontal plane of the skull), and tn ortier to

correct hi-> supposed false position and ret un his

balance Jeans actuall} in the oppostle ilirection,

aiul therefore falls if he Inns too far

One particularlj interesting rcactiori muUmg
from excitation of the semicircular canals la that

nhicli has been appropriateli called tlie dwe
tJiroicin? op dweeiiolus attitiuk (fig 64 IS)

Tliough occumng after rotation it is c\okcd most

readilj b} caloric (c«pcciall} cold) or galvanic

stimulation of the canals A stimulus applied,

sa\ to the left ear, causes a twisting of the thorax

upon the poU is and rotation of the head to the

stimulated side Wlicn the nrms are rai«etl thev

arc also turned toward this side nttli the left

limb lower than the right After a short time the

attitude IS rc\crscd, the l)od\ swings round and

takes up a po'^ition in the oppo«ite direction The
attitude maj reverse its direction «c\ eral times

It u due to reflex alterations in tone of the rnu'i-

culature on the two 8ide« of the bcxi\

(d) Readims of Vio aulonomie nonous tpiltm

Excitation of the semicircular canak m man is not

uncommonly followed b> nausca vomiting and
pallor A fall in blood pressure of 10 mm or 80

maj occur, together with elomng of the heart bj

5 or 10 beats permm In the rabbit 8%Ttngingthe

esr cau«ea vasodilatation and a fall m hloo<l pres-

eurc Dunng rotation the pupil constnets pupil-

lary dilatation occurs upon cessation of the rotar\

movement

Calone Stmulotien

The eflects of caloric stimulation are similar to

tho c following rotation but po sess an advantage
in that one or other ear can be eximined eepa

rately The ear to be tested is synngeti with hot

(112’F ) or with cold (6S®F ) w ater ** (In clinical

practice much colder water is oflen used in ex

amining the labj'nnths ) AMien the head w bent

backward through 60* the honsontal canaU are

I roughtintoavertical position The douche causes

•i greater change in the temperature of the endo
IjTQph in the part of the canal lying nearer to the

external meatus than in the part more deepU situ

ated Convection currents are =et up which stimu

late the receptors of the enstae horizontal nvstag

mus and vertigo re®uU The change in temperature

in the canal follows the irrigation of the external

meatus by about 3 seconds Tho direction of the

convection currents, which of course are due to

'• Douches much nearer the body temperature
than tlic*^ will stimulate

changes m the specific gravity of the endolymph
resulting from heating or cooling is determined
by the temperature of the douche fluid Thus a cold

douche causes currents away from the ampulla a
hot douclie causes ones toward the ampulla f*ee

table 61 2) Caloric stimulation of the vertical ca

nals is effected by douching with the head upright

Galiantc Sltmulalton

In the employment of this method of stimulat

ing the canals electrodes are placed one upon each
mastoid process or more usually one on a mastoid
process and the other on some indifferent part of

the body The curreat required m normal persons

is from 2 to 7 ma Owing to current spread all six

canals arc excited usually b\ clectncai stimula

tion The nystagmus has a rotary movement as

well as a horizontal The honzontal movement is

with the current Thus when the cathode is over

the right labirinth the nystagmus is to the right

though the head may turn to the left The re

suiting nystagmus is a mixture of the horizontal

and rotsr\ forms its direction being the same as

that of llie current Thus when the cathode is

over the nghl labyrinth the nystagmus is to the

right and nee versa The effects occur onl\ during

the make and break of the current In the al <ence

of the hbyrinth the galvanic curreat prodll^e•^ its

cfTectsby stimulation of the vestibular nerve Con
sequentlv when as the result of disease labv

rinthme function has been destroyed this method
affords a mean* of determining the condition of

the nerve Wlicreav rotary calorie and direct me
chamca] stimulation involve exsentialK the «ame
mechanism—movement of the cupula—the gal

vanic current is a direct electrical stimulation of

the envtae Stemhau«en observed no movement of

the cupula during this form of stimulation

Galvanic stimulation does not have the relia

bilily of caloric stimulation and has not found

wide arceptance in clinical practice

Direct 1/fcAonicai Stimulation of the

Canals in Animals

Ewald cemented a metal cylinder over a hole

made in the bony wall of the horizontal canal 4
piston fitted into the cylinder could be operated

by air pre««ure During the descent and accent of

the pneumatte Latamer the membranous canal w a*!

compre^^ed and decompres ed respectivelv T1 e

endoly mph during cornpression and decompreicion

niQxed respeetiveh toward and away from the

ampulla An cndohznph movement toward the

ampulla caused a movement of the head and ev cs

to the opposite “ide Decompression caused a
weaker movement in the reverse direction

The otolithic organa utncle and saccule granly

receptors The role played b\ the utncle in the

static reflexes has been dealt with in pretioas
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INCUNATION IN OCGREES

Fio 64 19 Response of gravitj receptor (olo

hlh orcan) showing the relationship between de
gree oi tilt of head and frequency of impulscA in
vestibular nerve (After Adrian )

sections («cc righting reflexes) But the gravity

receptors respond also to linear acceleration that

IS to movements in a straight line forward back-

ward tip or down, or laterallv, as well as to elow

tilting of the head on its traiisv erv* or its antero-

posterior axis The gravitv receptors arc also

stimulated bj a sudden cessation of a lincnr move-

ment (deceleration), or a sliarp change in the

speed of such a movement The receptors are

stimulated when the otoliths arc hanging down,

and thus exerting a gravitational pall upon the

sensitive hai« It is possible that bonding the

hairs also acts as a stimulus The utruuLir organs

are sl«o stimulated b> centnfugil force and un

der certain conditions hj angular acceleration

In the cat when the head is level the receptors

cau«e a discharge of impul><s at a rilatively low

frequenej (at about 6 jxr see ) W hen tlie head

is tilted laterallj (on its anteropo«tenor axis-

cheek dow n) from the lev el po'itioii to an angle of

20*’, the impulse frcqucncj increases up to 95 per

SLC m the nerve on the side to which the head

is tilted but the resting discliarge on the oppo*-ilc

side ceases Thus, m a lateral tilt to the nght the

otoliths on that side (check down) arc dependent

and presumably evert a gravitstionsl pull

whereas those on the opposite side are resting on

the maculae, and arc inactive Tht gniter the

degree of downward tilt from the level position

the higher is the impul-c frequency (rec 6g

64 19) If the head is held in the tiltcil position

the impulse frequency declines slowly, for the

gravnty receplore are of the «lov.-a<lspting type

Tilting around a transverse axis (snout up or

down) also evokes a response, thougli le«3 readily

than does a lateral tilt

4 pull upon the otoliths as a result of their

inerlia should nl«o be caused by linear aceelera

tion, I e , a progressive or translatory movement
many of three directions, fore and aft, up or down
(vertical linear ntcelention),** or sideways Rec-

ordj, of tlie aiticn currents from the labvTinth

show tliat this actually occurs, horizontal or

vertical acceleration stimulates the giav ity recep-

tors in a lateral mov ement on the side from w hich

the mov ement is made Tims, a quick mov ement

to the left stimubtes the receptors on the nght

owing to the inertia of the otohths, acceleration

laterally and to the left acting like a gravitational

pull upon the receptors of the nght side Adrian

found that rapid fore or aft or up or down (i crti

cal linear acceleration) also caused responses from

the laby nnth The threshold of excitation of the

otolith organs by linear acceleration is around 12

cm per sec per sec

The taeeule The role played by the saicule in

the responses just dc«cnbod has not been settler!

unequivocally Tliough anatomically this struc-

ture appears to be part of the vestibular mocliar

nism It has been thought by many to hav e a coch-

lear rather than a vestibular function McNally
andTaitobscrv ed no loss of any know n v petibiilar

function after denervation of the saccules The
auditory nerve from a frog s labyTinth which Ins

been denorv ited eveept for the saccule docs not

respond to vestibular stimuli by a discharge of

unpuL^es but gives a response when a vibrating

tuning fork IS brought near It LorentedeNo on

the other hand truxKl saccular fibers to the ves-

tibubr nuckus but none could be found connect

lOg this organ with the cochlear nucleus Adrian

considers that the &.iccuks rather than the utncles

arc more Iikelv responsible for the rc-pon c*v

caused by htcra! tilting and for upward Iinnr

acceleration while the utncles are excited bv

downward and horizontalaccelerations and tilting

around a transv er«e axis A macula is situatisl on

the media! wall of the saccule and faces laterally

a position «uitable for stimulation of grav ity re-

ceptors by a lateral tilt Another macula lies m
the roof of the saccule and faces downward and

could be stimuWUi! by upward linear aceelera

tlon

In the guine i pig the otolith membranes can be

•* In a quick linear movement forward or back
«ard or verlicsilv the fravitj receptors would
be in the ssme plane as that of the movement
vrfatch implies that they can respond to a pnU act

ing in their own plane though probably less effee

ttvely than to one acting at right angles But in

t)us case bending of the hairs rather than a pull

upon them may be the effective stimulus
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tletacbw] bj rentn/ugjng t))e aiumal (at a speed

of 1000 in per nun ) All re«pon«es to linear ac-

celeration or to different positions of the Jiead

are then lost, but those caused b\ angular aeecj-

eration arc retained

VeSTIBUMH Rp actions. IV DlSFASt

Abnormal \estibular reactions are ven in can-

ons diseased conditions iniohing (a) the bbj-

nnth, (b) the i estibubr nen e, or (c) tlie \ estibu-

Jar centers or central pathnajs (eg, Deiter’s

nucleus, medial longitudinal bundle, cerebillum)

A'ormall}
,
some slight nystagmus ma> occur upon

looking for a tunc to the right or left, but if njs-

tagmus IS present when looking forward or if

pronounced when theejesare turned to one side,

it 13 pathological A spontaneous % ertuml nj’stag-

mus suggests a lesion of the braui-stcm, »l is not

seen in disease of the labjTinth it«elf or of the

vestibular nerve Tlic phenomenon of past-point-

mg, unless induced artifimll}
, is alnajs patbo-

logical and suggests a cerebellar legion Spontane-

ous vertigo most commonJ> occurs as a result of

lahjTuithioe disease but mav bo «oon uith dts-

orderb of the medulla oblongata Disturbance of

equilibration may be seen with diseases of the

labjTinth, the brain-stcm or the cerebellum On
the other hand, a lesion m one or other of the«c

situations may cause a failure of the usual reac-

tions following rotary or calonc stimulation In

deaf mutes, the labynDthine reactions, as a rule,

are absent Again, the reactions to artificial stimu-

lation may be abnormal, for example, in a lesion

of Ihft hta.vnr<be,in. vcctvcaJ. o.'^abi.gpMis occuc

m response to a stimulus which normallj causes

B3’stagmus of the horizontal tjix;

M£mere’s Stndrome

The features of this condition are paroxysmal
attacks of vertigo, noises in the ears (tinnitus) and
a progressive impairment of hearing of the inner

ear type (ch 78) The sense organs of the cochlea

(organ of Corti) as w ell as those of the senuarcular
canals are a^ected m this disease There arc van
ous pathological processes in the inner ear which
maj give rise to this symptom compleir, but labj

nntbine hydrops is the most common one Medical
therapy directed toward the reduction of the so

dium content of the body has been efTcctive in re

lieving the victims of this condition The surgical

treatment of the condition consists of sevenngthe

vcslihular portion of the 8th none iDtraeramally

,

leaving the cochlear division intact (McKenzie,
Dandy), or of destroying the labvnnth with ultra

some waves
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THE SPINAL CORD AND BRAIN STEM (MEDULLA
OBLONGATA, PONS AND MIDBRAIN) AND

THE RETICULAR FORMATION

Outline of the Internal Structure of
the Spinal Cord

In 6sure 65 1 the spinal cord^ is shmen in cros*}-

«ection The gray tnniUr, contrail) placed, is in

the form roughlj of in H or the two w mgs of a

butterflj It IS composed of a nia«s of none cell

bodies and nerve fibers (dondrons and axons),

mostlj unmyelinatwl, supported bi a framework

of neuroglia The \entral and dorsal portions of

each lateral half of the gra) mass (t e each arm
of the H) are commonl) referred to, respective!),

as the ventral (or anterior) and dorsal (or pos-

terior) horns but *incc the grav matter extends

throughout the length of the cord ‘ column” is a

more suitable term than ' born ’ In the ventral

columns are situated the Urge bodies (lOQii in

diameter) of the motor neurons a hose axons leave

the eord by the ventral roots EUch axon ends in

n group of skeletal muscle fibers—the oeuromus*

cuUr structure eon tituting the so-callcd motor

unit The large multipolar cells arc knoan
as a cells and innervate the ordmaiy striated

muscle filwrs Tlie «mall y cell-s innervate the

intrafus.ll fibers of the muscle spindles and thus

regubtc the t)irc«hold of tlicsc important propn

octptive end-organs (sec ch G2) In the thoracic

and upper lumbar segments, the gra) mass l)ing

betwitn the ventral and dors.aI columns shows a

small I iteral projection This is the lateral column

or horn it contains a cluster of nerve cells (the

inlerme Iwlalcral cell column) the) gn e ongm to

svmpithetic (preganglionic) fibers which leave

the cord b) the anterior (ventral) nerve roots

The will defined collection of cells oceup)iDgthe

inner pirt of the ba-e of the po«tenor horn is

know n as Clarke’s column this grouji since it is

confined almost cntircl) to the thoracic region of

tht coni, 13 also known as the dorsal nurlnu It

i-> homologous with the nucleus cuneatus of the

medulU oblongata (p 1193) To the outer side of

the base of the posterior column ls an area when
strands of white matter and prolongations from

the main mass of gra) matter mtermmgle to form

a delicate interlacement This is known as the

Tclicvlar formation (formatio reticularis) and is

most prominent in the cervical region It is con

tinuous with the reticular formation of the me
dulU oblongata and pons At the apex of the

dorsal horn is a cap of gelatinous material con

taming groups of small nerve cells possessing

man) dendrites and named the tubstanlta gela

tinota of Rolando It is believed to receive the

finest fibers (m)eluiated and unm)clinated) of

the posterior roots The remaunng part of the

substance of the dorsal horns constitutes the

chxtf 9<MOTij nucleus \ canal pierces the bar or

isthmus connecting the two lateral masses of

gra) matter across the midline, it is known as

the cetitral canal The gra) isthmus itself is called

(he graj commissure 'Sometimes the parts m front

and behind tlvo central canal are referred to as the

anterior and po'tenor gra) commissures respec-

tivelv (fig 61

2

)

The ichxle mailer which complete!) «urround»

the gra) matter is compo'ed of bundles of fibers

both mvehnated and unmyelinated, the former

predominating A deep cleft on the v entral aspect

of the spinal cord (the anterior medianfissure) and

a septum on the dorsal aspect (posterior median

septum) together, incompletely dindt the while

matter into tw 0 lateral haU es The bands of w hite

matter Iving m front of the gray commissure are

called the onfenor (lentral) uhile commissure a

few alrvnds of white matter Ijmg behind or w ithm

the postenor part of the gra) commissure are

sometimes called the posterior (dorsal) white com

mmure Each half is further marked out, b) the

fiber* of the ventral and dorsal nerve roots into

three white columns or funiculi, ventral (ante

nor), hteral and dorsal {po«ttnor) The anterior

1186
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Fig Go 3 Upper ShowinR the dranmR out o( the metamcrca of the embr\o with the development of
the upiv'r limb bud Lou’cr Showing the sepnental arrangement of the derm Homes (From Strong and
Llw\n, after Luciam )

tlim one spinal «cgmont As dctclopment pro

feeds and the limbs gron out from the tnmh,
the dermatomes become arranged in a «encs

of narrow areas Ijjng for the most part m the

long avis of the limb (fig 65 3) Tlic skin and

muscles of the limbs al-o tend to move awa\ from

the fjsteral structure’ mth nhicli tho^ nercongi-

nalh associated and, in the adult, structures in-

nervated bj a common spinal segment ma> be
widelv separated Thus, the diaphragm is inner-

vated (tlirough the phrenic) from the 3, 4 and 5
cervical segments which al«o supplv skin and mus-
cle m the region of the nock and shoulder Tlie

lieart receiv es senior) and lutonomic fibers from
the upper thoracic segments, these •K'gmcnts al«o

supplv sensory fibers to the skin over the inner

aspect of the arm and hand and upper part of the

thorax The distribution of the dermatomes and
cutaneous nerves m the human «ub)ect are ihown
in figure 65 4

Scveml methods have been emplojed bj differ-

ent investigators in mapping out the dermatomes
in animals and m the human subject The ana-
tomical method is labonous and consistsm tracing

the fibers of a spinal root to their terminations in

the «kin A physiological method (' i«olation” or

“sen^orj remamder” method) was emplojed bj
bherrington m cats and monkevs and Foerster m
man The area of skin supplied bv a given segment
was demarcated by dividing the sensoiy roots

above and below it The sensitive area of dun
boundeil abov e and fielow h} an anesthetic zone

'indiiatecl the area of distribution of the undiv idcd

roots Omng to the overlap of fibers from odjacen-

«cgmcnts, it IS not po««iblc to produce an ane-'t

thetic area bj the div won of the wnsorj roots of

a single •segment (fig 65 6) He4d mapped out

the segmental distribution of the cutaneous nerv es

m the human subject from studies of cases of

herpes zoster, n condition due to a lp«ion of the

ganglion cells of the posterior roots IVithin more

recent jears Foerster, usmg Shemngton-’s method

has mapped out the dermatomes m man He also

stimulated the posterior roots at operation and

used the resulting \a«cular reaction (vasodilata-

tion) as the means of demarcating the derma

tomes

The Tracts of the Spmal Cord

The fiber tracts of the cord are divisible into

two mam groups (a) Lang tracts (projection

tracts) connect the cord with other parts of the

central nerv oussj stem Some of these (ascending

tracts) cany impuhes to liigher centers, other

tracts (descending) conduct in the reverse direc-

tion—from higher centers to spinal neurons (b)

•Short tracts (mter^egmental or association tracts,

ground bundles) begin and end within the spinal

cord and connect different segments The fiber

tracts making up the 'ubstance of the respective

fumculi are listed m table 65 1 and showm di-

agrammatical!} in figure 65 6

Ascending Tracts of the Spinal Cord »

5 Dohsolvteral Fiscicxmtrs (mver or

ussxuer) This IS seen m cross section as a small
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TABLC 65 I

Fun cuius Ascfti 1 nit Dncentlinx Tracts
Inlcrwfmenul Tricts (Ground

Buadifs)

\ entral (anterior)

j

,
\ entral (anterior) «pino I

thnlamic
I

1

\ entral (anterior) corli
|

ticospinal
j

\ entral vestibulospinal

Ventral (anterior) fecto

spinal

Reticulospinal

\ entral (anterior) inter

1

segmental fasciculus

Lateral I atcral spinothalamic 1

1 Dorsal (pasterior) spmo
cerebellar (Flechsig)

Ventral (anterior) spino

1
cerebellar

1

Spinotectal

' Dorsolateral (pnsterolat

cral) fasciculus (Lis

saner)

Lateral cortico pm il
|

Rubrospinal

Olivospinal (Hclneg)

Dorsal tectospinal

loiteral vestibulospinal

1 I atcral intersegraental

1 fasciculus

Dorsal (posterior) fasciculus gracilis

Fasciculus cuneatus

.

Septomarginal fasciculus

Dorsal (postenor) inter

segmental fa«eiculus

2 AVTEROUTER^t AND \TVTRAL (\NTtmOR)
fenvoTHALAMic TRACTS Thp<i tracts OCCUpJ

ri'siwctneli, the lateral and ^cnt^al columns of

the cord The fibers of the lateral tract ansc,

as mentioned abo\e, from cells in the sub«(aa(ia

Rclatinosa of Rolando, of the opposite fide of

the cord Tlio«e of the tenlrol tract arc the axons

of cells in the chief sensorj nucleus of the oppo
«itc <lor«al horn of gtaj matter

In order to reach the \entral spinothabtoic

tract of the opposite «de the fibere ari«ing from

the chief scii«or3 nucleus ascend m the posterior

columns for tevo or three spinal «cgmenls, and
then cross in the anterior n bite corainissure This

tract IS a cro««ed pathwa) for the sensations of

touch, and probablj also for tactile locabzahon

The«e sensations haie therefore a double path

to consciousness for thej are al o convened un
crossed in tlie posterior columns of the cord

The fibers going to form the lateral spmo
thilamic tract (=ecQudarj neurons from ccUa of

substantia geiatino«a of Rolando of the opposite

side) ascend for a short naj (nithin a single seg-

ment) and then cross m the anterior white com

J
iL-'iire This tract transmits impulses aroused bj

U forms of thermal and painful stimuli

Tlie tw o tracts—anterior and lateral—come to-

gt tliir in the medulla oblongata to constitute the

spinal lemniscus which joins the medial Iemm«cus

in the upper part of the medulla oblongata to en

ter the thalamus (ch C6)

3 'JMSOTVCHL TRACT This IS placed in the

btcral column \ entral to the lateral gpmothalamic

tract Its fibers ansc from cells m the postenor

horn of the oppo^iite side and terminate m the

supenor colliculus It subserves spmocisual re-

flexes

4 SpiNO-OLiv ^RT Tn\rr The fibers of thi^

tract arc the axons of cells in the dorsal hom of

graj matter thej run mth oh% ospmal fibers and

end in the inferior oln ar\ nucleus of the opposite

side Thci probabli tran'imt propnoceptn e im

pulses which arc relaxed from the olnarj nucleu*

to the cerebellum Some anatomists haxe ex

prc'«ed doubt's as to the existence of an olno

spinal tract

5 Spinocerebellar tracts (a) Tlie dorsal

(po'>fcnor)spinofprffcellai’ froct (direct cerebellar or

tract of Flechsig) is situated m the posterior part

of the lateral funiculus to the outer side of the

lateral corticospinal tract It is composed of the

axons of the cells of Clarke s column (p 11S6) of

the same side and possiblj
,
to some extent of the

opposite Side The direct cerebellar tract reaches

the cerebellum x la the inferior cerebellar pedun

cle its fibers end mainly in the cortex of the an

tenor and postenor lobes of the cerebellum (ch

69) (b) The leniral (anterior or indirect) spmo
cerebellar tract anscs from cells in the base of the

dorsal horn mainlj of the same side, but also of

the opposite side of the cord It ascends m front

of the dorsal epmocerebellar tract and is coa
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Fia 65 6 Diagram 8how^ng the course of afferent impulses after their entrance into the cord Red
pathv-aj for pain and thermal sensations (ascend »n ventrolateral epinothalamic tract of opposite Bidel
ifh<e,pathna} for touch sense of position and tnovemeot andepatiai discrimination (ascend m posterior
columns), external arcuate fibers from posfenor column nuclei to cerebellum also shown Green path
waj for touch and tactile localization (after travelling for vanafale distances in posterior columns
fibers cross to ventral apinothalamic tract of opposite aide) Black ventral and dorsal spinocerebellar
tracts, some fibers of latter (not shown) also cross to opposite side

tinueil uptiards through the bram stem as far

as the midbram where it arches backwartls

(arciform fibers) to reach the cerebellum via its

superior peduncle Its constituent fibers end in the

cortex of the anterior and posterior cerebellar

lobes The spinocerebellar tracts carr> impul«es

arising m the proprioceptors of the muscles, ten-

dons and joints The information thus convejed

to the cerebellum is essential for the latter’s

function in adjusting the tone of the skeletal mus-

cles and sjTiergizing their mo\ ements (eh 69)

6 rASCICCLI GBACJI.IS (tHACT OF GoLL) SND

CCNEATOS (tract OF Bordxch) These occupy

the dorsal (posterior) funiculus of the spinal cord

In the upper part of the “pinal cord the former

tract lies on the medial side of the latter

Both tracts are composed of hea\ ilj mj elinatcd

fibers which are the continuation upwards of the

fibers of the medial division of the posterior nen e

roots of the same side The nerve cell bodies from

which these fibers an«e he outside of the spinal

cord in the posterior root ganglia The fasciculus
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pracjlj'^ comnipncps in iJjc JoHr'^t Ir^ri of tlic

ppmal coni After their cntrnneL into the coni,

its fibers di\nle into lonR n«rcnclm{; and {short

ilc'^cending branches A few of the former fibers

and all the htter, after a short eour«e enter the

prav matter The long ch%i«ions become <li«plate<l

mwliallj nsthej a«ccn(l, with the nsult that fibers

arning at lower lc\ els (c g ,
sacnl region) come to

he nearer the midline th m those entering the

spin i) eord higher up the faseiculiis cuneatus first

appears in the miilthoneic ngion Therefore,

from the midthoracic region upwards the more

me<hall> placed tract (fasciculus gracilis) is dc

n\c<l from the lower thoracic, and the lumbar and

sacral nen c roots, jn tins order, from the btera)

to tile medial border of the tract Tlic ascending

fibers of both tracts pass uncrossed to the medulla

oblongata, ending, respectneh, in the nucleus

gracihs and the nucleus cuneatus Honeicr, this

(hvision into two tracts and two nuch i is an arti-

fittalone We are dealing here with onl> one tract

with fibers seraing different parts of the bodj

from the nude: gracihs and cuncatus the atons

of fccomlarj neurons cmei^c and, pi««ing medi*

allj as the tntmuji arcuate fibert, decussate with

those of the opposite side (seneoia decu«sation)

Tiiej ascend through the brain stem as the medial

fcOTUMCK^ (see below) to temunafe m the po«tero-

\ cntral part of the lateral nucleus of the thalamus

Other fillers (citemaf arcuate) from the nuclei

gracihs and cuncatus relaj impul'Os to the cere

liellum from thc«e same posterior columns Tlicj

are concerned mth reflex actiMt> and not with

sensorj perception

ScsOtARI OF THE PRINCIPAL PATHWAVa
Ascending TnHODCii the

Spl^AL Cord

1 Sensory (convejnng impulses to conscious-

ness) (a) The fibers mediating thermal and pain

ful sensations enter the cord m the lateral divi-

sions of the posterior nerve roots Accordiog to

Ranson they are unmj ehnated Within the spinal

cord thej constitute Lissauer’s tract Imrocdi

atelj, or after a very sliort upward or downward

course, they enter the dorsal horn and connect

with nerve cells m the substantia geIatino«a of

Rolando The axons of the latter secondary neu

rons cross to the opposite side in the white

commissures and ascend as the ventrolateral

spinothalamic tract This tract occupies a position

in the brain stem lateral to the medial lemniscus

and ends in the posterolateral part of the ventral

nucleus of the thabmus (cf figs 65 1 and 65 6)

(b) TJie filwre convejing all other sensor} im
pulses, e g , from the muscles and jomts («ense of

movement and position), and those mediatmg
the senses of vibration, touch, pressure, tactile

localuntion and spitial discrimination (compass
test), enter the cord in the medial dn ision of the

posterior roots and ascend in the fasciculus gra

cilia and fasciculus cuncatus The fibers mediating

all these sensations, except some of those con-

ccm«l Hith touch and probablj with tactile lo-

calization, pass wathout crossmg to the nuclei jn

the medulla oblongata where thej connect with

eeconilarj neurons Tlic axons of the latter con

stitutc the internal arcuaie fibers, thej decussate

witli those of the opposite side and ascend to the

thalamus as the medial lemniscus (or fillet) Ter

tiary neurons ronvej the impulses to the cerebral

cortex

In a (raasvcfse spinal lesionintemipting soleb

the posterior fasciculi, vibratory and position

senses art lost but the sensation of touch is re-

tained, since the fibers which have entered the

gray matter and crossed below the lev el of the

lesion to ascend in the ventml spinothalamic tract

liavc escaped injury Likewise although a hemi

section of the spmal cord destroys vibratory

and position sertses on the same «ide and pain and

temperature een-sibihtios on the opposite side it

does not aboh'h tactile «ensibibty as this is con

vcyed in both crossed and uncrossed pathways

(sec hcmi«ection of the cord)

2 Non'ENvori impulses from the mu*cles,

tendons and joints as well as nonsensory impulses

aroused by a tactile stimulus, are conveyed into

tfie epinaf cord 6y fibers composmg ffie mediaf di

vTsiotis of the postenor roots Hiese fibers connect

immediately with the cells of Clarke's column and

arc continued upwards in the dorsal (direct) and

ventral (mdircct) cerebellar tracts of the same

side, mainly
,
but also of the opposite side Some of

the*« impulses, tiz ,
those which enter the cervical

cord, are conveyed by fibers of the cuneate fas-

ciculus to the cuneate nucleus to be reby ed by
secondary neurons (ezlemal arcuatefibers) via the

lofenor peduncles to the cerebellum (see fig 65 6)

Sensory Pallia m the Brain Stem
Olcdtdia Oblongata, Pons and

Midbrain)

The medial lemniscus (or fillet) is composed of

fibers anstng m the nuclei gracihs and cuncatus

The fibers leav e the v cntral aspects of the«e nu

clei and arch forward and medially (ss tnlemal

arcuate fibers) to the midline where they cross
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Fio 65 ’ Diagram of the trigeminal medial
nod spinal lemniari mn me^encephalie motor nu
cleus of trigeminal nerve in sensory nue of tn
geminal st spinal tract and nucleus of trigeminal
md motor fibers pa*sing into mandibular nerve
SCI gasserian ganglion ne nuc cuneatus fv po«
tenor columns of the cord ng nuc gracilhs ll

trigemiTiHl lemni«cus pvn postenor ventral nuc
of the thslimus «{ spinal lemniscus ml medial
lemni«cus ht lateral spinothalamic tract asl
anterior ap nothalamic tract mid midhne The
trigeminal is on the medial side of the medial
lemnisc is onU in the medulla it comes to I e on
"rtie orfier side in Vne pons and in diose rdiaXion to
the spinal lemniscus

with corre ponding fibers of the opposite side

(sensorj deaii^ntion) Thct then turn upwards as

a compact bundle known as the medial lemniscus

or fillet This ascends tlirough the medulla ob-

longata and pons dorsal to the corticospinal

tracts and through the tegmentum of the mid

brain

The spinal lemniscus (or fillet) is formed by the

fusion of the anterior and lateral spmothalamie

tracts and is therefore a crossed path for impulses

aroused b> light touch pressure pain heat and

cold In the upper part of the medulla oblongata

the spinal lemniscus joins the medial lemniscus

on Its outer side and ls joined in the pons the

tngeminal lemniscus

Tlie trigeminal lemniscus (or fillet) coni ej s im-
pulses from the area of distribution of the tn
geminal nerae of the opposite side (p 1199)

The fibers of the medual spinal and trigeminal

lemnisci terminate m the thalamus, from where

tertiary neurons pass to the cerebral cortex, (see

fig 637)

Tlie lateral lemniscus constitutes the pathwaj

for auihtorj impulses from the cochlear nuclei to

the inferior colliculus and the medial geniculate

bod}

The season pathways are constituted of three

neurons For example the pathwaj trax ersod bj

the senson impulses for touch or kinc=thetic

sense coasists of a pnmarj neuron w hose cell body
lies in the postenor root ganglion a secondary

neuron ongmatmg in a postenor column nucleus

(gracilis or cuneatus) and a tertiary neuron arising

m the thabmus which comey impuUes to the

somcslhetic area of the cerebral cortex (ch 67)

The cells of the Gas«cnan ganglia are the prunarv

neurons of the trigeminal pathwaj secondarj

neurons he in the sensory nucleus and in the

spinal nucleus of the Den e(p 1198) tertiary neu

Ton fibers ascend to the cortex from the thabmus
In the upper part of the poDS and m the midbrain

these sexeral sensory pathways become fused to

gether into a compact bundle But a lesion in the

loiter part of the brain stem may inxohe one of

the sensory pathways exclusively of the others

Tlius an injury loealizetl to the outer part of the

lower pons or of the medulla oblongata max bx

injuring the spinal lemniscus cause los.? of sens*!

tion to pain heat and cohl ox er the opposite half

of the body leaxing muscle sense and tactile di

crmitnation intact ^ensorx loss of this nature ac

compamed bx ipsilateril cerebellar s\Tnptoms oc

cuis as a result of the occlusion (as by thrombosis

or embolism) of the posterior infenor cerebellar

artery Usually also as a result of tlie inx olx ement

of the bulbospinal tract of the tngeminal nerx e (p

119S) the faceon thesame swfeas the occluded xes-.el

shows a loss of pain and temperature sensibilities

whereas tactile sensation w hich is transmitted bx

the main seasory nucleus is largely unaffected A
lesion more ccntrallx placed may b\ implicating

the medial lemniscus alone cause the eonxerse

tyT» of dxssociated?en«orx defect namely lo«sof

the sense of position of the limbs and of spatial

di cnmination with retention of eensibilitj to

pam, heat and cold In le«ions at higher lex els m
the brim stem nil forms of setxsalion are hkelx

to be inx olxTd more or less equally
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DcwctulmR Trnct* of the Spinal Cord

1 CoRTico^Pis^t (cfafBr{0>Pis\L) “nucTs

Irom their ongtns m llie cerehra! cortex tlic>c

tncls <Ie<comi throuRli the ccrchnim xiid brijn

«tcm on rich ';u!e to the lower l«rd(r of the

mccJiiIta oWongitt Here, encli tract divides

into two humlles of unequnl size, the Iitrct

of winch crcrs.'cs to the oppcriU «ide and ch^rinds

m the po^ti nor p-irt of the lateral fumciilus of the

cord as the foferflf corticospinal tract 1 he remain

ins filjera iintro^sc d, de^ci iid m the ante nor fume

ulu^ as the ontmor corticospinal tract In nio«t m
stances the direct or intcnor corticospinal tnet is

hut a «mnU part of the total numUr of cortico

«pinil filx'rs (usually not over 10 per cent), but the

numlH r of fibers in tlie anterior tract v anes and in

rare in«taneesmftetof the corticospinal fibershem
this position Inmostca'-e3the=enntcnorh placeil

fillers d(s«nd onli a« far is t)ic cenieal spinal

cord Lien th<w» filxirs <,rO'« to the opiweitc side

before torminatmg on the ganglion cells of the

anlenor gni\ column (cf fig« C5 1 and G5 8)

There are alsi direct eorticoopinal fibers hang in

the lateral columns of Uic «pinal cord which do
not cross to the oppoitc side Through the'^ the

precentral motor cortex «ends impulses to ip«i

lateral skeletal niii-seles

All coftico«pmal fillers whether crossed or un-

cfXHsxd connect with the large motor eelK of the

\cntral graj columns (anterior horn cells) The

connections arc of two ijiics, (a) direct sjaiap-es

(20 to 30 per cent) with the motor neurons, (b) in

direct connections with the<e cclU through an

intcmuncial neuron whose cell bodj is al«o in

communication with a po<tenor root fiber on each

«idc It has liecn c^timatcfl that from 75 to 90 per

cent of the cortico'pinal fibere terminate m the

con ical (55 per cent) and llioracic (20 per cent)

regions of the «pmal cord and about 25 per cent

in the lumbar and «utnl ngions

Tic 65 8 Diagram of 11)0 i1c>»cpniling tracts of the cord sbowing corticospinal tracts (black) rubro

spinal tracts (red), tectospinal tracts (blue) and vestibulo-piaaltraciB (green) B C Betz cell of motor

cortex UN red nucleus bC superior colliculus, t N xeatibular nucleus The implication of this

figure that the cor(ico«pinal tract arises exclu-.nel3 from the Betz cells js erroneous
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For manj jeara an erroneous belief rvas entet-

t lined that all of the fibers in the pj ramids on the

ventral surface of the medulla oblongata

from the Betz cells of the precentral g>Tua and
were responsible for all aoluntary activity of the

skeletal musculature It is now known that this

concept contains manj errors Onlj a\erysmall

percentage of the corticospinal fibers nnsc from

the gigantic Betz cells of the precentral gjTus,

approximatelj 3 to 4 per cent The remamder of

the corticospinal fibers arise from other cells in

the precentral gjTus, from cells m the panetal

cortex and perhaps other areas There is a ques-

tion as to whether all of the fibers in the medullar)

pj rarmcls are of cortical origin and some inveati

gators lia\e e^en questioned as to whether the)

are all descending fibers Ccrtainl) all \olunlary

muscular aelmt) is nert achic\ed exclusively by
corticospinal fibers or by fibers contained m the

mcdullars p)Tamids There are multis) naptic

fiber pathwa)S from the cortex down to the an-

terior horn cells of the spinal cord which are al«o

capable of producing \oluntar) movement
2 ESTiBtJWsPiNAL TRvcTS Two tmcts, a

ventral and a lateral, are commonly designated,

although there is no evidence that (he) serve dif-

ferent functions or that there is an) significant

difference between them The iwtral tesUbvfo-

sptnof tract arises predominantly from the spinal

or inferior vestibular nucleus (m the cat) and de-

scends m the forepart of the anterior funiculus of

the spinal cord just lalcfal to the anterior cortico-

spinal tract It is a downward extension of the

medial longitudinal fasciculus of the bnm stem

The lateral leslibulospinal tract is a prominent

descending pathway l)ing m the anterolateral

part of the spinal cord It arises from the lateral

vestibular or Diiter’s nucleus and extends

throughout the entire length of the spinal cord

Most of its fibers are uncrossed although a few

arise from the contralateral lateral vestibular

nucleu« The vestibulospinal fibers temunate

iithcr upon the antenor horn cells or upon «mall

mtornuncnl neurons wlueh in turn form B)iiapscs

w ith the motor cells of the anterior gray horns of

the spinal cord

3 Tectospival tuvcts of each spinal half

arise from the contralateral superior and inferior

colliculi and descend at first as a single compact

bundle through the rcticuhr formation of the

brain stem Upon reaching the cord the fibers are

segregated into two fasciculi, a ventral and a

dorsal which descend m the ventral and btcral

white columns re«pectivcl) The fibers synapse

with the sjiinal motonurcon*', either directlj or

throi^h mterniincial neurons, espcciallj in tlie

cervical region, wherein are situated the centers

for the neck muscles Impubcs from the retina

ftre received b) the superior colliculus which

through such impulses, and its spinal connections

sen es as a center for the integration of visual im-

pressions with liod) movement, espcciallj of the

head (nswiptnal rejiexes) This center is probably

of less importance m man, witli his highlv deve!

oped visual cortex, than in animals Auditorv re-

flexes may also be mediated by this tract and the

inferior colliculus

4 Rpbrospiwl tr-vct arises from the large

cells (nucleus magnocellulans) in the posterior

part of the red nucleus (p 1215) The fibers im-

mediately upon Icav mg the red nucleus cross to

the opposite side (Forel s decussation) and descend

through the reticular formation of the pons and

medulla to enter the lateral funiculus of the cord

ventral to the lateral corticospinal tract In car

nivorous animals e g cat and dog the rubro

spinal tract is large and important In the pn
mates particularly in man, the rubrospinal tract

IS so small that its existence has been questioned

at any rate it has little if any functional signifi-

cance

5 OuvospiNAL (dplbospisal) tract of
IIcLw EO Its fibers are presumed to anre from

celts »Q the neighborhood of the infccior olivary

nucleus and descend in the ventral and lateral

part of the lateral funiculus However, its exist

encehas been senously questioned It descends no
farther than the cervical region The fibers sv n

apse with motor neurons The functions of this

tract are unknown It and the lhalamo-ohvary

tract constitute a possible path whereby impulses

from the thalamus may reach the spinal centers

6 Reticclospivvl TR-virrs arise from cells

scattered through the reticular formation of the

brain stem They are two m number, one in

which crossed fibers predominate descend^ m the

antenor fumeulua, the other compo«cd mamiy of

uncrossed fibers mthc latcralfuniculus They eon

nect with the motor neurons in the anterior horns

and probably with cells m the lateral horn Im-

pulses conveyed over this complex pathway are

concerned with the regulation of the reflex ac

tivitv of the skeletal musculature, the control of

the vegetative nervous evstem, tidjustment of

the tlircsliold of peripheral end-organs such as the

muscle spindles and of the sensory pathways

Intersegmcntal Tracts of the Spinal Cord

There is in each funiculus of the cord lying clo^e

to the gray matter an mtcrsegmental fasciculus



Chapter 65 SPIN U CORD AND DRVIN STEM 1197

or prouncj hundlc Tlic«p, ns nlrcadj mcntionwl

seiAO to link spinal pcgmonta of ilifToront levels

TlitJr filsen arise from ceJN in tlio pnn matter

ami after an nset ntlitiR or t!< set ndiii^, eonrsi of

\ amble Icnglli cml around cells of the «ami or of

tlio oi'ipo'^itc Fide at a liiRlior or a loner level A
proportion of tlie fibers constituting the inter

segmental f iscieulns of the Uter il eolumn of the

spinal ro«! (Mcral or /ot

fr(ifgronnrfiunrf/f)nn lontinue lupvv irds into the

medial longitudinal fnseiciilus (or bui»lle) of the

bnin stem The ground bundle of the anterior

funiculus (aiilenor tntcr/egnienlal or sulcomarffinal

fasciculus) IS composed of fillers which connect

the anterior horn cells of one side with those of the

opposite side both at the Kimc and at tliffcrent

levels In the cervical region it is rompose<l

largeh of the spmal fibers of tlie mcrlial longitu-

dinal fasciculus

The posterior funiculus contains (a) tlie septo-

marginal fasciculus and (b) the jiostcrtor intcrscg

mental fasciculus (or posterior ground bundle)

The septomarginal fascicxdus is composed of (a)

intersegmontal filwrs which arise from tills of the

posterior horn and sjoipse with corresponding

cells at lower levels and (b) descending fibers of

the medial divisions of the posterior nerve roots

Scptom-irginfll fasciculus « a term oppheaWe to

these fibers on!> m the lumbar region where thej

abut on each side against the posterior median

septum The> are also known here as the otof

area or l/undU of Fktclstg These fibers form

areas of different sues and sliapcs on cross section

at various spinal lev els In the cerv ical and upper

thoracic regions the fillers appear on section as a

Fig 65 9 Diagram of the central connections

of the tngeminal nerve

crescentic are-v it aliout the center of the posterior

funiculus Jlero thej are spoken of as the comma
tract of Schultz or Iractus interfasciculans In the

lower thoritic region tliey form a nvirow zone

Iwunding the posterior aspect of the cord and are

known as the dorsal peripheral strand In the

«ncral region this tnct lies against tlie posterior

part of till motlnn septum and is callcil the tn
angiilarorea of niilipjN. Gombault The descend

ing fdKrs of the branches of the medial division

of the posterior roots as they descend al o like

tit long i«iending brunches become displaced

toward the mulime

Tlic posterior intersegmental fasciculis is seen

in cross section as ii small area l>ing Ix^hmd the

posterior pnj commissure Its fibers connect the

posterior horn cells of different segments {see fig

C->1)

TIic Longitudinal Fascictihis (or ncindle)

Tlie medial ({>o»tenor) longitudinal fasciculus

(or bundle) is a tract of great phj'siologtcal im

portantc and is present m all vertebrates It w
fomposed of fibers winch connect the 3rd 4tb and

Clh cranial nerves with one another and with the

\ cstibuhr nuclei and makes connections w ith the

motoneurons of the cervical segments of the spinal

cokI (fig C5 lo) The tract lies near the midhne

and extends from the cervical segments of the

spinal cord where it is continuous wath the an

tenor interscgmental fasciculus (anterior ground

bundle) to the floor of the 3rd ventncle In the

medulla oblongata it lies immediatelj subjacent

to the floor of the 4th ventncle m the pons it

courses through the formatio rcticidans and in

the midbniin lies in relation to the graj matter of

the floor of the Sjlvian (cerebral) aqueduct It

also recciv cil fibers from the lateral lemniscus (au

ditory path p HJM) and from the superior col

licullus through which it is m communication

with the optic pathway (ch 75) The essential

function of the medial longitudinal bundle is the

coordination of reflex movements of the ocular

and neck muscles in response to labjTinthine

auditory and visual stimuli

The Central Connections of the Trigeminal,

Facial, Glossopharjne^®!* Vagus, Acces-

sory and Hypoglossal Nerves

The TRiGExtivvL Pathway

The tngemtnal nerve appears on the lateral

surfaw of the pons The nerve Ins three roots (a)

alatge sensorp (b) a small motor, and (c) a mesen

cephalic (Sg 6o 9)
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The fibers of the sensory root coosej unpnlses

from the anterior part of the scalp from the skiD

of the fotehea<l and face vMth the exception of an
area oxer the lower border of the mandible It

also supplies tho mucous membrane of the

mouth, antenor two thirds of tonj^e and nose,

the cornea and conjunctixae and part of the

jntmcraiual dura mater Tins root an'ses from

the ceUs of the Ra«=eTian (<»emilunaT) ganglion,

nhicli corresponds to a spinal posterior root

ganglion Tlie proce«sps of the ganglion cells di-

xide into penpheral and central branches The
fomer enter into the composition of the penph
eral diM'ions (ophthalmic, maTilIarj and man-
dibular) of the nen c the central branches (which

constitute the sensorj root of the nerve) enter the

poDa m clo«e a'^ociation mth the fibers of the

motor root and divide into an a=cendtng and a

descending group in a manner homologous mth a

spinal root fiber The aicendtng fibers convej im-

pulses of light touch, tactile discnminstion and
localization, and of the sense of position and pa«-

5JV0 movement Tliey end in a nucleus (mam or

upper eensory nucleus of the tn^emxnal nem)
situated m the pons, deep and lateral to the motor

nucleus The axons of cells in this nucleus a«cend

with those Iroin the spinal nucleus of the tn-

genunal nerve (sec below) to form the tngemxnal

letnnisciJt The descendtny fibers constitute the

bulbospinal trad of ihe trigeminal nene Thej sub

sen e sen'itions of pain and temperature ov er the

entire trigeminal area Tliej descend through the

pons and medulla oblongata and mav be traced

as far as the 2nd cervical segment This tract

dwindles gradually in its descent, its fibers ter

mmating around cells in the substantia gclatinosa

of Rolando which in this situation is referred to

as the spinal nucleus of the Ingeminal nene From

the spinal nucleus the axons of secondarj neurons

swing downward m the spinal tract of the tn-

gemmal nerve as far as the upper cen ical spinal

cord They then cross the midlme and turn up-

w ard In the upper part of the medulla oblongata

the} join fibers ansmg from the upper sensory

nucleus to form the ingemtnal lemniscus (or

fillet) The trigeminal lemniscus lies m close asso-

cmtion with the medial and the spmal lemnisci

(spinothalamic tracts) (p 1191), its fibers termi-

mte in the posteroventral nucleus of the Ihala-

A number of reflexes are mediated through the

afferent fibers of the trigeminal nen e, e g ,
cor-

neal, winking sneezing and oculocardiac

The main "ensor} nucleus of the trigcmiDal cor

Tesponds to the nuclei of the posterior coUimin of

the spins! cord (nuclei gracilis and cuneatus) and
like the latter sends fibers to the cercbelltun

through the inferior cerebellar peduncle The
spina! tract of the trigeminal nerve maj be looked
upon as corresponding to the tract of Lissauer (p

1189), and the spinal nucleus as an extension up
wards of the substantia gelatinoaa of Rolando
whose cells, os we have seen, give nee to the lateral

spinothalamic tract

Tlie motor roof fibers anse from a nucleus in the

upper part of the pons underlynng the lateral part

of the floor of the 4th ventncic The nucleus rc

CC1VC3 fibers from the cortieobulbar tract of tlu

opposite side and also probabh from the same

side Tlie motor root after its emergence from

the brain stem, travels peripherally vnth the sen

«ory root and passing deep to the gassenan

gangiioD, joins the mandibular (3rd) diviMon

of the trigeminal nerve to supplj the muscles of

nnslication (temporal, masseter and pterj goids)

The mesenetphahe root consists of a small

bundle of fibers which run in companv with the

fibers of the motor root Entering the pons thej

ascend to the meseneepholte nucleus of the tri-

geminal on elongated collection of nerve cclN

extending from the level of the motor nucleus to

the upper region of the midbrain It was thought

at one time that the me<eneeplialic root and nu
cleus were motor m function, but it is non gener

all) admitted that they are composed of afferent

neurons The nucleus is looked upon os a group

of cell- homologous mth the gassenan (semilunar)

ganglion and the po«tenor root gangha of the

spinal nenea, but which has migrated or bein

“drawn’ into the brain stem nt an earlj period of

phylogenetic development It is believed to re-

ceiic propnoceptnc impulses from the mu-clcs

of mastication and povsibh from the ocular mus-

cles

Lesions invouivo the tbigeminvl ptTH-

wAvs Either the penpheral portions or the cen

tral connections of the nene mav be the scat of

disease A lesion of the nine peripheral to the

ganghon is more likely to mvoh e only one of its

three divisions Pam or loss of sensibility over the

distribution of the divusion affected, may re-ult

If the gassenan ganghon is mv olv cd the disturb-

ance of sensation usually involves the area of dis-

tnbution of more than one division, often of the

entire nene If as a result the eye is rendered

anesthetic the patient may dev clop an ulceration

of the cornea and an inflammation of the cornea

and conjunctiva This has often been referred to

asa neuroparahtic keratitis and has been attrib-
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utcd (o tlio of some ob-'t urc trophic inQuc nee

of the m.r\o Actual^ it results from the fict

tliat theej e i** ane«thctic and t in !» injKn“*lM>-il3

h> ft fonign bod> or b\ “ir itching without anj

ih®comfort to the patient Tlie e\L i-i U«n likely

to lx neglected b> the patient Ix^aii'-t it is not

p.jinful As a rc«(iU he m n lo'-o Ins "ight orcawi
IiH I \a

Hcr{ietic eruptions mi> roiilt from thi m
aohament of the ga^nrun ganglion Spontim
{)U> herpes zo«ter Usualli jn\ o)i es the area of dis-

tnbtitinn of the ophthalmic di\ i ton and is often

serious because the lesions on tlic coniea ma\ lead

to corneal opal lt^ uuUo<s of MMon Such herpes

is also commonlv followed In a ten distit'sing

po't herpetic neuralgia which is ccia difficult to

to at satisfactorilc

Tifiiljsw of the mu-iles of mislicition with

Tialuclion in the strengtli of the bite on t)u af

feeteil pjile nnd delation of the mandible toward
the paraKzctl side when it is openetl occurs when
the motor dninon !•) m\ol\ed Such paralj«is is

eommonoj seen in assonation with ifTections of

the mandibular dm«Jon which the motor root

joins or of the gaswrian ganglion which hes di

rectl\ o%er llie motor root

l^iss of sensation of taste (fts w ell as of ordinarj

sensibility) over the anterior two-thirds of the

tongue on the corresponding «i<le is a common ac-

companiment of degcncralnc changes affecting

the mandibular dnuuon of the 5th ncrcc The
taste fibers to this part of the tongue are derived

from the cliorda ty mpani branch of the facial, but
travel via the hngaial branch of the mandibular
division of the tngcroinaf nerve Removal of the

gasscnan ganglion docs not result in a loss of

taste

Lesions (e g ,
tumors, va'ciilar change®) in the

pons, medulla or upper ccmcal spinal cord may
injure the upper sensory nucleus, the motor nu
cicus, the tngcminal lemniscus (cro^d) or the

bulbospinal tract of the nerve "SMicn the motor
nucleus is involved weakness and wasting of the

muscles of mastication result, implication of the

a«ccndmg sensory fibers, or of the mam sensory

nucleus m the pons, is followed by loss of the sen

sation of light touch and the discriminative

aspects of cutaneous «en®ibihty m cr the =anie ade
of the face, but the retention of sensibility to pain,

heat and cold The ncighbonng spinothalamic

tract (crossed) may suffer coincidently with the

a«t'enchng «ensory fiber®, when therm3De®tbc<ja

and analgesia ov er the trunk and limbs of the op-

posite side combmed with loss of tactile sensation

over the ficc of the same side wall result (sec a)«o

p 1193) Syringomy elia ettendmg into the upper
eenieal region or into the bulb (synngobulbia) is

likely to cau®e, as a result of pressure upon the
spinal tract of the nen. c a lo®s of the appreciation

of pam and clungcs in temperature with reten

tion of tactile Ptn^ibilily

The trigeminal nerve, or one of its divnsions, is

sometimes the seat of a severe and intractable

tvpe ofpain wlucli recurs id parovy "ms (tngemnal
neural^ ticelouloretir) Tliecau^eoftheafTectioa

13 unknown In treating (he condition injections

of alcohol into the divi ion of the nerve involved

are sometimes emploved The injection i- made
into the mrve it the infraorbital foramen m the

case of mvoKcmcntof the maaillary diVLion and

at tlie foramen o\ ale of tlie sphenoid or at the

supraorbital notch, rt-pcctivelv, m dL«ease of the

mandibular or ophthalmic division Injection or

section of the peripheral branches result in only

temporary rcmi'-ion of the pam whereas the sec-

tion of the nerve between the ga«oenan ganglion

and the pons provides permanent relief The
motor tool cm be spared in such an operation

Thf Paavp Nbpve

The fieial nen e eOH«i*.te of a large motor and a

small *en»erj portion The two portions or roots

appear at tiie lower border of the pon and enter

the mtornal auditory meatus m company with

the auditory nerve

The eensorrj root of the facial which 18 al*©

known as tlie ncmis tnfcrmedius of R nsberg con-

taats JJot Oir)i Sbors bai 'proton a/wJ

vasodilator (parasympathetic) fibers as well

TJ»e sensory fibers an^e from the cells of the

geniculate ganglion (fig 6510) The peripheral

procc^-ses of the=e cells are distributed through

the chorda tvmpam branch of the facial nerve to

the ta®tc buds and mucous membrane of the an

tenor two-thirds of the tongue, and through the

nerve to the pterygoid canal (formedbrlhe union

of the greater euperficial petrosal and the deep

petrosal nerves), and the sphenopalatine ganghon

to the lacrimal gland and the tnuco«a of the «oft

palate and posterior part of the nose The chorda

tympam branch joins the trunk of the hogual

nerve tlirough which it is conveyed to the floor

of the mouth * The central proces«e^ of the gan-

•nie nervHs infermedms the geniculate gan
glloB the chorda tympam and part of the great

superficial petrosal nerve are sometimea grouped
together under the name gloseopalaline nerve iLe
ongin and distribution of the secretory and sen

sory fibers of which this nerve is compo ed are
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glion celh end in the tensory fiucUiis situated m
the upper part of the tnetu^ «olitariu« Tibers

^n«i. from the latter and avend in the medial

fillet of tlie oppo ite side to reach tist thalamus

The paraiympaUidic fibers an«e from the «m

jienoT salualorn nucleus (p 5SS) which lies in

clo=e relation to the motor iwickiw of the facial

After leaving the brain stem m the sensorj root

the parasjmpathctic secretorj and aa«odilator

fibers pass via the great superficial petrosal nene
and nene to pterygoid canal (formed bj the union

of the great superficial and deep petrosal nenes)

to thosplenopalatine ganglion from where thej are

relajcd to the lacrjmal gland, and to the icssels

and gKnds of the pal ite and posterior part of the

nose The secretory and ia=<Klil3tor filxr* to the

submaxdhrj and sublingual gl»nd> leue the

closel> eunilar to tho“e of Ihe glossophaTingcal
and It IS considered by sonic is an aberrant part of

the latter nerve
A small proportion of taste fibers mav take an

alternative route, nanielv via the chorda t)inpaiu
to the otic ganglion anti thence b\ wav of the in
ternal sphenoidal and great superficial petrosal

nerves genicular ganglion and nenus interme
dius to the brain stem (‘'chwarir and ttcddell)

facial with the ta«te fibers m the chorda tjmpani
lirancli

The motor part of the fai lal is com ej ed through

the facial canal of the temporal bone to tlie stvlo-

mnsloid foramen Afttr its emergence from tlu

latter it i* distributed to muscles of the face

auricle and forehead The motor fibers froni

a nucleus in the lower part of the pons and pass

backwards to the lower end of the nucleus of the

abducent neri e Then ascending to the upjier end

of the latter thej bend and sweep downwards and

foninrd to where thci leaic the brain As the

facial fibers take this arched course to tin point

of their emergence from the brain stem thej

leather with the alxlucent miclcus form a prom
inence in the floor of the 4th v entncle known as

the/ocuif colltculus

Connections the motor nucleus of the facial

nerve receives

1 Fillers from the corticobulbar tract of the

same and of the opposite side

2 Fibers from the lateral, trigeminal and me
dial lemni'ci and from the spinothalamic tracts

Through these connections reflex facial move
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menta in animnl« maj be injlntcil from vinou«
receptive areas of the hoclj

Facial ptRALi SIS The effects of interruption

of the faeial pathwav var\ m certain important

features according to the level at which the in-

jur> occurs The nature of the motor loss follow-

ing a le-ion of the supranuclear (cortitobulbar)

fibers IS described on page 1200 In the piralyiiis

resulting from di\ ision to the trunk of the facial

nerve nil the mu'cles of the affected side of the

fi£^ arceompktel} pinl3 ze<l The subject la un-

able to close the eve owing to paraljsm of the

orbicularis ocuh, or to {row n
,
tijc cv ebrow droops

The mouth is draw n o\ er to the sound side the

iinparalizcd muscles and the mu'chs of the af-

fected side do not take part in {lie facial expres-

sion of emotional states, e g ,
laughing or cr>ing

Ficial paralysis mav result from n lesion in

V oh ing

1 The motor nucleus or the intra pontine

course of the motor fibers (tumors, hemorrhage,

etc

)

2 The nerve as ii cro««cs the postenor fo«s \ of

the skull to reach the lotcrnal auditory meatus, as

in fracture- of the skull or tumorsm this situatioo,

the <eu«or> portion and the auditor> nerve arc

common!} involved as well, when loss of the aen

satioR of taste over the anterior two thirds of the

tongue, and deafness on the affected side will re

ault

3 The nerve lo Us course through the temporal
hone as m fracture of the skull or m otitis media,
inffanimAtion of the nerve withm the facial canal

(aqueduct of Fallopius )—Bell » palep—may occur

4 The nerve after Its emergence from thcstjlo

ms‘toid foramen, as it lies behind the angle of

the jaw , inffammation, parotid tumors, or acci

dental injuries may implicate the nerve id this

situation

The Glossophvbtnoexl Nervt:

The giossopharjTigeal nerve contains motor,

«ecretorj, vasodilator and een'mrj fibers The
nerv e emerges from the side of the upper part of

the medulla oblongata m the groove between the

olne ind the revtiform bod} The motor fibers

are di'’tributed almost entirel} to the stylo-

pharj ngeus tnu'cle
, a few terminate in the circu-

lar and longitudinal muscle of the upper part of

the pharj-nx However, division of tbe glosso-

pbar3-ngeal nerv e w Rich is dom for glmsopbarju-

geal neuralgia produces no motor db-abihty so

far as the patient is concerneil The secretorj and

V asodilatot fibers (via its tjTnpanic branch, the

tjmpamc plexus, the small superficial petrosal

nerve and the otic ganglion) (p 5S9) supply th

parotid gland The sensory fibers an«e from cell

m the superior (jugular) and inferior (petrous

ganglia of the g]o‘-soph‘irjT]gcal nrn e The pc

npheral procc«s(^ of the tx?lls of the latter gan

glion suppl} the taste iiuds of the posterior thin

of the tongue Tliosc from cells of the snpeno

ganglion mediate ordinary sensations (toue!)

thermal, etc ), from this part of the tongue an<

the mucosa of the phar>Ti\ and postenor part o

the mouth, the ctntml proics^es (superior gan

glion) terminate in the dorsal nucleus of the vagii

and (inferior ganglion) in the lower part of th<

frflcfus aofifoniis Fillers (secondarv neurons) pa®

from the latter mickus and, crossing to the media

fillet of the opjMvsjte side, ascend to the tliahmus

from where avon-> of lertur} neurons pass to th<

cortical area for taste Tlie motor fibers an-i

from the upper part of the nucleus omfctjruus ®itu

ateil in the rctieidar formation of tbe meduH
oblongata Secreton fillers arc tbe nvons of cell

Ijmg m the inferior saliiatory nucleus vvhieli lie

below the «upcnor nucleus of the same name Tin

carotid sinus nerve is another important afloren

branch of the gJossopharjTigeal nerve It is con

cemeil with the conduction of impulses from the

carotid bod} and the carotid sinus to the medull

oblongata Tliesc impulses and their frequenej an

dtterminid b} chemical changes in the bloof

which arc detected b} the carotid bodv and bv

changes m the blood pressure which are detectec

by the carotid sinus Tlicse afferent impulses art

concerned lo reflet activities which take part ir

controlling the pulse rate, the respirator} rah

and the blood pressure

Tilt VagU'^ Nervx

Tlie vagus nerve contains motor, secretorv

V asoddator and sensor} fibers The secretor} and

vasodilator fibers and the fibers to the mv oluntan
muscle of the bronchi, heart, esophagus, stomach

smaU intestine, gall-bladcler, etc (parasvTnpa

thelic fiber®, ch 71) arise from cells in the dorsal

nucleus of Uieiayus (principal autonomic nucleus)

Tins gra} mass extends upwards from tbe lower,

closed part of the medulla oblongata to beneath

the floor of the 4th vcntncle at the level of the

stnae medullares The voluntar} motor fibers

arise in close relationship with the motor fibers

of the glossophar3'ngcal nerve, namely, from tbe

cells of the nucleus ambiguus l}ing below the

glossopharjmgeal neurons The} suppl} (through

the superior laiymgeal branch) the cncoth}roid

and arvtenoid muscles of the lar}Ti-x, nndjie^in-
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fcnor con«tnctor of the pliar^ n\ Tlie ph'tr>ngeal

and recurrent larvngeal branches of the\agus al«o

convej \0luntar5 motor fibers many ofMhichare

derived from the bulbar nucleus of the accessory

non e ('ee below ) to the pharyngeal muscles (with

the exception of the stvlopharyngeus), and to the

muscles of the soft palate (except the tensor

palati) and larynx (except the cncothyroMl) The
cell bodies of the sensory fibers lie in the inferior

ganglion of the \agus (ganglion nodosum) Ihe
penpheral processes of these cells conv cj impulses

from the lungs heart, larynx pharynx, esophagus,

stomach small intestine and gall bladder They
al«o through the anterior lary ngeal branch, in

nervate the taste buds of the epiglottis and sallec

ulae (the depressions lying at the sides of the fold

running from the epiglottis to the base of the

tongue) The taste fibers end centrally by svnap

'ing Avith cells in the gustatory nucleus lying in the

upper and medial part of the tractus aoltlartus

These impulses are relayed upwards along the

same paths as those conveying other taste un
pulses Afferent vagal fibers from v isccral struc-

tures termuiate in the dorsal nucleus This latter

]s therefore, both motor and sensory in function

and constitutes an important visceral reflex cen-

ter It contains the cardio-inhibitory and vomit-

ing centers

\agal afferent filaments travelling in Arnolds

nerve mediate the general «en«ations of (he skin

lining the external auditory meatus and a small

area behind the auricle Irritation of the«c fibers

may cau«e reflex coughing (p 477) These sensory

fibers have their cell stations in the jugular gan-

glion

The Spl^vL Accessory ^ervb

rhe «pmal accessory nerve is entirely motor

and is made up of a bulbar and a spinal root

The 6uf6<ir root anses from the lower (caudal)

end of the nucleus ambiguous from cells «ituated

below tho^e which give ongin to the motor

fibers of the vagus The bulbar fibers join the

vagus within and btlow the jugular foramen and

are distributed, as already mentioned in the

pharyngeal and recurrent branches of the latter

nerve, these fibers of the spinal accessory nerve

innervate the muscles of the larynx, with the ex

ception of the cncothyToid, the muscles of the

pharynx and tho«c of the soft palate, with the ex

ception of the tensor palati (whicli is «upplied by

the 5th cranial nerve) The spinal root is com
po^d of the axons of a group of cells m the an

tenor gray column of the spinal cord exteodmg

from the 1st to the 4th or 5th cervical segment

inclusive nio«e fibers supply the sternocleido

mastoid and trapezius muscle® The spinal part of

the nerve exchanges fibers with the bulbar part in

the jugular foramen

The Hypoglossvl ^ERVE

‘niehypoglo««al nerve is also purely motor Its

fibers are denved from a nucleus «ituited near

the midline in the floor of the posterior part of

the 4th ventricle and mednl to the nucleus am
biguus It supplies the thyrohv oid 'tv logio® u®

hyoglo««us and gemoglossus muscles and the m
trinsic muscles of the tongue

The Pvthwvt-i for the Control of

Mitsculvr Activitt

The neural mcclianism controlbng the attiv itv

of the skeletal musculature is evtremeh complex

and as yet incompletely understood ^oluDt•l^y

movements are dependent m primates (monkev®

apes and man) upon the prccenfnl motor cortex

iTie same is not true for low er ammak Birds and

reptiles have practically no cerebral cortex and

tlieif well organized movements are controlled by
nuclear masses more or less comparable to the

basal ganglia of the primate brain In higher am
roal forms such as rodents the cerebral cortex is

present but of relatix ely little importance so far

as muscular activity is concerned In the car

nivoros e g ,
cat and dog a sp(^clall^ed portion of

the cerebral cortex (the sigmoid gVTus) has de-

veloped into a motor cortex If it IS stimulated

electrically movements can be produced in the

contralateral extremities and if the sigmoid gyrus

IS removed a transiton contralateral paralysis en

sues However, the cerebral cortex is not essential

for useful mov ement of the skeletal musculature

The sigmoid gy n can be remov ed from both sides

with only atemporarx paralysis In fact the en

tue cortex can be removed and the animal still

be able to sit, stand w alk or run In pnmates the

situation IS quite different Here the cerebral cor

tex IS much more important but there still exi ts

a considerable difference between the v anous am
mals If one removes the precentral motor cortex

or ev en the entire cortex from one cerebral hcmi

sphere in a monkey
, a complete paralysis of the

opposite side of the face and of the opposite arm

and leg will result Useful movement will soon be

gm to return and m a few weeks the animal will

be running about, climbing the walls of his cage

and hopping about on his trapeze in an agile

fashion, although a partial paralysis of the m
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\-oIve{l amt and leg mil Ite obiiou® Tlic ape, too,

mil rccoter, though not as compltteh as the

monkc}
,
trhcrcts reniot al of the precentral motor

cortex in man mil result in a contraLitenl paral-

t«is t'hicli, though it ill improAt, mil aln'iisbc

scierel) disabling After such an operation a man
mil become able to Malk, although mth a limping

gait dragging and circumducting Ins leg lie mil

ne\ir recover U'cful movement in his upper c\~

tremitj and will probablv have no movement al

all in his hand and fingers

The recoverj m pnmates following removal of

the jirccentral motor cortex is due almost entirely

to ip«ilatenl innervation from tlic intact cerebral

hcmi'phere, for if the remaining precentral motor

cortex IS remov ed a stv ere and enduring paralv sis

in oh /our cxtrcwiitiM is the immediate result It

15 true that if the cortex is remov etl piecemeal in

«ev oral operations o\ er months of time and if the

animal is given \erj special care occasionall> it is

possible to produce a bilaterallj decorticate mon-
kev that has a few awkward but verj Iimitcvl

V oluntarj mov cments At best <uch an animal is

almost coropletelj disabled In mo«t instances he

13 totally paraljzed except for a few useless

stereotv-ped grasping movements In view of the

demonstrablj greater importance of the precen-

tral motor cortex m man as compared with the

motor cortex of cats it is obvious tliat m the hu
man being the production of useful v oluntarj

movements is dependent upori tlus important

area of the cerebral cortex It ls evident that the

subcortical centers (basal ganglia red nucleus,

«ubsta&tia nigra, reticular formation, cerebellum

and spinal cord) are important m the production

of nell coordinated, u«eful muscular aetnitj, but

m man thP'« centers cannot function adequately

in the ab=ence of the precentral motor rortex

The precentral motor cortex gives nse to cor-

ticospinal fibers which arise from the precentral

g\ n« and de«cend to the anterior gray horns of

the spmal cord These fibers ate concerned with

\ oluntarj muscular activity and pnmanlj with

delicate, preci e, well coordinated movements of

the di«tal parts of the extremities, particularlj the

digits The relationship of the corticospinal fibers

which arise m the parietal cortex to v oluntarj

muscular activ ity is unkuown It is certain, how-
ever, that this parietal component of the cortico-

spinal system is not capable of producing useful

coordinated movements independent of the pre-

central motor cortex

The precentral motor cortex gives rise to many
more descending fibers with motor functions than

just theoirticospinal fibcr« Tliere are fibers to the

basal ganglia, the red nucleus, the substantia

nigra, the reticular formation and the pontine

nuclei (and through them impuLsis pa'?s to the

cerebellum) Thc«c, too, are concerned mth the

production of voluntarj muscular actiiitj In the

absence of the corticospinal tract such mov ement
IS apt to Ijc cruder and Ics.? delicate but still

useful Exactly vvJucli of thc«emanj fiber sj stems

—corticocauclatc, corticopallidal corticonigral,

corticopontine, etc —^is concerned m the produc-

tion of voluntary muscular activity is unknown
Tina neural mechanism is abo concerned with

otlier functions of great concern in the organiza

tion of muscular activ itj Tlicte include 0) the

control bv inhibition and facilitation of the

various postural reflexes («ce ch 04) (2) the

control of various automatic and associated

movements, such as swinging of the arms when

walking (3) various visceral and vasomotor ai-

tivitics such as rtspiratorv movements, blood

pressure, pulse rate the va«cular bed, gastrom

testmal motilitj
,
etc

ConTlCOBOLBXR FlBER**

Tlic fibers passing from the lower part of tlie

motor area of the cortex to the cnnial nuclei

constitute an important part of the cor/ico6u/ar

tract These bear precisely the same relationship

to the cells of the cranial motor nuclei as does the

corticospinal tract to the anterior horn cells of the

cold Tlic corticobulbar fibers, however cross at

various levels throughout the brain stem

The Interxai. Capsule

In a bonrontal section of the cerebrum, the

mtemal cap'=^ule is seen as a compact band of

white matter Ijmg between the thalamus and

caudate nucleus on its mner aspect and the lentic-

ular nucleus on its lateral aspect (cf fig 65 11)

It IS the broad highw ay of communicationm both

duections between the cerebral cortex and sub

cortical and spmal centers In addition to the cor

ticospmal and corticobulbar tracts the following

arc the principal tracts which compose it

I Descending

a CoTlicopmline tracts consisting of three

bundles of fibers /ronfopenfine panelo

pondne and accipiloporittne from the cor

responding areas of the cerebral cortex

to the nuclei of the pons

b Corlicoftibral trad, from the frontal Jobe to

the red nucleus
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Fia 6q 11 Horizontal section of righl hemisphere shontng cortieol ulbar and corticospinal 61)er«
ind the location of the visual and sensori fibers A anterior limb of capsule B posterior limb G genu

c Cortieothalamie from almost all areas of the

cortex to various nuclei of the thalamus

d Cortieoslnatal fibers from the precentral

area of the cortex to the caudate nucleus

and the globus pallidu*

e Occipiloleclfll^lisrs from the para and pen
striate cortex to the tectum of the mid
brain

f Corlicontgral fibsrs from tbe precentral and
temporal areas to the substantia nigra

n Ascending

a Thalamic radiations consist of four bundles

ascending from the thalamus anterior

superior posterior and inferior which

connect the thalamus with vanous parts

of the cerebral cortex Tbe antenor group

terminate in prefrontal areas and the

superior group in the somestfaetic area

(postcentral gyrus)

b \uditary radiations fibers ascending from

the medial geniculate body to Ihc tem
poral cortex (geniculo temporal fibers)

c Opfic radiation fibers ascending from tbe

lateral geniculate body to the visual area

m the occipital cortex (gcniculocalcanne)

fibers

d Rubrocortical fibers from the red nucleus to

the cortex

Tlie internal capsule is bent in the honzontal

pltne to form a conxexitj directed medially The

region of the angle so produced is called the knee

(ffenu) the portions in front and behind this are

known rcspectnely, as the anfmor and posterior

limbs The shorter anterior limb hes between the

caudate nucleus and the lenticular nucleus the

posterior limb betviecn the lenticular nucleus and
the thabmus TTie extension backwards of the

postenor limb is known as the relrolentKutar part

The anterior limb is occupied by the fronto-

pontine fibers and the onfenor Ikalamte radiation

(Ihabmofrontal fibers) the frmtothalamtc tract

corlKostnatal and corficoru6rn/ tracts In the ante-

rior three fifths of the posterior limb are trans-

mitted the corticohulbar and corticospinal fiber*

The fibers of these two tracts are organized in

accordance with the portions of the body which

they innervate, those carrying impuKes for the

eye muscles the muscles of the tongue and face

and upper and lower extremities arranged in this

order from before backwards and tho«o trans-

mitting impulses destined for the proximal part of

an extremity are pbced m front of tho^e for the

more distal muscles The remaining part of the

posterior limb and the retrolenticular part carry

in anteroposterior order the superior and posterior

thalamie radiations the auditory {geniculotem

poraf), and the inferior thalamic radiations cor

hoMalatnic, and paneloponline fiber* and the

optic (gemculo-ocnpUal) radiations

The internal capsule is supplied with blood

through the bteral stnate branches of the middle

cerebral artery
,
b\ the recurrent artery of Hub

nerfrom the anterior cerebral artery, and the an

tenor chonodal artery from the internal cnroti 1

arteiy
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A Comparison of the EfTcclfl Produced by
lnjur> of Supraspinal Paths s\ith Those

of the Spinal Centers or Peripheral

Nerses (Motoneurons)

It IS obvious that lesions at vanous points in

the Bcn OU3 sj stem are likelj to produce different

manifestations Tins is particularlj tme m the

held of muscular activitj In view of the intri-

cacy of the neural mechanism responsible for

muscular activity « hich has heon hneflj outlined

above, it must be obvious that the patterns of

muscular disturbances which maj develop can

varj through a wide range There arc no sunplc

sjudromes upon which the student may rely

Rather he must famiharuc himself, as completely

as IS po««ibIe m our present state of knowledge

and ignorance, wnth the neural mechanisms re-

sponsible for muscular activitj and then must
attempt to understand and interpret what he

finefa m the patientm the light of that know ledge

Destruction of the penphcral nerves supplying

a skeletal muscle produces an easily understood

chnical picture The muscle is (I) totally paral

5 zed, it IS bc} ond the patient's control and he can

not move it, (2) no reflex activity of anj sort is

possible, although in the early stages the muscle

may still contract in response to du-cct percussion

or direct stimulation with a galvanic current, and

(3) the mu<clc wastes away to a useless Cbrous

cord because it is devoid of mnervation and com
pletely without use Involvement of this sort is

often spoken of as a "low er motor neuron" paraly
SIS and it maj develop following dc«truction of the

antenor horn cells m the spinal cord, or following

division of the antenor spinal roots or of the mus-
cular nerve One must never forget, however,

that not all paralj ses are complete Some innerva-

tion may remain and then the muscle is weakened
but not completely paralyzed, the reflexes ore

dunimshed but not abolished and the wasting is

incomplete

Although the term Mower motor neuron"
paralysis is accurate for the condition desenbed

above, it has the disadvantage that it unphes
that there is a counterpart, an “upper motor
neuron” paralysis This is misleading for there is

no constant reliable entity which can be so desig-

nated The manifestations of mvolvemcnt of the

many neurons which he above the antenor horn
cell which are responsible in one way or another
for some phase of muscular activity vazy widely

depending upon which such neurons or groups of

neurons are involved Thus wemay have a severe

paralysis mth spasticity and hyperactivity of the

strctcli reflexes if the descending motor pathway’s

m the mternal capsule are involved If on the

other hand the Icaion is hmited to the cortico-

spinal fibers in the central portion of the cerebral

peduncle one secs a loss of some fineness and

delicacy of movement with little or no spasticity

and little increase in tendon reflexes L^iona of

the globus paUidus combined wnth destruction of

the substantia tugra are, on the otlier hand, char-

acterized by increased resistance to passive ma
nipulation of the extremities, mth a generalized

ngidity of tlic body and a loss of the facial move-

ments of expression and of many automatic asso-

ciated muscular movements but mth little or no

true paralysis and little if any change m the

tendon reflexes As we have noted before a paral-

y-sia arising from a lesion m the mtcmal capsule is

commonly associated with a flexor spasticity in

the upper extremity and an extensor spasticity in

the lower extremity, whereas a severe lesion m
tlie mesencephalon is hkclj to produce a paraly sis

with extensor spasticity m all four extremities In

contrast with tins a paralysis due to a transverse

lesion of the spinal cord will produce a complete

paralysis of the skeletal musculature below the

level of the lesion with a variable reflex pattern

In some cases, or even only at some tunes in a

given case, the paralyzed extremities may show a

severe extensor spasm while at other times a

severe flexor pattern may develop In contrast

wth “lower motor neuron" lesions, paralysis due

to «iv olvement of motor neurons above the an-

terior born cells are almost always associated

with some type of reflex activity Often this reflex

activity 13 exaggerated beyond that which one

would expect in normal musclra However, the

nature and pattern of the reflex activity will vary

depending upon the location of the lesion and the

pathways which are involved One reflex seems

to have its own epecific significance—the siptt of

Babmtkx Thia reflex is elicited by stroking the

outer margin of the sole of the foot from the heel

toward the little toe Nonnally, such stimulation

is associated with a flexion of all of the toes How-
ever, if the corticospinal fibers from the “foot”

area of the upper part of the precentral gyms are

mtemipted the great toe will extend or dor«iflex

The other toes may or may not “fan" outward

laterally It must be remembered that such a

“positive" response is dependent upon an m-
tact peripheral mechanism Regardless of the

nature or location of the central lesion the sign

of Babinski will not be ehcited if the great toe

IS anlsylosed, if the extensor tendon is severed or
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Fig 65 12 Diagram illustrating the effects of

lesions at various levels I, lesion of cerebral eor
tex causing monoplegia or hemiplegia depending
upon Its extent 2 lesion of internal capsule hemi
plegia 3 lesion of tnidbraiD involving descending
motor fibers and nucleus or tract of the third nerve
(Weber s paralysis), 4 lesion in porta destroying
descending motor fibers and nucleus of facial

nerve crossed hemiplegia viith homolateral facial

paral> sis
,
5 lesion in medulla oblongata involving

descending motor fibers and the hipoglossal na
cicus crossed hemiplegia and homolateral paraly
SIS of lingual muscles 6 transection of spinal cord,
paraplegia (In part from Villiger and from Ran
son)

the extensor hallucis muscle destroyed, or the

muscular nerve to this muscle interrupted or the

related anterior spinal root or anterior horn cells

seriously damaged It must also be remembered

that this 13 a sign only of interruption of the cor-

ticospinal fibers n hich mnerx ate the musculature

of the great toe It is not a sign of damage to any

other corticospinal fibers

Both “upper ’ and lower ’ motor neuron paral-

yses may be associated mth atrophy or wasting

of the involved muscles Muscular wasting is in

general proportionate to the degree of loss of use

of the mu«cle rather than to loss of mnervation

Because the paralysis resultmg from a complete

“lower” motor neuron lesion is complete both as

to voluntary and reflex activity the atrophy is

likewise complete Wasting from “upper motor

neuron” lesions is never that severe because even

with a complete 3)ataly5is of voluntary activity

some reflex activity persists

Lesions nt various levels are likely to involve

other structures and thus indicate their location

by the nature of the other cluucal manifestations

which the patient develops (fig 65 12) Thus a

massive lesion of the internal capsule will produce

a contralateral hemihypesthesia and possibly a

homonyunous hemianopia as w ell as a hemiplegia

A unilateral lesion m the midbrain often will pro-

duce a third cranial nerve palsy (with a ptosis of

the upper eyelid, a paralysis of several ocular

muscles, a dilatation of the pupil and a loss of the

pupillary light reflex) on the side of involvement

m addition to a contralateral spastic hemiplegia

Lesions involving one half of the lower bram stem

may be associated wnth a paralysis of one or more
cranial nerves (e g ,

facial, vagus or hypoglossal)

on that side of the body and a hemiplegia and
hemianesthesia on the opposite side of the body

In contrast with this unilateral lesions of the

spinal cord produce what is known as a Brown-
^uard syndrome—a paralysis of the skeletal

muscles of the trunk and extremities and a loss of

position end vibratory sensibilities below the lev el

of the lesion and on the same side with a loss of

pain and thermal sensibilities on the opposite

aide (fig 65 13) Obviously the possible combina
tions of symptoms and signs are numerous and
cannot all be discussed m detail here Their rccog

niUon and proper interpretation are dependent

Analges a

thermo anestres a-

and partial lass

of tact te sense

SIDE or LESION

Loss of jo nt muscle

V bratory sense

Fio 65 13 Diagram showing effects following
hemisection of the spinal cord in the lower thoracic
region Narrow white band at level of lesion mdi
cates total anestheaia and analgesia
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upon a thorough understanding of the structure

and function of the nervous sj'stem

It IS c\ ident that tiie paralj sis is more hkclj to

be hilateraj if the lesion is situated m a region

nhere, as in the brain stem or spina] cord the

descending motor tracts of the tno sides arc ap-

proximated, tlian if it IS located at a lev el where

these tracts are vvidclj separated, as m the corona

radiata or internal capsule, then unitatcral effects

are tisiw! Complete interruption of the spinal

cord vnll of tours; result in paral^-^is on both siiles

of the bod^ below the level of the Icoion—pora

plegia (p 1210)

ruAcnoNvi/, Monwiotooic-VL and CnEiiiCAt

ClUNOES IN Denervated Mubcle

A le«ion which involves any part of the lower

motor neuron—anterior horn cell—such as may
result from nnlcnor pohorajehtis or peripheral

nerve injurj is followed bj degenerative changes

which extend to and meliide the nerve terminals

within the mu«cle A muscle thus comnletelv_ de
nervated exhibits con«tantt^fiDe

r
rapid.—rhvth

ihlcal contracTions ''ihis so caPed fihaflntion of

iSo depcrvatcd m^cle does not appear unf il »ev

erai aaya alter tneabnormal electrical reactions

(reaction of degetieratioo ch 61) have already

developed and complete degeaeratioa of (he nerve

has occurred The muscle fibers contract asyn

chronously, the contractions involve onlj a part

of the length (0 5 to 1 mm ) of the fiber and give

nse to small irregular action potentials The Cbnl
lation can sometimes though not commonly, be
seen through the skin Having once appeared
fibrillation persists for a }car or more and until

the contractile elements have undergone complete
atroph^According to Denny Brown a reduction

in tension developed by the muscle when stimu
lated maximally can be detected withm 2 minutes
after section of the nhrve but other investigators

have been unable to observe any loss of confractile

force until after a much longer interval (30 to 40

hours) oufstanding functioriHl effect of dencr
yation isThe great increase in tbejfiasituut^of the

muscle to the intravenous or intra arterial injec

tion of acetylcholine Normal muscle is excited by
the intra arterial injection of from 0 2 to 20 mg
of acetylcholine whereas denervated muscle re

«ponds to a dose of from 0 002 to 0 02 -y It is gen
erally believed that this InTJersensitivity to acc

tylcholine is responsible for the Vulpian and
Sherrington effects and most probably also for

the fright reaction deocribed by Bender The
denervated mu«cle is ^«o hyperexcitable though

to a less pronounced degree to potassium chfonde

The denervated muscle soon commences to

atrophy
,
reduction in its bulk becoming apparent

within a few days after section of the nerve
Atrophy proeres^es rapidly .and is followed by
_<leg€neration of the coatraetde^fements Micro
Bcopic changes m the mu«cle fibers consist of

swelling and vcMculation of the nuclei a reduction

in sarcopla'^m and fading followed by disappear

ance of the stnatioos of the myofibnllae Ulti

roately all contractile- tissue dmnnears and is

replaced by hbrous tissue and, fat As the'e mor
phblogical changes are occurring the mu«cle grad

ualiy loses its plastic or ductile quality flexors

and adductors shorten and become more or less

set in their new po«ttion« The antagonistic

muscles lengthen adaptively This state of the

mu«clcs IS called contract ire. This disappearance

of the denervafed muscle fibers and their replace

ment by fibrous tissue is important in considering

when a divided mir*cvilar nerve should be sutured

or replaced by tran<pIantation of another nerve

Obviously if such operations are delayed until

only fibrous tissue remains they will be unsuccess

ful If they are to succeed they should be per

formed within a year after the muscular nerve has

been damaged
The chemical changes m denervated mu*ele

comprise a reduction m glycogen phosphocreatine

and adenosine triphosphate but they do not be

come pronounced until the on«et of fibrillation

The breakdown and subsequent resynthesis of

glycogen by the denervated mu«cle during a work

penod ts normal for a time following nerve section

but when fibrillation supervenes the ability of the

muscle to restore its glycogen after contraction is

greatly impaired. The atrophying muscle shows a
large increase m calcium, a smaller iacrea«e tci

chloride ond a decreasem potassium Tbeebanges

m chloride and potassium can be accounted for by

the reduction in muscle ma^s and Us replacement

by interstitial ti«site and Sui^ The increase in

calcium is loo great however to be explained

entirely in this way
The cause of fibrillation m denervated muscle

ts unknown, but it is not improbable that it is a

manifestation of its hypersensitivity to acetylcho

line The observation of Magladery and Solandt

that quinidine which Bholi«‘hes acetylcholine

byperren«itivity al^o suppresses fibrillation is

highly suggestive yet as Dale and his associates

have shown direct stimulation of denervated

mu«cle does not cause the release of scety Ichobne

It follows therefoi^ that if the stimulating effect

of this agent is re«ponsibIe for fibnllatfon it must
be carried to the muscle in the blood stream The
increased senoitivity to acetylcboJine may be due

to a lack of cholinesterase for,

nav aa<l~~^efiniangnhn, this enzvrne, which nor

mally is concentrated in Jhe neighborhood of the

nerve endings in skeletal muscle. disaDDeara-after
'

denereatton The lack of cholinesterase might also

explain (be failure of esenne to cause anything
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more than a transient augmentation of fibnila

tlOD

Syhingoiitelia

This condition is characterized by a cavitation

of the spinal cord surrounded by an area of glio«is

The disease process involves the central gray

matter primarily and the surrounding white mat
ter to a variable degree The process maj extend

for considerable distances up and don n the spinal

cord The loner cervical and upper thoracic re

gions are most commonly affected The disease

may extend into the bulb (syringobulbia) nhen
signs of implication of the nuclei of the cranial

nerves appear

A loss of pain and temperature sensibilities,

muscular weakness and changes due to involve

ment of the central sympathetic fibers ere among
the characteristic features of the disea'ie Oning
to the site of the changes, the fibers mediating

pain, heat and cold, where they make connections

Kith the cells of the posterior horns, are fir«t de

strojcd If the lesion la unilateral thermoanes

the*ia and analgesia of the ekm supplied by, and

on the same side as the diseased segments result

Other sensations, e g touch, mu'cle eeoae, are

unaffected until later in the disea«e Involvement

of the spinal nucleus of the trigeminal results in

the characteristic sensory loss over the face ^Vhen

the disease involves both dorsal horns or the an
tenor gray commissure where the fibers subserving

pain and temperature sensibilities cross the ther

moane«the<ia and analgesia are bilateral The
muscles innervated by the anterior horn cells of

the diseased segments become weak and wasted,

these effects often appear first lo the small muscles

of the hand So long as the disease does not cau*e

injury to the white matter, the sensory and motor

effects are limited and have a segmental distnbu

tion Involvement of the descending motor path

Bajs Rs/f ta s epsetec birfon- the

level of the lesion, while pressure upon the spino

thalamic tracts and dorsal columns will be fol

low cd by sensory loss below the level of the lesion

The degree of sensory loss, its type and distnbu

tion and whether homolateral or contralateral

vary according to the extent to which the individ

ual tracts are affected by the di«ea*e As s result

of the loss of the protective sensations (pain and
(temperature), patients with B>ringom}e1ia are

prone tosuffer injunes which, not being perceived

at the time, are neglected and ultimately lead to

senous lesions e g , painless burns or the disor

ganization of a joint (arthropathy ,
Charcot s

joint) Involvement of the sympathetic centers in

the lateral columns leads to vasomotor disturb

ances, excessive sweating or absence of sweating,

cyanosis etc So called trophic disturbances, e g,

ulcers, whitlows, gangrene, etc , are largely the re

suit of vasomotor abnormalities and the loss of

*S

sensation which, as just mentioned, permits an

injury, trivial perhaps at first, to be disregarded

Subacute Combived Degeveration or

THE Spinal Cord

This condition involves the white matter of the

cord and is almost always as^^ociated sooner or

later with pernicious anemia The degenerative

process consists of a breakdown of the myelin
sheaths, subsequent destruction of the axons and
their replacement by newly formed glial tissue

The changes are most pronounced in the cortico

spinal and cerebellar tracts and in the posterior

columns The chief clinical features are, therefore

(a) muscular weakness and spasticity (b) impair

ment of the sense of position and of passive move
ment of the limbs with consequent ataxia and a
positive Romberg sign, (e) Joss or impairment of

spatial discrimination, and vibratory sensibility

The relative extent to which these sensations are

loat IS vanable Paresthesias (tingling, pneking
and burning sensations) frequently precede the

sensory loss, and are usually the result of an asso

ciated peripheral neuropathy The reflexes vary
The tendon jerks are frequently exaggerated as a
result of involvement of the descending motor
pathways, but they may disappear as the disease

progresses if the peripheral neuropathy becomes
euIEcieotly severe The plantar response is usually

of the “extensor” type

The seventy of the nervous manifestations do
not always run parallel with that of the blood

picture, the neurological features may be pro
nounced though the anemia is of mild degree, or

vice versa Subacute combined degeneration of

the cord, though associated with pernicious ane
nua, IS not due to the anemia itself This is shown
by the well recognized fact that the blood picture

may be restored to normal by the administration

of folic acid, but the neurological condition pro

gres'>ea unchecked, whereas the latter is arrested

by the faematinic principle (vitamin Bn) See also

p 931

Tabes Dobs-alis, Locomotor Ataxia

In this condition, which is the re'ult of syphilis,

the fibers of the dorsal roots at their point of entry

into the spinal cord (i e , the central processes of

the primary sensory neurons) are attacked The
ganglion cell bodies of the dorsal roots, as a rule,

are not affected The essential lesion within the

apinal cord, therefore, involves the entrance zone

of the lateral division of the dorsal roots (dorso

lateral fasciculus of Lissauer), and the dorsal fas

ciculi (gracilis and cuneatus) The endogenous

fibers of the spinal cord escape, but although it is

those tracts composed of exogenous fibers which

are specifically attacked by the disease, the func

tions of the cerebellar and spinothalamic tracts
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are aUo gcnously disturbed as a result of degcnera

tion of the pnmarj neurons leading to them The
descending tracts remain as a rule practicalij tin

affected The reason for the “elcctise dcatruttion

of the exogenous Gbcra of the cord is tinknonn,

possiblj it IS compression of the Bbers hj prohfera

tion or inflammatory snclling of the meninges at

the point of entrance of the postenor root

The sensory changes are those which might be

expected to result from a gradual degeneration of

dorsal root fibcrH Somenhal similar effects are

produced in monkeis hj section of t!ie poatenor

nerve roots

The chief manifestations are as follows (a)

During the degenerative process pare8thc«ia9 of

various tj-pes, hypercsthcia and stabbing pains

are common (b) Impairment, or loss to a variable

degree, of nil forms of sensation follow# Loss of

the rapid conduction component of deep pain

occuro early Lq«s of the Een<c of position and of

pa«sive movement, and blockage of afferent cer

ebellar impuMes re»uU m marked incoordination

of the muscles—ataxia Alovenienls are jerky,

exaggerated and imperfectly controlled the sub

ject being unable to move his feet m the desired

direction or to assume a given position at will,

e g ,
placing the heel of one foot upon the toes of

the other The gait is ataxic, the feet are kept
wide apart, rai«ed unnecessarily high and brought

down in a stamping fashion, the patient may learn

to overcome this tendency by shuffling

The loss of sense of position is in large measure
responsible for the patient's difficulties When
standing with the eyes clo*ed the patient, being

thus deprived of an important aid in mamtaimog
his equilibnum, (ends to sway and may fail (Rom
berg 8 sign) (c) The interruption of the pathways
for proprioceptive impulses from the skeletal mus
efes Cp ff'fdf resufts in extreme Ai/potonta, but
there is no true paralysis (d) The tendon reflexes

are abolished as a result of the destruction of the
afferent limb of the proprioceptive reflex arc The
abdominal reflexes may or may not be present

(e) ‘ Lightning pains and iropkte dislurbanees

The former are severe stabbing paroxysmal pains
usually localized to an area supplied by one or
more spinal segments They are commonly in the

abdomen or in the lower extremities Vasodilata

tion, small hemorrhages or herpes zoster may
occur m the painful area These vascular and
cutaneous effects have been attributed to anti

dronuc impulses reaching the penphery via sen

sory fibers The skin of the affected area may
breakdown with the formation of so called trophic

ulcers Painless destruction of joints (Charcot’s

joint) 18 not uncommon in tabes The loss of the

sense of pam which caii«e8 the patient to suffer

injuries of which be is unaware, the extreme by
potODia of the mu«cles which nonnally support

the joint, and the vascular disturbances resulting

from damage to autonomic fibers combine to pro

ducc such joint conditions They are usually

classed among the trophic disturbances the term
implying that the interruption of trophic impulses

IS responsible However, the existence of true

trophic fibers, le , specific fibers which preside

over the nutrition of the peripheral tissues, is

questionable (f) Tabetic crises These are appar
ently the result of the involvement of afferent

autonomic fibers which enter the spinal cord by the

dorsal roots They consist of paroxysmal attacks of

pain and functional disturbances in one or other

of the viscera Gastne cnees are the commonest
They con«i8t of severe epigastric pain and vomit

ing /Zectal cnscs consisting of pam in and m
creased activity of the rectum, rcsical crises with

bladder pain and difficult urination or laryngeal

ertsea, in which 8pa«ra of the adductors of the

larynx with dyepnea may occur (g) Oealar signs

The pupils are as a rule constneted and often un
equal The Argyll Robertson pupil (p 1412) id

which the reflex to accommodation is retained but

the reaction to light is lost, is a characteristic

ocular feature of tabes dorsalis The pupil also

frequently fads to respond by dilatation to stimu

lation of the skin of the seek (ciIio<pinal reflex)

The Io«9 of this reflex is usually attnbuted to de

generation of the central sympathetic pathway

through which the dilator pupillae mu«cle is

innervated Some drooping of the upper Iid

(ptosis) may aI«o result from the blockage of

syrnipatfactic pathways which normally transmit

impulses to the smooth muscle id this situation,

compensatory contraction of the frontalis muscle

with wnnUiug el the skm of the forehead resulta

Damage to the fibers of the Srd 4tb or 6th nerves

results in paralysis of the ocular muscles the ex

teroal rectus most commonly Squint and double

vision t^ipfopia (p tiiSji are consequences jPri

mary optic atrophy often occurs

DiBSEuivATEn (Multiple) Sclerosis

This IS a chronic disease of the nervous system

characterized anatomically by the occurrence of

email patches of demy elination followed by over

growth of ghal tissue throughout the white sub

stance of the brain (especially in the regions be

ncath the lateral ventncles), and spinal cord The
lesions in the cord are most numerous in the corti

cospinal tracts and in the posterior columns Clin

ically, the disease la marked by an insidious onset,

irregular course with remissions and relapses of

unpredictable duration, and a great variability of

signs and symptoms between individual cases

Progressive spastic weakness of the muscles of the

legs with increased tendon jerks, ‘ extensor ’

plantar response (Babmski) and loss of abdominal
reflexes, 19 a common manifestation of thisdi«ea«e

Many patients also complain of paresthesias and
have a loss of vibration and mu«cle senses from
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teutons in the posterior columns The loss of tactile

and pain and thermal sensibilities are seldom

striking and rarely of an enduring nature Im
pairment of n«ion or even blindness, may result

from involvement of the optic nerve, chiasma or

tract Nystagmus, slurring of speech and intention

tremor, once regarded as diagnostic of the disease,

appear late if at all and are mamfestationa of in

volvement of cerebellar pathiiaya

Complete Transverse Dmsiov op

THE Spival Cord

A sudden or rapidly progre'sive, complete in

tcmiption of the continuity of the cord may
result frominjurj (eg gunshot nound, fracture-

dislocation of the spine, etc ) or//om acute mflaro

mation (e g ,
traDS\ erse mj ehtis) Immediate and

complete loss of voluntary power below the level

of the lesion results Paralj sia of both lower limbs

resulting from this or any other nenous lesion is

spoken of as paraplegia Complete division of the

cord in the lower cervical region will result ui

paraljais of all four limbs quadnpUgia A lesion

of this nature in the upper cervical region is of

course rapidly fatal since the diaphragm and

other respiratory muscles are isolated from the

respiratoiy center

Stage of tpinal shock Immediately following

the injury there are complete loss of visceral and

somatic sensations, and fiaccid paralysis below the

lev el of the lesion The skeletal muscles are quite

toneless The tendon jerks plantar response and
abdominal reflexes are abolished The cremasteric

and bulbocav emosus reflexes though absent as a
rule, maj at tunes be elicited The anal reflex is

present A zone of heightened sensitivity (hyper

esthesia) immediately above the level of the legion

may be present and spontaneous pains id this re-

gion, or a feeling of tightness encircling the body

may be experienced by the patient There is re-

tention of unne and feces This stage is analogous

to the state of spinal shock in lower aniraab but is

much more severe and prolonged (ch 67) Inman
spmal shock. lasts for from one to three weeks

Stage of rejiex actinty Alter a variable penou of

tune, depending largely upon the general health of

the patient, reflex activity begins to return to the

isolated spinal cord below the level of the lesion

Tlie first reflex to appear is usually the si^ of

Babmeki, the extensor response of the great toe

to stunulation of the sole of the foot Thw reflex is

actually a part of the flexor reflex pattern of the

lower extremities Both exaggerated extensor and
flexor reflex patterns are usually present with

lesions of the descending motor pathways 1116/

varym intensity and in relation to each other If

the lesion lies above the pons the extensor re-

flexes usually predominate If the lesion is m the

epmal cord the flexor reflexes are usually more

promment than when the lesion lies at higher

levels and they may exceed the extensor reflexes

m mtensity Then a paraplegia in flexion is pres-

ent However, this balance between extensor and

flexor reflexes fluctuates from time to tune in the

<aiiie patient and is quite variable from one pa-

tient to another After the sign of Babmski has

become elicitable other flexor reflexes, dorsiflexion

of the foot, flexion of the knee and hip gradually

become more marked and more easily elicited At
first they are usually seen only with stimuli which

except for the interruption of the pain pathways

in the spinal cord would be painful, i e ,
nocicep-

tive stimuli Later less intense stimuli such as

passive flexion of the toes or mere touching of the

foot or leg may be sufficient to prov oke a violent

flexion of the leg When this stage is reached the

patient usually has a paraplegia m flexion The
extensor reflexes begin to return after variable

periods At first the only demonstrable reflex of

this ty'pc may be the patellar tendon reflex (knee

jerk) Later the Achilles tendon reflex (ankle

jerk) will return, ankle and patellar clonus may
be elicited At tunes the patient may develop

severe extensor spasms and the muscles may be

mvolved by severe dome contractions with Little

or no external stunulation At other tiroes the

extremitws may be quietly without either ex-

tensor or flexor reflexes causing any sinking dis-

turbances Elicitation of the flexor reflexes will

immediately result in a subsidence of ankle clonus

or other mamfestatioos of the extensor reflexes,

and rwre rerea This inhibitation of the one when
the other is produced is due to reciprocal innerva-

tion On occasion ebcitation of the flexor reflexes

will be associated with evacuation of the bowel

and bladder This Head and Riddock termed the

“mass reflex' However, reflex or automatic

evacuation of the bowel and bladder need not be

associated with a violent flexion of both lower

extremities Such reflex evacuation may result

from distention of the bladder or rectum as the

case may be, or may be induced by the patient

He may produce emptymg of the bladder by
stimulating the skin on the inner aspect of the

upper thigh or reflex defecation by stimulating

rectal rausoca at and just above the anal nng

These reflexes are often used to great advantage

by the paraplegic patient The tune of develop-

ment of these vanous reflexes and their vigor

dependm large measure upon the condition of the
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patient ami his paralyzed extremities A poor

state of nutrition or tlie presence of infection in

the unnarj tract or in decubitus ulcers, the de-

velopment of severe niu«cular wasting or of

fibrous changes in the muscles or about the joints

will all mitigate against the dev elopment of ac-

ti\c reflex actmtj

IXCOilPLETE IVTERRDrriOV OP THE COHI>

A bilateral lesion of gradual onset nhicli im-

pairs the activity of the descendmg motor path-

ways umallj cau'Mis -paTapUgxa in extension The
muscles are spastic and extensor activity pre-

dominates The tendon jerks arc exaggerated and

patellar and ankle elonus can be readily elicited

Paraplegia m exten«ioQ la more or less compara-

ble to decerebrate extensor ngidity The ‘‘exten-

sor ’ plantar respon«e, which is in rexhty a part

of the flexor reflex pattern, is prc^nl, but much
le^ intense than in paraplegia m flloxion It is as-

sociated with much less contraction m other

flexor mu«cl« and may bo accompamed by a

crossed extensor reflex The mass reflex is ab«ent

The abdommal reflexes are lost

The Plavtar Reflexes

This IS the most appropriate place to consider

the«o and other superficial reflexes

The fiomal plantar response to a light «cralcb

appbed to the skin of the sole is plantar flexion

of the four outer toes with no mo\ ement, or, more
usually plantar flexion of the great toe The
center for the reflex lies m the first sacral seg

ment, its physiological significance is unloiowu

'ffiYn a lesion ol the corticospinal libers Irom
the precentral region to the foot (see also p
1205) at any level above the first sacral seg

ment, the normal response is replaced by one in

which dorsifUzion of the great toe and often

spreading or fanning of the outer toes occurs It is

ehcited b^t from the outer border of the *ole

This response is called after its discoverer the eijpi

of Babmsh, (fig 65 14) From the dorsiflexion of

the great toe which is due to the contraction of

the e\ten®or longus hallucis, this reflex is also fre-

quently referred to as the extensor rKponse*
This term, however, is incorrect since the upward
mov ement of the great toe is part of a general

* An ‘ extensor plantar response is present nor
mally in infants up to the first year or "O i e to
the age of walking and is then probably dne to the
undeveloped state of thecorticospin^ tracts. It is
also present in normal adults during deep sleep
(p 12“0) and m the apneic stage of Cheyne Stokes
respiration being apparently due in the latter
instance to anoxemia of the motor cortex

Fio 65 14 Upper drawing normal plantar re

sponsc, lower drawing Babinski reapon<e

flexor ic«pon<!C homologous with the flexor reflex

chcilable from the hind hmb of a lower animal (p

1150) (see abhc) The dorsiflexors of the toes,

although classed anatomically as extensors must,

when compared physiologically mth «irmlar mus-

cles in the limb of an animal such as the dog be

included among the flexonj In lesions of descend

ing spinal tracts m wluch extensor reflex actmty

ov ershadows the flexor reactions, the eo-called ex

tensor plantar response is less active and le«s

readily elicited than when flexor patterns pre-

dominate Nevertheless the flexor nature of the

reflex is «hown by the a's^ociated contraction of

the hamstrings, i e ,
semitendmo^us, «emimem

branosus and biceps femons, which usually

occurs {«ec also p 1210) Its flexor nature is aLx)

indicated by the fact that an undoubted extensor

reflex such as ankle clonus is readily mhibited by

evokmg the Babinski reaction (reciprocal inhibt

t.vo.w\

In the rcstncteci forms of the exten«or re-sponse

as seen in hemiplegia, the receptive field of the

reflex is also stnctly circum'jcnbed bemg ehcita

ble only from the sole—the outer border e-^je-

cially

In paraplegia m flexion m which flexoractmty

predominates the sio called extensor” r^ponse is

maxiinal and, as we hav e «een, is simply part of a

widespread flexor reaction The receptive field of

the reflex is extensive and the appUcation of a

stimulus 13 followed by contraction not only of the

exten'xir longus hallucis (with dor=iflexion of the

halliuO and hamstrings but by an associated con

traction of the true flexors of the lower limb the

extensor longus digitonim, tibiahs anticus, gra

cihs, sartonus, rectus femons and iliopsoas

Other SuPERFicxiL Reflexes

1 Qppcnhetm’s reflex is riraplj a modified Ba
binski response it is associated with the same
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conditions as the latter and has a similar eignifi

canee It consists in dorsiflexion of the hallux

which results when a firm downward sliding pres

sure is applied to the skin over the anterior border

of the tibia The Gordon, Chaddock and Gonda
reflexes are other modifications of the Babinski

response

2 Abdominal reflexei Lightly Ecratching the

skin of the abdomen of a normal person canoes a

reflex contraction of the abdominal muscles They
do not appear until between the 6th and 8th

months of age when the infant can sit up un*up
ported These reflexes are, of course, abolished by
any lesion which interrupts afferent conduction

from the skin of the abdomen or destroys the an

tenor horn cells or the motor pathn ays concerned

with the abdominal musculature The«e reflexes

aNo are often abolished by a lesion which inter

rtipts the coriico»piBs} psihweys show the 7th

thoracic segment, but thej are nof permanently

aboli«hed by extirpation of the precentral gyrus

These confunng facts have thrown serious doubt
on all current physiological explanations of the

abdominal reflexes

3 Crtmailene rtfiex consists of contraction of

the cremaster mu<cle and elevation of testicle

nhich results from a light stroke applied to the

skin on the inner aspect of the upper part of the

thigh It is often abolished by cortieo*pinal lesions

or as a result of destruction of the center in the

lit or 2nd lumbar segment

4 Bulbocavemosus reflez has its center m the

3rd and 4tb sacra! segments It consists of coo

traction of the bulbocavernosus muscle (detected

by palpation) m response to stimulation of the

glans penis It is absent in a lesion involving any
part of its reflex arc, motor or sensory limb, or

center

5 Anal refttz is the contraction of the external

anal sphincter in responoe to scratching the neigh

bonng skin Its center is situated In the 4(h and
5th sacral segments and the coccygeal segment,

it IS lost after interruption of its reflex arc

6 Gluteal Ttfiex Scratching the skin of the but

tock causes contraction of the gluteal muscles It

depends upon the integnty of the 4th and 5tb

lumbar and upper sacral segments

The deep or tendon refleits, such as the knee

jerk, ankle jerk, etc
,
have been discussed in chap

ters 63 and &1

The Reticuiar Formation

The central portion of the brain Btem is oc-

cupied by a diffuse ill defined mass of none cells

and fibere known as the relictilar/onnafton Itex-

tends downward into the spinal cord and upward

into the thalamus and subthalamus In the follow-

ing discussion we shall not be concerned with the

spinal reticular formation The reticular forma-

tion in the brain stem can be subdivided into

numerous nuclei or cell masses How e\ er, as the«e

luive not been «hown to have functional signifi-

cance no cognuance of the^e ceUular groups will

he taken here The reticular formation has been

defined (see Segundo, 1956) as including all areas

withm the brain stem (excepting primary afferent

pathways) which when stimulated will produce

“arousal ’ This includes the bulbar reticular for-

niation, the pontomesencephalic tegmentum, the

hypothalamus, the subthalamus, and the v entro-

mcdial portion (includmg the intralaminar nuclei)

and the reticular nucleus of the thalamus There

appears to be little doubt but that the reticular

formation constitutes one, if not the most im-

portant r^ulatorj mechanism within the central

nervous system As will be discussed below jt is

concerned 'mth such general effects as the arousal

of the entire organism, alerting the animal, main
tauung attention, or, on the other hand, with the

production of sleep or in cases of mjury to the

reticular formation the development of stupor or

coma It IS a]<o concerned with such specific ef-

fects as the control of muscular activity
,
the regu-

lation of the receptiv ity of peripheral Bcn«ory end-

organs, the control of the threshold of central

Bcnsory pathways, the regubtion of vegetative

visceral and vasomotor responses and of emo-
tional expression (The reader who is interested

in the extensive literature concernmg the reticu-

lar formation, and in more detailed information is

referred to the summarizing articles by Segundo

(1956) and French (1953) and to the Henry Ford
Hospital symposium on the reticular formation

of the brain (1958))

The reticular formation is subject to a wide

vanety of afferent impulses Every afferent path-

wftj beanng mformation to the brain concernmg

the outside world, its relabon to the organism it-

self and activities within the organism also sends

afferents into the reticular formation These con-

nections are by means of both direct afferent fibers

and collaterals from the mam afferent pathways
to the cerebellum and thalamus Thus the reticu-

lar formation receives afferent impulses from the

optic, the olfactory ,
the auditory and the gusta-

tory systems as well as from the «pma! and tn

gemina! pathways which bear impul-es concerned

with taetde, painful thermal and vibratory sen®i-

bihties and sensations from the mu«cles, joints

and tendons, and afferent impulses from the v is-

cera and other mtemal structures of the body In

addition afferent fibers converge on the reticular

formatmn from the cerebellum, the basal ganglia.
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the thalamus, the rhincncephalon and the cerebral

cortex Pecuharlj
,
onlj certain epecific portions

of the cerebral neocortex «ceni to send afferent im-

pulses to the reticular formation These are the

orbital, oculomotor, sensorimotor and posterior

panetil cortices, the supenor temporal and cingu-

br g)Ti and the temporal pole In addition the

activity of the reticular formation is influenced

by certain hormonal and chemical changes (ad-

renalm, acctjlchohnc, carbon dioxide, etc) nnd

by manj drugs (barbiturates, anesthetics, tran-

quilmng compounds, etc

)

In turn, efferent impulses from the reticular

formation arc conducted cephalad into the brain,

partieularlj to all parts of the cerebral cortex,

and caudad into the spmal cord Because of the

multisjTiaptic character of the pathuaj's to and
from the reticular formation and the small cali-

ber of many of tlie fibers connected with it rcticu-

locortieal conduction is much sloucr than in the

primary sensory system The reticulospinal fibers

run bilaterally m the lateral and ventral white

columna of the spinal cord and transmission m
this system is thought to be quite rapid

One of the first effects shown to result from ex-

citation of the reticular farmation was that of

arousal This may be demonstrated in tno nays,

electroencepbalographically and by the animal s

behaMor In general these two parallel one an-

other but that IS not invariably true There are

circumstances under which the elcctroencephalo-

graphie pattern may be changed from that char-

acteristic of the waking state (desynchroniaed,

irregular of low aropbtude), to that char-

oi aheep ta’iww, tcgiiiar waves ot

amplitude) without the animal’s actually going to

sleep, e g ,
m the atropmued animal The changes

characteristic of arousal which are induced by
stimulation of the reticular formation arc the

same as those brought about by phy'siological

stimuli In addition to actual arousal from sleep,

stimulation of the reticular formation also has a
very definite effect upon the awake animalm that

it appears to “alert” him for possible changes m
his environment, or serves to make him more «t-

tentne to such change*’ Thus it may be said that

the reticular formation is indispensable for the

mitiation and maintenance of wakefulness On the

other hand, lesions of the reticular formation im-

pair the wakefulness of the organism Experimen-

tal lesions m the cephalic end of the reticularfor-

mation in the mesencephahe tegmentum and
basal portion of the dieacephalon of the cat pro-

duces sleep while destnictue lesions m this ^me
portion of the human brain re'sult in coma Like-

wise, small lesions in this same portion of the

reticular formation of the cat are associated with

a state which Ingram, Bams and Hanson referred

to as “catalepsy ”

The reticular formation is also concerned with

more^pccificactivities Earjy Magoun and Rhmes
shoned thit the bulbar reticular formation is

capable of inhibiting the spinal mechanism re\/

sponsible for the stretch reflex of the skeletal

musclis It is through this mechanism in the

bram stem that the cortical inhibitory mecha-

nism finds expression In addition the reticular

formation is al^o capable of facilitation of the

more pcnpheral motor meclianisra Thc«e effects

arc produced through the large motor cells of the

antenor gray column of the spinal cord, the alpha

cells, which inncnate the ordinary stnated mus-

cle fibers, and also by controllmg the rcceptn ity

of the muscle spindle (the sensory end-organ

within skeletal muscle which responds to stretch

mg) through the small gamma cells of the antenor

horn

In addition to controlling the receptivity of the

stretch receptors m skeletal muscles, it also ap-

pears that the reticular formation is able to con

trol the sensitivity of certain other sensory re-

ceptors such as those in the retina and the cochlea,

and of tactile receptors, and is capable of modify

ing conduction along various sensory pathways,

m the thalamus and in thesensory cortex In this

way the reticular formation is able to regulate the

tbre^liold of sen«ory perception and to control

the level of attention to sensory stimuli In all

likelihood the reticular formation is not the only

neural mechanism concerned m such coiAto) kmt.

it appears to be an important one

The reticular formation is also capable of exit-

ing extensive influence over many autonomic^r

viscerovascular vegetative functions, such as

cardiac, vascular, respiratory, gastromtcstinal,

metabolic and the control of the temperature of

the body
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66
THE BASAL GANGLIA. THE THALAMUS

AND HYPOTHALAMUS

Tlte Ba<ial Ganglia

The basal ganglia form a large anil prominent

part of the human brain, and in lower animal

forms arc a \ Pry important part of the nervous

mcchanibm controlling muscular activjtj De
structivc lesions in the human basal gangli'V

are a.s.sQciated with several well known, common,
severe motor disorders which arc fairly constant

m their clinical pattern, jet our knowledge of

the nervous connections and of the functional

actmty of the human basal ganglia w grossly

deficient At one time it was denied (crroncouslj)

that the basal ganglia had any connections with

the cerebral cortex or that there was any functio

nal or eomatotopic localization within them The
thalamic connections are unpcrfectlj understood

ITiere is no known direct connection bj which

afferent impulses from the various sense organs

can send information regarding the outside world

or the bodj itself to the basal ganglia Expert

mental stimulation or destruction of the Wsal
ganglia in laboratory animals produces very
bVtte eRect Then wbat is the lunction o! the

basal ganglia in the human bram? ItTiat do they

do and how? Are they merely vestigial remnants
from earlier animal forms? That seems most
unlikely They form a large part of the bram
and they have grown proportionately from the

lower primates to man, so that whereas the

globus palhdus putamen and caudate nucleus

occupy 980 cu mm m the rhesus monkey, they

measure 2775 cu mm m the clumpanzee and
have a volume of 14 912 cu mm m man (Har
man and Carpenter, 19o0) There have been
some discussions of the possibihty that the basal

ganglia may be related to perceptual function

fMettJer, 1055) but the evidence m support of

such a possibility is most tenuous There aUo
18 some reason to believe that the basal ganglia

may be related to vegetative or autonomic func

tions but the evidtnce is inadeciuatc to esfabli^

such a relationship or to permit us to under

stand it if it exists At this tune we have reliable

evidence onlj that the basal ganglia are inti

matcly concerned in the activity of the skeletal

musculature At present no one can answer the

question as to what the basal ganglia do or how
they do it m man It may prove profitable, how
ever, to summarize what we do know

Hie term ' basal ganglia ' is a loose one which

defies accurate definition There eertamly is no

uniforiDitj of opinion even as to what the term

includes Perhaps the term is meanmgless in

modem neurology and will be discarded shortly,

but for the moment it is so deeply embedded in

our bteraturc and m our Ihmkmg that it cannot

be discarded For the purpose of this discussion

the term will include the caudate nucleus the

puiamen, the gldus pdlhdus, the suhPialamte

body of Luys, the red nucleus and the substantia

ntgra (The caudate nucleus and putamen are

often referred to as the striatum and the globus

palbdus as the paltxdum The putamen and glo*

bus paliidus are sometimes referred to as the

lenticular nucleus ) The clausln/^ should also be

included in the ba^I gpnglia but as practically

nothing 18 known of its connections or functions

it need not be considered further It might be

argued that the subthalamic body, the red nu

cleus and the substantia mgra should not be

mchided, but their anatomical relationships

tbw numerous connections and their apparent

close functional relationships with the other nu

clei of the basal ganglia make their mclusion

natural and reasonable One might also mclude

the substantia reticularis of the brain stem, the

pontine nuclei, the mfenor ohve, the cerebellum

and the amjgdala They eertamly lonn part of

this subcortical motor mechanism But the re

ticular formation la related not only to muscular

npfivitipg na nri? thp-haBnl ganglia afllT

lilies 19-17) but it also has what are perhaps

even more important functions concerned with

the alerting reaction the control of spinal re

Bexes, of sensory threshold and of visceral regu

lation (Magoun and his cow orkers) The pontme

1315
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nuclei, inferior olive, and cerebellum, althou^

related in an important fashion to muscular

activity (Bailey, 1949) are too far removed to be

included in the term “basal ganglia ” Tlic amyg
dala has no known connections with the functions

of the skeletal muscular system and seems more

likelj to be related to vegetative activities

The cytology of the various nuclei under dis

cussion offers little assistance in understanding

their functional activity For the most part the

nuclei seem to be divided into two groups—tbej

small celled and the large-celled parts As is true

of the cerebral cortex the small-ccUed parts ap-

pear to be the receptive divisions of the l»sal

ganglia, whereas the brge celled parts have a

predominantly motor function The caudate nu

cicus and the putamen constitute the receptive

portion and so far as is known at this tunc

receive their afferent innervation from the pre

central motor cortex (areas 4, 4s, and 6), the

FiQ 66 1 The connections ftom the cerebral
cortex to the caudate nucleus and putamen

Fio 66 2 Some of the intrin«ic connections
wvthin the basal ganglia

suppressor stnps of Dusser de Barenne and his

covrorkers (areas 4s, 8, 2, and 24), (Fig 66 1)

and m a small way from the thalamus In turn

the caudate nucleus and putamen send their

efferent fibers mainly to the large-celled or

“motor” portion of the lenticular nucleus, the

globus pallidus, (Fig 66 2) with a much smaller

group of efferent fibers going to the substantia

nigra Similarly the substantia nigra is divided

into a large celled (pigmented) dorsal portion

and a small celled (unpigmented) ventral portion

which Iks just above the cerebral peduncle

And the red nucleus is divided into a smalU
celled antenor portion and a large-celled posj

tenor portion which gives nse to the rubrospinal

tract Here ne must call attention to the fact

that a material change has occurred in the red

nucleus in primates as compared with that in

the carnivora In the dog and cat the magno-

cellular portion of the red nucleus and the rubro-

spinal tract are large and presumably important

structured, whereas in the primates this portion

of the red nucleus and the rubrospinal tract

which arises from it are small and apparently

in«igDilic3Dt (Stern, 193C) It is obvious that-

the experimental evidence which has indicated

a pbee of great importance for the magno-
cellubr portion of the red nucleus and the rubro-

spinal tract in the neural mechanism controlling

muscubr tone m the carnivora (Rademakcr,

1926) IS not applicable to the monkey, the ape

or man Another structure, the reticubr forma

tion of the brain stem, has apparently taken

over that function In fact, the reticular forma

tion and the inferior olive are probably the prin

cipal effector or efferent structures of the sub-

cortical motor system in primates

Witliin the basal ganglia almost all parts are

connected with all other parts (Rg 66 2), le,

the globus pallidus sends fibers to the red nucleus,

the substantia nigra and the subthalamic nucleus,

the substantia nigra sends fibers to the red nu

clous, the globus pallidus and the subthabmio

nucleus, the subthabmio nucleus sends fibers to

the globus pallidus, red nucleus and the sub

stantia nigra Wthm the basal ganglia there

are also circubr sy stems, such as the projection

from the caudate nucleus to the globus pallidus,

the globus palhdus to the ventral antenor nu

ebus of the thalamus, and from this thalamic,

nuckus back to the caudate nucleus (Fig 66 2)

Twoparts of the basal gangba, however, remain

more or less aloof from this intranuclear activ ity

*Hcy arc Uie caudate nucleus and putamen, and

the red nucleus The caudate nucleus and puta
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Fio 66 4 Some connectiona of the substantia
Digra with other parts of the basal ganghs

men on the one hand receive their afferent in

nervation largely from the cerebral cortex (with

additional afferent connections from Ibe Fub
stantia nigra (Ranson and Hanson 1939) and
from the ventral anterior nucleus of the thalamus)

and they distribute their efferents to the globns

pallidus and the substantia nigra The red nu
cleus receives from all of the other nuclei of the

basal gangha (and from the precentral motor
cortex and the cerebellum) but sends all of its

efferent fibers to structures outside of the basal

ganglia, to the spinal cord, the reticular sub-

stance of the brain stem the i entroktcral nucleus

of the tlialamus, the inferior ohre and the oculo-

motor nuclei (Fig 66 3) Thus the caudate nu

cleus and the putamen appear to be acting as

the primary receiving station of the basal ganglia

iihercas the red nucleus and tlie globus palbdus

are acting as the principal sending stations In

addition to their efferent fibers there are fibers

from the substantia nigra and the subthalamic

nucleus to the substantia reticularis and the

center median nucleus of the tlialaraus (Hanson,

Hanson and Hanson 1941, Glees 1943, Brodal,

IWS) (Fig 66 4)

Fdacjt/ov

TVhat do the basal gangha do with this com
plicated neural mechanism? Here again our

knowledge is very incomplete The location of

the basal gangha in the mterior of the cerebral

hemisphere, coTCred with the cerebral cortex and

white matter, in very mtimate relationship with

the Island of Reil, the mtcrnal capsule, the

thalamus and the hj-pothalamus has made dis-

crete stimulation or destruction difficult In an}

e%ent the many experiments carried out on the
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ganglia have shed surprisingly little light It has been repeatedly said that there is no

on their activity Furthermore, in man the func localization of function, somatotopic or other

tiona! activity of the basal ganglia is apparently wise, in the basal ganglia Clinical ciqierience

quite different from the lower animal forma, leaves no doubt that this statement is untrue

even monkeys MTiether this or some other Disease m different parts of the basal ganglia

factors are the reason, it is a fact that it has been give rise to vastly different chnical pictures

almrat impossible to duplicate in ammals the Destruction at any pomt m the dentato rubro-

chmcal pictures associated with diseases of the thalamic projection (Fig 66 5) causes an mten

basal ganglia m man The only exception is the tion tremor Lesions of the substantia nigra and

intention tremor produced in both man and globus pallidus are associated with parkinsonism'^

monkey b> section of the superior cerebellar and a tremor at rest Destruction of the caudate

peduncle (talker and Botterell, 1937) It is true nucleus and putamen is seen m patients with

that Richter (1945) produced a parkmsomanhke ^/horeoathctosis Obvuously there must be some

state in monkey's by destruction of the globus functional differences between the'se various nu
pallidus and substantia jugra by chronic intoi clci Every clinical neurologist is aware of how
ication with carbon disulfide But as Richter the tremor of parkinsonism may begm m the

noted, the experimentally produced state was head and neck, or m the foot, or in a finger,

not the same as that seen m man because, ‘ The and then later gradually spread to other parts

characteristic tremor, in particular, is lackmg ” of the body on the same or opposite side Obvo
As a result we must turn to the expenmenta ously there is somatotopic localization in the

conducted in man by nature herself for what basal ganglia in man, otherwise such locahzed

limited knowledge we have of the functions of matufesUiions of disease would not be possible

the human basal ganglia What arc the specific manifestations of disease

Fio 66 5 A circular pathway invoiviDg the cerebral cortex and the cerebellum Interruption of this

pathway between the dentate nucleus, red nucleus and thalamus results in the appeamace of an mten
tion tremor This probably is the result of the Io«s of controlling impulses from the cerebellum to the

wecentral motor cortex
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of the basal ganglia and nhat do thc> •'ignify

m terms of normal plij'^siological acti\it>? Dis-

ea'?cs of the ba«al ganglia and experimental

studios indicate at least four principal functions

of the basal gangln (a) the production of iwfni

\o!untarj muscubr actnitv, (b) the control of

reflex muscular acti\at\
,

(c) the production of

automatic associated moacments, and (d) the

control of the precentral motor cortex in its

function of producing muscular actmtj

Voluntary mtiscufar actiniy For years it was

tljought that tlie production of loluntarj mus
cular ccti\at> occurred cxclu'ucb as the result

of the activity of the corticospinal tract It is

now obnous that that is incorrect In the birds

and reptiles there is no "motor cortex’^Ariens

Kappers 1929) The basal ganglia function asi

the
*‘head ganglia’ of the neural mechanism.^

controllmg rnoxement, it la a detailed and cxqui '

site control, as one can see bj studying a bird

m the air In the dog and cat there is a ‘ motor”

cortex but if it (or c\en the entire cerebral

cortex) is remoxed the ammal still sits, stands

and walks It appears that the animal does tins

largely with its basal ganglia but exen if the

basal ganglia and the dicaccphalon ore removed
useful movements are not completely abolished

m cats Bard and Macht (IdSS) decerebrated a
amaU series of eats Iq some emnnh the trsO'

section was immediately above the pons, ro

others it was through the mesencephalon pro*

duemg a "low mesencephalic cat,’ whereas in

the remainder it was through the upper mid
brain producing a “high mesencephalic cat ’

The ‘pontile cats” never stood or walked The
‘ low mesencephalic cats’ never walked eponta

neously but unsteady walkmg could be induced

by “strong ’ stimulation. The “high raesence-

phahe cats” spontaneously assumed a crouching

or sittmg position and walked in response to

such stunuU as a hght slap, a whistle or a tweak
of the tail One such ammal ‘ frequently ’ walked
spontaneously Unfortunately we are not supplied

with detailed mformation regarding the char

acter of the walking and other muscular activi

ties, nor do we know how the activity of these

animals compared with that of a decorticate cat

with the basal gangha intact That there was a
considerable difference seems obvious

In primates the situation is quite different

from what it is in the carmvora and other lower

ammal forms If the precentral motor cortex

(areas 4 and 6) is removed from both cerebral

hemispheres the anunal becomes almost totally

paralj zed Such voluntary mox^ement as an occa

Bional ammal roaj reacquire is possible only if

the cortex is removed piecemeal oxer months of

time and if the animal is given pamstaking care

m retraining and repeated manipulation of his

extremities Even under the most optimum cir

cumstances the movement which is rccoiered is

very limited and stereotyped (Buej and Fulton,

1933, Woolsey and Bard, 1943 Travis and

Wool«cj, 1956) Does this mean that m primates

the basal gangha and other subcortical centers

have lost their ability to produce u«eful vol

untary movements? This wms unlikely but it

docs appear that thex have lost their abilitx

to produce such movements in the absence of

the precentral motor cortex Area 4 of the pre

central cortex gives rise to corticospinal fibers

whereas area 6 does not (V’erhaart and Kermard,

1940) If wc remove area 4 from the precentral

motor cortex of monkey s bilaterally leav^ng area

G on one or both sides the ammal is still able

to walk, sit, climb and feed hiro«elf but the

movements are limited and awkward and reside

more about the proximal joints than in the digits

(Ducy and Fulton, 1933) Similarly if the med
ullary pyramids on the under surface of the

medulla oblongata are sectioned m the monkey

,

the fine, delicate precise movements of the digits

arc lost but crude awkward movements of the

extremiiics particularly these abich are more
stereotyped and which arc related to standmg

to progression, etc , arc retamed (Tower 1940)

Likewise, and somewhat surprisingly destruction

of the corticospinal fibers m the cerebral peduncle

m man does not completely paralyze the con

tralateral extremities nor is such an operation

necessarily a<!sociated with the severely mca
pacitating hemiplegia of a destructive lesion in

the motor cortex or in the internal capsule

(Walker, 1949 and 1952 BTjite Swanson Bucy,

1957) These patients are able to walk and to

use their upper extremities for many useful pur

poses Although final decisive proof is lacking

it seems probable that these voluntary move
meats present in the absence of the cortico*

spina] fibers are produced over the multisynaptic

system of the precentral motor cortex and the

basal ganglia and other subcortical centers func

tioning together

Refiex muscular acHiity Rigidity is one of the

chu'actenstica of disea'c of the basal gangha,

notably Parkinson s paralysis agitans Clinicians

frequently attempt to make a sharp distinction

between the ngidity of diseases of the basal

ganglia and the spasticity associated with de-

cerebration and capsular hemiplegia However,
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the differences appear to be rather superficial

As Fulton and his coiiorkers were the first to

emphasize, both result from the loss of supra

spinal inhibition which is not concerned with

the corticospinal fibers Furthermore, as Foerstcr

(1921), Walshe (1924), and Pollock and Davis

(1930) have shown, the rigidity of paralj'sis

agitans, Lke the spasticity of decerebration, is

abolished by interrupting afferent impulses from

the imohed muscle to the spinal cord Tlus

demonstrates that both rigiditj and spasticity

result primanlj from activity of the local, spinal

reflet arc which is relo^ed^to^hjrp^ctiv-itv bj

Thus it appears likely th^ the basal lerngki-ns

well _B3 the precentral motor cortex, area 4s and

the bulbar reticular formation.

influent oitr the soinal reflexes which.£pntrol

the muscular activity responsible for post iut* nofl

reflex'ltanding^ReCeW^clinical observations re

ported by Narabajashi (1936), Guiot (1957),

and Cooper (195C) that lesions in the globus

palhdus produced surgically in the treatment of

\aTioua diseases result in the reduction of ngidity

indicate the possibility that the basal ganglia

exert an excitatory as Mell as an mlubitory in

fluence upon the spinal reflex mechanism respon

sible for rigidity However, the physiological

explanation of these clinical observations arc as

yet unknon n and anatomical controls are meager

This serves further to emphasize our ignorance

in this field

Automatic associakd motemenU One thmg that

characterizes parkinsonism perhaps even more

than tremor or rigidity la the loss of automatic

associated movements Commonly this term is

regarded as indicating only the swinging of the

arms m walkmg—a type of movement which is

abolished by various destructive lesions m the

precentral motor cortex, in the cerebellum as

well as m the substantia nigra and globus pallidus

in parkinsonism However, m parkiasogi^ far

more is lost than automatic sn inging of the arms

Tliere is a general poverty of movement The
loss of expressional movements of the face results

m the familiar masklike face There is also a

generalized loss of movements throughout the

body so that the victim is described as being
' statuesque ” It thus appears that the basal

ganglia are responsible for a wade \snety of

automatic and associated movements

Abnormal tniofunfari/ movements Lesions of

the basal ganglia are commonly associated with

various abnormal involuntary movements, the

nature of which vary depending upon the part

of the basal gangha which is involved It is

generally agreed that these movements develop

because some inhibitorj influence is removed

allowing some part of the remaining7ritTi*t-neur^

mechanism concerned with the control of mus
Pillar activity to develop increased and abnormal

activity It seems likely that the corticospinal

tract is probably the mechanism responsible for

tremor and that some other motor neural mech
omsm stemming from the precentral motor cortex

IS responsible for the abnormal movements of

choreoathetosis (Bucy, 1949, 1957) Possible in

hibtorj circuits invohiug different suhcorticall

nuclei, including the basal ganglia winch prob-

ably are concerned m the development of these

abnormal movements have been described and

discussed (Figs 66 5 66 6 and 66 7) (Bucy, 1942)

The connections and pathways outlined in these

figures exist but whether their destruction is

responsible for the appearance of these diseases

IS h3'pothetica)

It IS known that destruction of the cerebello-

dentato rubro thalamic sj'stcm results in mten
tion tremor (Walker and Bottcrell 1937) This

system ends in the ventrolateral nucleus of the

thalamus which in turn sends its efferent fibers

to the precentral motor cortex This eastern may
well exert a controlling influence over the pre

central motor cortex which when removed re

leases the corticospinal tract to the abnormal
activity which results in intention tremor (Fig

06 5)

Destruction of the substantia nigra and globus

palbdus 13 associated with the tremor at rest of

parkinsonism These nuclei are mtimatelj related

The sulHtantia nigra projects onto the globus

palltdus directly and wa the center median of

the thalamus (Fig 66 4) The globus palhdus

projects onto the anterior part of the ventro

lateral nucleus of the thalamus which in turn

sends its fibers to the precentral motor cortex

Again it 13 thought that this mechanism may
exert control over the corticospmal fibers (Fig

66 6)

Choreoathetosis is associated with destruction

of the caudate nucleus and putamon These pro-

ject directly to the globus palbdus, which again

sends impulses to the precentral motor cortex

na tile tlialamus It is thought that this mech
anism probably exerts control over that part of

the precentral motor cortex which sends its

efferent unpulses to the skeletal musculature over

aoD or more synapses in the various subcortical



Fio 06 6 A circulnr pnthwa) tnvolvini; tho bftoai e;anglia [/‘cions of tbe globus pallidus and sub
stantia mgra in man may be associated with parkinsonian tremor at rest This diagram shows how im«

f

mUe from these areas may reach and exert a controlling influence on the precentral motor cortex The
088 of such influence ma) permit tremor at rest to appear

Fig 6G7 Another circular pathway involving the basal ganglia Lesions of the caudate nucleus and
pulamen in man may be associated with clioreoatbeio«iB Such lesions might so distort or disorganize

tfie impulses from the basal ganglia to the precentral motor cortex as to cau«e the abaormal movements
of choreo athetosis to appear.

1221
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nuclei When this controlling influence is removed

from the precentral motor cortex choreoathetoid

movements may develop (Fig 66 7)

CONCLUSIOVS

What 13 know n of the basal ganglia, their fiber

connections and their functions, has been Imefly

summanzed here Much of this is unconfirmed

and not a little has been arrived at by inference

The result is very imperfect knowledge regarding

this large and obviously important part of the

brain The basal ganglia merit intensive study

m man and in animals by various methods

Until better understanding is achieved our knowl

edge of the central nervous mechanism respon

sible for the control of muscular activity will

continue to be imperfect

Clinical Manifestations of Disease of the
Basal Ganglia

The chief clinical features of disease of the

basal ganglia are (a) muscular ngidit> resulting

in disturbances of posture and movement, (b) in

voluntary movements e g ,
tremor, athetosis,

chorea, (c) a loss of automatic and associated

mov ements such as those of emotional expression,

the ewmging of the arms in walking, etc
,
and

(d) absence of a paralj'sis of voluntary movement,

although it may be distinctly impaired by one or

all of the other manifestations The basal ganglia

are particularly susceptible to certain toxins (e g ,

carbon disulfide), to anoxia and to certain en

cephahtic processes The following are some of

the sjTidromca met with (a) Progretstve hepato

kiUicular degeneration, (b) parkinsonum—paral

jsis agitans, etc , (c) chorea, (d) kemiballismus

(e,) aiketosu, (0 lorsum tpasm

Progremie hepatolenticular degeneration (TTtf

son’s disease) This was described by Wilson in

1912 It invanablj terminates fatally but its

duration vanes from a few months to several

years The following are its chief features

1

vlfwscular ngidUy is widespread and pro-

gressiv e
,
it invoh es face, trunk and limbs Flexors

as well as extensors are affected, but the former

more conspicuously than the latter The hyper

tonus offers a ‘ lead pipe like” resistance to pas

sive movement and results in slowness and dif

ficultj of movement EventuaUy, contractures

occur and the patient is rendered almost immobile

as though carved from stone, he can be lifted

or moved en bloc Tlie rigidity of the facial mus
cles gives a fixed, blank exprc««ton The mouth
13 sometimes held widclj open, the smile or laugh

IS pcculiarlj stiff and vacuous The hypertonus

of the muscles of articulation and deglutition

leads to dy sarthna (p 1253) and dj sphagia The

r^dtty 13 temporanlj abolished by the injection

of novocame into the muscles

2 Imoluntan/ motemenfs These consist chiefly

of tremor (about 6 oscillations per second) which

13 increased by excitement or any attempt at

voluntary movement, sometimes athetoid move

raents (p 1224) occur

3 The rf.^cs are normaf There are no sensory

changes and although the muscles often show

some weakness and arc easily fatigued there is

no actual paraly sis

4 Cirrhosis (multilobular) of the liter is found

at autopsy, but during life there may be no signs

of hver disease In «ome instances, however,

symptoms pointing to the liver precede the nerv

vous msDifcstatsoas There is evudcnce that the

changes in the liver and possibly m the brain

are associated with disturbances m the metabo

lism of copper

5 Emotwnahim Involuntary laughing or cry

mg, and some mental deterioration

6 Greenish brown pi^menlation of the cornea

(ire Descemcl s membrane) occurs tn most cases

Degeneration of the ceUs of the putamen and

globus pallidus, sometimes with cavitation is

found at autopsy The caudate nucleus is affected

to a much less degree

The PARKiNsovuN STNDBOUE The principal

features of this syrndrome are the following (a)

A coarse Iremcr involving head and limbs The
hand may show ‘ pill rolling movements, i e

,

rhythmical movements of thumb upon the first

two fingers Alternating movements of flexion

and extension at the wrist, or of supination and
pronation of the forearm, are freguentlv present

When the lunb is engaged m some voluntary act

the movements often temporarily disappear m
that limb TTie tremor becomes more pronounced

dunng emotional excitement or when the patient

is under a nervous strain It disappears durmg
sleep The tremor also disappears on the para

lyzcd Bide if hemiplegia supervenes Ablation of

the motor area of the cortex or ‘section of the

lateral corticospinal tracts also abolishes it in the

related extrermties It therefore seems to be de

pendent upon an intact pyTamidal tract How
ever, this has been denied by some surgeons who
believe they liave abolished the tremor by pro-

ducing lesions in the globus pallidus the thala

mus or the midbrnm The final solution of the

problem must await the accumulation of more

accurate anatomical and physiological informa

tion (b) Muscular ngidili/ which leads to slow ness
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and sUffncsa of movement The ngiditj 13 dif

ferent both in its quaUtj and distnbution from

that cliaractcrustic of the decerebrate animal

(p 1165) orof the hemiplegic patient FIcxorsand

exton'or muscles arc affected about equallj
, and

the resistance of a hmb to passive movements

has been de*-cnbed as resembling cogu heels mo%
{ng slonh upon one another, os though groups

of mu«c!es gave waj in succession to the stretch

iDg forte This cogahccl phenomenon is un

doubtedl> mcrelj a manife<!tation of the rh3th

mical mm r\ ation of the in\ oU cd mu«cles which

also gives rise to the tremor The upper limbs

are held m characteristic attitudes of adduction

at the shoulders flexion at the elbows, flexion

or slight extension at the wnsts, flexion at the

metacarpophalangeal joints and slight flexion at

the mtcrphatangeal joints (c) The ffatf is slow

and shuffling with short steps, or it raaj be

‘festmating m character, le, the patient is

bent fomard and hastens along with short qmek
steps as though trjang to “catch up to his center

of gra\ itj ’ and prev ent his falling ^\'hcn pushed

forward or backward he cannot stop quickly but

moves bj a senes of small rapidlj repeated steps

in the direction in which he is pushed Propufeton

and relropulnon arc the respective terms applied

to these forward and backward movements
There w no true paralysis tfic reflexes and sen

sation arc unaffected (d) One of (lie most con

stant maiufestatioos of parkinsonism ts the loss

of Certain automatic and associated movements
As a result the patient does not swing bis arms

as he walks the 13131001 facial expressions of

various emotions arc decreased or ab^nt and the

face IS said to be maskhke Because the many
little movements of the bod3 which charactenie

normal human activity are absent the patient

stands ngidl3 and without moving, hke a
statue '

Parkinsonism appears to be the result of de

stmctive lesions in the globus pallidus or the

substantia nigra or both These lesiona may
appear as the result of a pnmar3 idiopathic

degeneration of toxic processes, of anoxemia, of

arteriosclerosis or of encephahtis

AH of the manifestations of parkinsonism are

not necessanlj present in all cases, or if present

they are not of the =ame mtensit3 Some patients

have the parkinsonian ngidit3 and lack of auto-

matic and associated movements with hitje orno
tremor Some have tremor with relatively little

ngidity Some patients particularly the post-

encephahtjc group have associated disturbances

of ocular movements known as oculog3Tic crises.

and of vegetative functions such as sialorrhea

and excessive oilmcss of the skin Others, par

ticularly those in the artenosclerotic group, ma}
have exaggerated tendon reflexes, the «ign of

Babinski and impairment of ps3choIogicaI proc

cases 711080 disturbances arc, of cour'^e, due to

lavolvement of other structures and pathwa3'8

in the internal capsule, the cerebral cortex, the

h3T3othalamu3, the midbrain, etc

Chorea There are two principal forms of this

condition

1 Svdevham's chokea (or St Vitus s dance)

is one of the manifestations of rheumatic fever

Its chief feature is inv oluntary jerk3 movements,
semipurposcful in character, imolvnng the mus-
cles of the limbs and face Facial grimacmg, an
inabiht3 to remain quiet, the frequent dropping

of objects from tlic hands, and the inabiht5 to

mamtaiQ sustained muscular contractions char

actenre the disease

Sjdenliam’s chorea may be bilateral or uni

lateral Death is rare and there is consequently

uncertainty concerning its neuropathology In

those few eaxes where examinations have been

made the legions have been multiple and diffuse,

involving botli cerebral cortex and subcortical

structures

2 HpsTiNOTov’a CHOREA IS a rare familial

disease which results in «evcre disability and

ultimately terminates fatally It is transmitted

as a dominant characteristic but the onect is

umally late m the fourth decade of life Patho»/

logically one finds severe degeneration and at-

rophy of the caudate and lenticular nuclei The
small cells of the caudate nucleus and putamen

are particularly affected However, the large cells

are not entirely «!pared and changes are «een m
the globus pallidus and cerebral cortex The dis

case 13 cliaractenzcd by facial grimacing, jerky

gesticulating movements of the upper extremi

ties and a lurchmg, uncertain gait Speech is

dysarthne The motor disturbances steadily m
crease until the patient is incapacitated There

IS mental deterioration with irritability and oc

casional homicidal and suicidal tendencies

3 HEMiBALUsirua or DEsnenoREA usually re-

sults from vascular lesions m the subthalamic

nucleus of Lu>3 It is therefore, «een most often

in older people with cerebral arteriosclerosis It

IS characterized by wild flinging movements of

the extremities on one side of the body In some
cases the condition subsides spontaneou ly (Hy
land and Forman), in others the violent move
ments continue unremitting dunng the patient’s

every waking moment but subside dunng sleep
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In such cases the patient may injure his cx

tremities and may die of exhaustion The move-

ments can be abolished by dindmg the cortico-

spinal fibers which arise m the precentral gyrus

This can be accomplished at the cortical lex el,

m the cerebral peduncle or m the spinal cord

Pedunculotomy is the simplest of these pro-

cedures and should be considered m any case

ID which the moxementa show no evidence of

subsidmg spontaneously and are xnolent enough

to warrant surgical mtervention It has been re-

ported that these movements have been abolished

by section of the anterior xvhite column of the

spinal cord but this observation needs confirma

tion Physiologically it is difficult to understand

wh> section of the corticospinal tract and an

anterior cordotomy should both be effective

Athetosis is a form of abnormal involuntary

movements beginnmg most often in childhood

It IS associated with damage to the basal ganglia,

particularly the caudate nucleus and the puta

men This damage may result from asphyxia or

injury at buth, or from mjurj or encephalitis

subsequently Ihire athetosis consists of slow,

writhing, tw isting mox ements of the mvolved ex

trcmitica and the face In many cases there are

also quicker, jerky involuntary movements and

the condition is then termed choreoaihetoM As

with most other abnormal involuntary move
meats the«e are present during all waking hours

and are absent during sleep They are aggraxated

by nervous tension and are dunioished or abol

lahcd by the ingestion of alcohol In many pa

tients choreoathetoid mox ements are unilateral

and are associated with a hemiparesis on the

same side In some cases with bilateral tnxolxe

ment, or alhetose double, examination of the bram

FiQ 66 S Showing the antenor nucleus and the
divi'iona of the lateral nuclear mass of the tbal

amus DL, dorsal lateral nucleus, PL posterior

lateral nucleus, PV, postenor ventral nucleus,
LV, lateral nucleus, Av ,

anterior ventral nucleus
(Courtesty of Dr Murra> Barr )

xviU reveal congenital changes m the ba«al ganglia

known as s/afus marmoratus Unilateral choreo-

athetosis can be abolished b> removal of the

contralateral precentral motor cortex (areas 4 and

6) They can also be diminished by section of

the central portion of the contralateral cerebral

peduncle which contains the corticospinal fibers

from the precentral gyrus A few ca«es have been

reported in which the movements have been

decreased after surgical lesions have been placed

in the region of the internal segment of the glo

bus pallidas or the ansa lenticulans However,
these observations lack anatomical confirmation

It appears likely that both corticospinal fibers

and multisj'naptic neuron chains from the pre-

central motor cortex which pass downward
through subcortical centers to the spinal cord

mediate the impulses which are responsible for

the abnormal involuntarj movements of choreo-

aUietosis

Torsion spasvi is v ery rare condition and need

onl> be defined It consists of abnormal uivol

untary turning, twisting movements of the neck

trunk, and extremities which distort the bod>

into bizarre postures Pathological changes m
various parts of the basal ganglia have been de

senbed

The Tlialamus

This large gra> mass is related medially to the

third ventricle which lies between the thalami

of the two sides The thalami are joined across

the midline by an isthmus the massa intermedia

The postenor hmb of the internal capsule lies up
on the outer side of the thalamus and separates

it from the Icntiform nucleus Above the thala

mux IS the lateral ventricle, a part of whose floor

It forms In front is the head of the caudate nu
cleus, the arched body of the latter is related to

the upper part of the lateral surface of the thala

mus Below the thalamus arc the corpus of Luys
(subthalamic nucleus) and the forepart of the red

nucleus

There are five mam nuclear masses in the

thalamus

A vertical septum of fibers known as the t«-

ternal medullary lamina divides the prmcipal part

of the thalamus into A, a medial and B, a lateral

mass, each of which contains two mam nuclear

groups C, In the massa mtennedia and the adja

cent part of the media! mass are discrete groups

of nerve cells known as the nuclei of the midline

D, Clusters of nerve cells are present in the inter

nal medullar} bmina itself

—

the inlralammarnu

del E, Pulnnar
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couBLctions of these nuclei are imperfectlyknown

but they arc thought to receive both tri^minal

fibers and fibers of the medial lemniscus, they pro-

ject to the globus palhdus and have many con

nections with neighboring thalamic nuclei A well

defined nucleus in tlie middle of the thalamus, and

u=uallj classed with this group is known as the

central or ccnlromedian nucleus It is especially well

marked m primates, as is possiblj an intrathal

amic integrating center

E The pulnnar is the expanded continuation

posteriorly of the bteral nuclear mass It over

hangs the 'upenor colliculus It projects to the

cortex its mfenor part to an area comprising part

of the temporal lobe, and the antenor part of the

occipital lobe The rest of the pulnnar projects

mainlj to the panctal and temporal lobes

The medial and lateral geniculaU bodies arc us

uallj included as part of the thalamus or referred

to as the melathalamus thej are dealt with m
chapters 75 and 76

It will be seen from the foregoing account that

the nuclei of the thalamus can bo divided upon a

functional b isia into three categories, namely, (a)

those which serve as relaj stations of afTcrentim

pulses from the pcripherj to the cortex, (b) those

which are connected mainlj with other eubcorti

cal centers and (c) those whose chief function la

associative

Fcrscrio\s

y 0 hav e seen that the corpus striatum is a part

of an old or primitive motor sjstem The tlial

amus, on the other hand is a primitive receptive

center wherein sensory impulses give rise to a

crude uncriticalform of consciousness a conscious

ness which is greatly elaborated upon especially

in man bj the cerebral cortex (see ch 07) Sen

sory localizationm the thalamus has been demon
strated by Dusser de Barenne and Sager by means

of local strychnmization Tlie injection of a roi

nutc quantity of the drug into the thalamus in

cats IS follow ed by hj^peresthesia and h> pcralgesia

to cutaneous and deep (muscle, tendon and pen

osteum) stimuli The cutaneous hyper»ensilmtv

13 most pronounced on the contralateral side of

the bodj increased scnsitivitj to deep stimub

occurs onl} on the contralateral side By this

method, and other methods of investigation it has

been shown that there is a definite soraatotopic

organization in the postenor ventral nucleus of

the thalamus, which serves the conscious pcrcep

tion of sensory stimuli The leg is represented

most laterally, the face most mediallj, and the

trunk and upper extremity in between

The thalamus is not, however, entirely sensory

m function In animals possessed of little or no

cortex, or in higher mammals (e g ,
cat or dog)

after decortication it and the corpus striatum

serve for the execution of complex movements of

an automatic or reflex nature Furthermore, the

reticular nucleus and the ventromedial portion

of the thabmus (mclucling the intralaminar nu

clei) form part of the rcticubr formation of the

brain stem and take part in the arousal and ali rt

ing reactions produced by that mechanism as

well as other functions referred to on pages 1221

to 1226

Thalasiic Lesions

The effects resulting from a le«ion involving

the bteral thalamic nuclei will resemble those

following an interruption of ascending pathway's

in the brain stem above their decussation That

is all ty pcs of sensation on the opposite side of

the body tend to be Icwt or grossly affected, or

there may be severe pam as a result of destruc

tion of inhibitory mechanisms or possibly of the

direct alimubtioD (irritation) of pam fibers In

addition to the loss or diminution of sensation

leaiona of the thabmus are not mfrcquently asso-

ciated with spontaneous pain and with marked
hypersensitivity which has a very unpleasant

quality These mamfcstations are part of the thal

amic syndrome desenbed below and are not well

understood

y The thalamic sthdrome ot Dejerive and
Rousst This Ls a characteristic picture occasion

ally seen in thabmic disease The follow mg are

its chief features

(1) Asterognosis and sensory ataxia due to the

impairment of cutaneous and kinesthetic senses

These and the other effects given below are

mainly on the contralateral side of the body

(2) Some lo«3 of tactile and thermal sensations

over the body and face The threshold for the'>e

sensations, and for pam is frequently raised

Sometimes the patient with a thalamic lesion is

unable with closed eyes to localize the position of

a limb and must grope m the air in order to find

it {thalamic phantom limb), or he may have the

illusion that the limb is not there at all (ainetog

tuina) lie also is commonly unable to localize a

pomt which has been stimulated even though he

recognizes the stimulus

(3) Spontaneous pain occumng in paroxysms

and often excruciatmg The pam may be so in

tense os to resist the action of powerful sodativ es,

e g , morphine A pamful stimulus is felt much
more acutely than is normal (hypcralgc«ta) and
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aithouRli, as mentioned alxie-c, tin. tlireshold for

pain IS often nij«cd, the sensation when once

aroused (bj mcrcasmj; the stron^th of stimulus)

IS oxccssi\elj sc\crc Other stimuli are often as

soented with an unpleasant sensation CoW in

particular ma> bo most disagreeable but light

touch raaj alsobeunplcssanl These spontaneous

discomforts and unusual reactions to sanous

stimuli are u^uallj nferred to ns lhalamtc mer

reaction

(4) Lesions m tiie thalamus arc frcquontlj as

sociated with i mous abnormsl iinoliintarj moie
ments Chorooathcto'sis ami intention tremor art

the more common It is believed tliafc choreo

atheto'is results from the im oh ement of the pro-

{ccieem si si>?in /com ttv? lfs<s! gsngfAt io tt\? Jtit

tenor part of tlie ventrolateral nucleus of the

thalamus and that intention tremor arises when

the pathw ij from the dentate nuckus of the ccr

ebcllum and the rod nucleus is damaged at its

point of termination m the posterior part of the

ventrolateral nucleus This nucleus in turn pro-

jects to the pn central motor cortex and it is

thought possible that tho«c abnormal mvoluntnrv

movements arise because regulating impulses

from the thalamus (o the motor cortex hav c b “c n

dc'trojed (Buej, 1942) Furthermore such Ic

sions commonly give nsc to an abnormal posture

of the extended hand known as the ' IhalamK

hand " This is characterized bj a moderate flex

ion of the wnst and a hj'pcnjxteiision of the

fingers The same posture of the outstretched

hand is also referred to by some os the ‘ atbctoid

hand ”

(6) Hemiparcsis and defects in the v isual fields

which rnaj be seen m some patients exhibiting

the tlmlamic syndrome an. not the result of thal

amic mvolvement but are due to damage to the

ncigbbonng internal capsule

The thalamic syndrome ma> also be a'^ciated

with disturbances of sensation which are asso

ciated with certain emotional reactions Thus one

of Head s patients was so affected b> mu«ic that

he “could not stand the hj-inns on his affected

side,” another said that when the choir sang “a.

horrid feeling came on the affected side and the

leg started to shake ” In another patient

pleasant feelings of a psychic nature were referred

to the abnormal side He said “I seem to crave

for sympathy on my nght side,” and “My right

hand seems to be more artistic
’

The Hypotbalamus

The hypothalamus is the basal part of the di

ecccpfrtiW {tntecbmm) It hnos the Sacr aad

lower parts of the walls of tin. 3rd ventricle (fig

C610)

Of the nuefet of the hypoOialamus the greatest

interest from the physiological point of view

centera around the followmg
The supraopfic nucleus lies anteriorly

,
lateral to

the optic cliiasma and above the commencement
of the corresponding optic tract The preopfic nu
cleus IS situated most anteriorly above and m
front of the supraoptic nucleus, and immediately

behind the lamina terroinalis The pararenlncutar

nucleus IS found above the supraoptic nucleus and
IS m clo«e relationship medially to the wall of the

3rd ventricle It is nchly vascular, and its large

vacuolated cells contain numerous granule®, pos-

ettfly (he niofficr suhstance of a secretory pro

duct The poslertor kypothalamte group of nuclei

he in the posterior part of the hy-pothalamus m
relation to the wall of the 3rd ventricle, and

include the mammillary nuclei Cells of this

group send fibers to the medulla oblongata and

the lateral boms of the spinal cord, which con

stitutc the spina! sympathetic center The tuber

ctnereum (nuefeu* luf>er) is a small eminence of

gray matter situated at the base of the bram
between the optic chiasma and the mammillary

bodies, 2 e , in the izudregion of the hyimthal

Fio 66 10 Diagram of the nuclei and eoiinec
tioos of the hypothalamus cc corticobypothala
mic fiber, pv, paraventncular nucl

, poj preoptic
nuel , so, eupraopUc nucl . cc optic chiasma, (c

tuber eincreuni hy hypophysis, mammallary
body, pn, posterior nucl ms, fiber to midbrain
anrf bma efem, Sf', chird vcatncle, (A, tfiafamus
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amus, from ite vicinity grows the pituitaiy

stalk Two groups of cells can be clearly deimed

within it, they are known as the dorsomediaX and

veniromedujl hypothalamic nuelex The slight swell

mg caused bj these nuclei and coi ered bj the pars

tuberahs of the adenohypophi-sis (ch 561, is

called the “median eminence ” The tuber cm
ereum is a center of the parasympathetic nervous

sjstem

Fiber connecluma The hypothalamus receives

fibers from the globus pallidus (palhdohypothal

amic tract), from the amygdaloid nucleus and

through the medial farehratn bundle, from the ol

factory lobe and the parolfactory area The me
dial forebrain bundle sweeps through the hypo-

thalamus and m its course giies off fibers to

several of the hypothalamic nuclei The hjpothal

amus, especially the supraoptic and paraventne

uhir nuclei, also receives fibers from prefrontal

areas and the precentral motor area (6) of the

cerebral cortex (ch 67) both directly and in

directly through the thalamus There are prob-

ably afferent fibers from the spinal cord doubt-

less similar to the direct and collateral ascending

afferents which go to the reticular formation It

also projects through the anterior and the dorso-

medial nuclei of the thabmus to prefrontal areas

The most prominent tract from the hypothabmus

to the thabmus is the mammillo-thabmic tract

(of Vicq dAzyr) from the medial mammilbry

nucleus to tlie anterior nuclei of the thabmus

Other efferent tracts (sympathetic and parasym

pathetic) pass backwards in close rcbtion to the

ependyma of the third ventricle, and descend in

the gray substance of the midbrain (surrounding

the cerebral aqueduct), poas, medulb (beneath

the floor of the fourth ventricle) and spinal cord

(sympathetic)

'fhe vanous hypothalamic nuclei are in commu
nication with one another through fiber tracts,

the best known of these is the paravenlricubr

supraoptic tract, but others undoubtedly exist

The supraoptic, and tuberal nuclei, and prob-

ably the paraventneubr nuclei as well, arelmked

with the hypophysis by efferent fibers which de

scend the mfundibubr stalk (hypothabmo-hypo-

physcal tract) The majority of these fibers termi

nate around the pituicytes of tlic pars nervosa but

some can be traced into the pars intermedia

Thus, there exists a pathway, through the hj

poUialamus, from the cerebral cortex to the cells

(pituicytes) of the neural lobe of the hypophysis

The Phtsioloqt of the Hypothalamic Noclti

Modern expenmental and chmeal investiga

tions have revealed the hypothabmus as a re-

gion of great physiological importance Our

knowledge of the functions of this part of the

cerebrum is still, nevertheless, very incomplete

Mach of the evidence is suggestive rather than

conclusive and permits only tentative views to be

hdd concernmg many of its activities It is the

general <^inion, however, that in this part of the

diencephalon are contamed the mechanisms for

the control of certam primitive reactions (visceral

and somatic) associated m ammab with defense

or attack, and in man with emotional states

(fear, anger, etc ) This region is abo believed to

contain centers for the regubtion of certain fun

damcntal and vital processes, e g ,
fat, carbohy

drate and water metabolism, and to exert a

governing influence upon the body temperature,

the ^istnc movements, the genital functions and

the sleep rhythm (ch 68) hunger and thirst

(ch 43)

It IS now generallv conceded that important

centers governing the activities of the autonomic

nervous system are situated in the hypothabmus
Those cell groups in the anterior part of the hypo-

thabmus and in the tuberal region were at one

tune believed to constitute a parasympathetic

center, whereas the posterior part was tliought

to be concerned with sympathetic functions It is

now recognized tliat our knowledge concerning

the locabzation of function m the hypothabmus
IS still defectiv*e

The pituitary and the nervous structures of

the hypothabmus arc intimately associated in

function, indeed, they should be considered to-

gether as constitutmg a closely integrated neuro

gbndubr mechanism rather than as possessing

distinct and independent functions It will be re

called that the pars nervosa of the pituitary is

developed as a downgrowth from the floor of the

thud ventncle and that the pituicyres are mo<h
fied neurogbal cclb On the other hand, the cell-

of the supraoptic and paraventricular nuclei of

the hypothabmus sliow ev idencc of possible secre

torj activity

A brief summary of the expenmental evidence

rebtmg to hypothabmic functions will be given

m the following paragraphs

(1) I&rplus and Kreidl w ere the first to furoLsh

evidence of a sympathetic center in the hypo-

thabmus Upon electncal stimubtion of this re

gion they obtained pupillary dibtion sweating

and a nsc in blood pressure Inliibition of intes

tuialmovemenb abo results Liberation of adren

ahne has abo been reported to follow stimubtion

of the hypothabmus By means of needle elec

trodes inserted into the region of the bteral nu
cleos Brook and his colleagues have recorded ira-
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pulses from sjmpathetic efferent nerves dunng
stimulation of tlio hjTJothalamua On the other

hand, rhidlimical \ariation3 in potential iicre

produced m the hj pothalamus by the stimulation

of cert im afferent ncr% es through which reflex

sjTTipathetic rcspoa«e3 maj be elicited

(2) Beattie, Bro« and Long found that extra

sj'stols produced m the cat b\ means of chloro-

form anesthesia, an<l which had been shown by

Levy to be dependent upon ’Sympathetic impulses

(ch 71), were abolished bj a dcstnictuc Iwion

placed m the posterior hyTXjthalamic nuclei or by

a section of the brain behind this region Stunu

lation of the posterior hypothalamic region, on

the other hand, caused extrasystoles to appear in

an anmia/ wfirch preitotr^Jj ftarf hern free froro

the^e cardiac irregularities Animals subiected to

such lesions nlso showed hyTierglyccmia and gly

cCHiuna Drowsiness for two or three days follow

mg the operation was a noticeable feature in some

animals, thev nho showed a change in behanor,

being naoro docile and "tamer" after the operation

(see ' sham rage” below) Tlic ner\ ous system of

animals examined histologically «omo tune after

the lesions ui the posterior hy pothalamic nuclei

had been made show cd degenerating libers w hich

entered the midbram and descended through the

bram stem and cord Those m the latter «ituation

entered the lateral column of gray matter at dif

ferent levels down to the third or fourth lumbar

segment

(3) Decerebration by a section through the

midbram causes a profound fall m body temper

aturc No such loss of temperature control follows

the remoi'a! of the cerebral cortet and thabmus
provided the hyiiothalamus is left intact It is sig

nificant that sympathetic effects e g ,
adrenaline

hberation ruffling of feathers or hairs, constnc

tioa of vessels and goose flesh result from ex

posure to cold Moreover, Cushing has called at

tention to the high temperature which frequently

follows operations upon tumors m the region of

the third \eiitncle of the brain.

(4) He«s fixed electrodes in the hy'pothabmus

of cats After the animals had recovered from the

operation a weak electric current passed through

the hypothalamus induced a state indistmguish

able from normal sleep More recently Alert,

Koella and R Hess Jr were all able to produce

sleep m cats by stimubtioo of the intralaminar

thalamic nuclei Both of these ob'iervations arc

difficult to reconcile with the fact that stimulation

of the reticular formation arouses the ammal from

sleep

(5) Rabat and a'sociafes by means of an efec

trode fixed m the hypothabmus stimulated this

region in the unancsthetized anunal Pupillary

dilation, erection of hair, inhibition of gastrom

tcstinal peristalsis, cbwing and urination resulted

Stimulation of other parts of the brain produced

none of these effects

(6)

Gastric lesions associated with hypotha

bmic damage ha; e been reported, and ovulation

following stimulation of the hyTiothabmus has

been mentioned (p 020) Endcnce for hypotha

famic control of gastric secretion has been cited

on p 975 There is bI«o ^ome e\ idencc of a hy po

thalamic center for gastnc motihty

Quasi emotional Stale
—“Sham Rage”

It was first demonstrated by Goltz that the

reactions which u«ually accompany displeasure

and anger arc more readily evoked in an animal

deprived of its cerebral cortex (decorticated) than

m the normal animal In Goltz’s classical expen
ment the hemispheres and a large part of the

thabmus were removed from a dog Tlie dispon

tion of the animal was greatly^ altered by the

operation, it being very readily aroured to anger

Barking, growling, banng the teeth or snapping

occurred upon the least provocation Cannon and

Bntton produced a similar state m cats by re

moval of the cortex, the decortication being per

formed by means of a pointed stilet inserted

through the orbital cavnties Immediately follow

mg recovery from the anesthetic the animals

showed the following remarkable phemonena
which there observers termed "«ham rage —
lashing of the taJ, erection of the liairs, protrusion

of the claws, dilatation of the pupils, sweating

struggling and bitmg, greatly increased rate of

respiration and a nse m blood prereure Most of

there manifestations n ill be recognized as being of

^mpathetic ongio In many instances the picture

IS a combination of fear and anger Liberation of

adrenaline, as mdicated by an mcrease m the rate

of the denerv’ated heart (p 1032) also occurred

The mildest stimulus such as jarring the table or

lightly toucbing the ammal was sufficient to ev oke

a paroxysm of rage • In his decortication experi

ments Bard found that the postenor and v entral

portion of the diencephaloa was essentially re

sponsible for the development of “sham rage
”

The ty-pical quasi-emotional behavaor occurred

after decortication and "ection through the hypo-

thalamus at about the middle of the tuber

cinereum It also resulted from an operation which

• Pseudoaffective states—displeasure anger or
rage can be evoked in animals after a section
caudal to the hypotha!aQ]U« but much }e<s readiJj
tbao after deeoTticaUoD and ihej do sot const}
tute the fuJlj integrated re«ponse of the animal
vith hypothalamus intact
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removed the basal ganglia and the dorsal half of

the diencephalon, i e ,
the thalamus, but left the

hjpothalamus connected with the midbram The
condition failed to appear if the section separated

the caudal part of the hypothalamus

In new o f the excessive disp^y pmofional

reactions winch can so easily be induced in the

cat (or dog) from which tbp fnruVirgm

thalamus intact, it was only natural to conclude

that the cerebral cortex exerted a regulatory in

fluence ov cr this hypothalamic mechanism How-
ever, Bard and iNlountcastle have shown in cats

that tfie^rcstrainmg influence of higher levels of

Ihc cerebrum upon hypothalamic activity is not

exerted by the ne'oeortex. but by eertam parts of

the rhmenccphalon (cortex of the pynfonn lobe,

amygdaloid nucleus and hippocampal formation)

and an area of cortex on the medial aspect of the

hemisphere lying ventral to the cingular sulcus in

front and below the rostrum of,.the corpus cal

losum This latter area of cortex is ^lieved^to be

a transitional *one ^tween the rhinencephalon

and the neocortej^ An operation which removed

the neocortex alone, leaving the rhmenccphalon

and the ares of transitional cortex umn]ure(i^ was

performed upon cats whose behavior and temper

ament had been studied for some time previously

The manifestations of animals prepared id this

way were the reverse of those which had been

subjected to complete decortication
^
They showed

extraordinary placiHity Responses expressjvc of

ol pleasure w ere predommaat and nfion P^gt»r

ated Procedures, which m a normal animal pro-

To^ resentment, anger or even rage, such as,

pmching the tail strongly with «urgieal forceps,

tjmg the anunal down on its back, strong clec

tne s’nocKS apffuei ^o Vne ,
ewkci no

sign of anger or e^cn of resentment The animals

responded to mild nociceptive stimulation by

purring or with other expressions of pleasure An
animal which before operation resented handling

or petting, became affectionate, purred when

stroked and submitted to being tied to the an

imal board “as though it enjo}ed the maneuver ”

Removal of those parts of the rhinencephalon

mentioned above or of the transitional area of

cortex, transformed animab deprived of their nco-

eortox, 1 e ,
abnormally placid animals, into ones

which, upon the slightest provocation, exhibited

all the signs of rage

/ It IS apparent from these expenmenta that

'some part of the rhinencephalon and the tran

sitional area of cortex exerts a restraining influ

ence upon those b}T)othalamic mechanisms gov

enung the expressions displeasure, resentment

and anger m carmvores (e g ,
cats and dogs)

Repeatedly attention has been called to the

danger in transferring information found to be

true for one animal to another species of animal

without carefully controlled investigations No-

where could this precaution be more appropriate

than in connection with the am>gdala Although

removal of this nucleus bilaterally renders the

dog and cat savage and aggressive, it conv erts the

normally intractable Norway wild rat into a

gentle animal, bilateral temporal lobectomy, in

eluding removal of both amygdaloid nuclei, con

verts vicious and aggressive rhesus monkeys into

relatively tame animals Tliere are obviously w ide

species differences and we cannot conclude that

what IS true for the hypothalamus or the amyg
dala or the neocortex of the cat is necessarily

true for man unless the fact is established

Emolwn This is an appropriate place to con

eider the mental state with its accompanying re

actions which is generally referred to as emotion

The word emotion is derived from the Latin

meamng a ‘ moving out ” But there is an inward

as well as an outward component of the emo
tional state It can be analysed into subjective

and objective elements—emotional feeling or ex

pcnence, and certain visceral and somatic mam
festations, e g ,

pallor, blushing, cardiac accelera

tiOD, facial expression, etc

According to the James Lange theory
, the

emotional feeling is not aroused primarily m con

sciousness but is the result of the bodily reactions

Briefly, for example, we are frightened because

the heart accelerates, the vessels constrict, the

respiration quickens and the skeletal muscles in

erase ttieir \une, or con'iraCt lor purposes ol cie

fcDsc, or m order that one may run away
,

tlie

afferent impulses mitiated by these various activ

itics iropmgmg upon consciousness arouse the

feeling of fear Sherrington showed, however, that

the emotional state of a dog remained unaltered

after a h^h spinal transection and section of the

vagus nerves, afferent impul'ajs from the viscera

and skeletal mu«cles being thus largely removed

The modern view, which was advanced by

Cannon and by Dana, proposes that emotional

fechng and the associated bodily reactions are the

result of interaction between the cerebral cortex

and the dtencephalon—hypothalamu” and thala

mu3 (anterior nucleus)—visceral and somatic re

eponses being secondary to the feeling of rage

delight, grief, etc
,
rather than the cause, which
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13 dependent upon tlie cortcT, probiblj of the or

bita! and cmgular gjTi and the hippocampus, »

but the emotional manifestations arc initiated m
subcortical leicls As nehaiesoen, there is much
e\pcr3mcntal support for such a \ien Also, elm

ically, outbursts of uncontrollable laughter or

crjnng are sometimes associated i%ith lesions of

the dienceplialon

DlSonOEns of the IlYPOTIIALAitUS

Tlie effects which may result from lesions (c g

,

tumors, cncoplnlilis, etc ) in\ oUmg the hypo^

thalamic region fall into the follow mg groups (a)

disturbances m fat in carbohy dratc or m water

rt-iiu’ v'i'/ .Aw<n*

nc«s, somnolence and, less commonly, abnormal

wakefulness, or reicr«al of the sleep rhythm*

(c) emotional manifestations hugliing, crying

or a state resembling sham rage ’ in animals,

mai result, (d) phenomena attributable toayin

pathetic or parasympathetic stimubtion, (e) dis

orders of the «eaual functions

Any one of the foregoing groups of effects may
dominate the clinical condition to gi\ c rise to one

or other of the follow mg syndromes (a) diabetes

insipidus, (b) dystrophia adiposogcmtatis, (c)

the Laurence Bicdl Moon syndrome and (d)

narcolepsy

Tlieee scienil conditions, with the cvception of

the last (d), ha\e been considered in chapter 5G

Narcolepsy (see also p l£72) Tins is the term

applied to a disturbance in the sleep meclianism

m which sudden attacks of an irresistible desire

for sleep occur during the daytime The duration

of the attacks, which resemble normal sleep, is

quite bnef—from a few seconds to 20 minutes or

so It IS only to such sudden and bnef naps, and

not to persistent drowsiness or to prolonged pe

nods of pathological sleep that the term is apph

cable Nocturnal sleep may be normal but it is

often disturbed or there may be insomnia Sleep

may overcome the subject of narcolepsy while he

is going about his usual occupation while walk

mg m the middle of a conversation durmg a

meal drmngacar.ete But commonly they occur

at times when any one would be incbned to sleep

There may be many attacks during the day A
few cases were discovered durmg the war m sol

’ voD Bonin speaks of a reverberating circuit

—

hypothalamus (mammillary body) to anterior

thalamic nuclei via mammillo thalamic tract,

thence to anterior part of cmgular gyrus thence
to cornu Ammonia and finally back to the mam
miliary body through the fornix and fimbna

'fiee r ufton antf B’remer

diers under trial by court martial for falling asleep

on icntrj duty Tlic condition may be a sequel

to influenza or to epidemic encephalitis mvolv
iBg the hypothalamus or may result from a tumor

or injury in this region In other instances the

condition appears without known cause (idio

pathic narcolepsy) Although evndcnce ls not con

clusue it 13 very likely tliat m the«e latter, also,

disordcifd hypothalamic function is responsible,

for other features, e g ,
obesity

,
polyuna or im

pairmcnt of the sexual functions, pointing to an
abnormabty of this region arc frequently present

Ruahn, ephednoe sulfate and amphetamine (ben

zednne) have been used with benefit in idiopathic

narcolepsy Calaplexp* is the term given to a

condition alhed to and very frequently asso-

ciated with narcolepsy, in which the patient as

a rcsultof some emotion—amusement anger, fear,

embarrassment or surprise—is seized with com
plete muscular relaxation and weakness The
attack 13 bnef, lasting for a few seconds, or for a

minute or two at the most Consciou'ness is not

lost but the muscles are completely toneless and

powerless for the time, and if the attack «uper

\CDcs while the subject is standmg his knees fail

him and he «mks to the ground/ The deep reflexes

arc l^t A somewhat similar situation may de

velop in a normal person who may become ‘weak

withlaughter, be 8truckallofabeap”or trans

fixed w hen surprised or shocked Or his jaw may
‘drop ’ when confronted with some unexpected

occurrence Cataplexy is regarded os an exagger

stion of tlu^normal tendency, just as narcolepsy

IS an intensification of the desire of many normal

persons to drop mto a doze under certain cunum
stances Mirth is especially hkely to precipitate a

cataplectic attack One victim reported by Adie

remarked, ‘ At the '‘cout s camp the boys used to

amuse themselves by making me laugh and then

runnujgawayleavingnjehelplessontbeground ”

Though narcolepsy occurs without catapleiy the

converse IS extremely rare Tlus association of the

two conditions at once suggests a common patho-

genesis, but the muscular atomcitj characterizing

the cataplectic attack cannot be explained upon

any physiological basis An interesting specula

twn has been made by TVllson, who compares the

attacks to the defense reaction of certain animals

whereby they fall mto immobihty when fright-

ened, and suggests for them a certain biological

significance, namely
,
that they are the rehc of a

primitive reaction uncovered by disea'^e

• This should not be contu«ed with catalepsy, an
entirety rfrtTerenC conrfifion
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THE CEREBRAL CORTEX. THE PHYSIOLOGY OF SPEECH
AND SOME OF ITS DISORDERS. APRAXIA AND

AGNOSIA. EPILEPSY. HEADACHE

Aliniitc Striicliirc of the Cortex

The human cerebral cortex (or palltum) has a
total area of about 220000 sq mm ,

not more
than a thud of this lies upon the free surface or

crown of the comolution<» The remaining two-

thirds of the graj mantle of the cerebrum occupj

the nails of the sulci The total number of nerve

cells m the human cerebral cortex has been esti-

mated at around 10'® Tlie number of libers re-

ceived from and proiected to loner fe\cls of the

oenous system is in the neighborhocx} of 200
milUoa Added to these arc fibers, manj tunes

more, which connect cells within the cortex (asso.

ciation libers) On the basis of cellular structure

the major part of the cortical gray matter is dn isi-

blc into SIX layers or laminae But these la>crs

do not show identical lustological appearances

throughout the extent of the cortex Characteris-

tic differences tn the depth of the mdi\ idual laj era

and in their cellular components are found m the

various regions The six layers from the surface

inwards with a general doscnption of their cellu-

lar features as given bj Economo' follows (see fig

67 1)

^^^J<<(rOLECULAR (or PLEXIFORM LAYEUl) In this,

the most superficial lajer, the terminal filaments

of numerous dendrites from cells of deeper layers,

as well as from the axons of Martinotti cells form

a dense felted network Its cells are sparse they

are sjaall (4 to 6/i) and pear-shaped or fusiform

Ml External grantiiAr uater consists of

large numbers of small round, polygonal or tri-

angular cells 010*^17 packed together Their

afferen^rocesses pass into the overlying layer,

their axons end mainly m deeper layers, but some

entjSr the white substance of the hemispheres

Mil Pyramidal cell layer Medium-sized

pyramidal cells are contained m the outer part of

’ For a detailed description this author, or the
earlier works of Campbell and ofBolton should be
consul

this layer, pyramidal cells of larger size and more
sparsely distnbuted arc pre=ent in the deeper

part It 13 customary, therefore, to subdivide this

layer into an outer and an inner portion, Camp-
bell refers to them as separate layers

^I^c^NTERNAL GRANT7LAR MYER rCSembleS the

external granular layer m being composed of

closely packed masses of small stellate cells, but

unbkc the outer granular layer it is rich m nerve

fibers Thy rr many horizontal hberT

which show as g white stnpe , or band knowri as

t!ie_ outer stnpe or line of Baillarger, which is es-

pcciaHy well marked in Rie calcan^ cortex,

in this situation it is m ore usually referred to as

the line _o f Vico d’Azyr or ol uenoan
.^y^ANCUo'nc LAYER (or internal pyramidal

layer) consists of pyTamtdal cells of graded sizes

This layer is particularly well-developed in the

precentral (motor) cortex where giant pyramidal

cells (Betz) are conspicuous It contama. al^
cells of Martmotti, thece cells are peculiar in that

their axons pass outmorSa toward the surface of~

thirtortcx and a ônze in tEilr own layer, or in

overlying layers Some of these cells can be found

ifTnpaylv fill l.iyprg nT~ihuj-ortax Its deeper^rata

contam a dense network of fibers-whicb forms the

inner line of Baillarger.

VI Fpsiforji cell LA^ERTm contact with the

white matter, is composed of closely packed small

spindle-shaped cells with their long diameters

perpendicular Cells of Martmotti and small

stellate cells are present also m this layer but

fewer m number

It should be emphasized that the foregoing is

no more than a general description of the his-

tok^cal structure of the cortex and that marked

r^ional differences exist Even the lamination

itself IS not a feature common to the entire cor-

tex In man one-twelfth of the cortical area shows

httle or no lamination, this portion, which is

called the allocortex or archxpaUtum comprises the

l233
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Fio 67 1 Showing Uyera o( area 4 of buroan
cerebral cortex (agranular) left cell bodiea Niaal

stain right nerve fibers \Veigert stain a outer
band of Baillarger b inner band of Bailtarger
Note the targe eetla of Bets in the fifth layer
(After Brodmann

)

cortex of the olfactory lobe (i e
,
the pynform

area and the hippocampal, supracallosal and ol*

factory gyn, etc ) The laminated cortex, which

m man constitutes the remairung elet cn twelfths,

but which in lower mammals is a much smaller

fraction of the whole, is called the uocortex or

neopallium

The greater part of the human laminated cor-

tex shows the cytoarehitectural features described

above, and is therefore sometimes referred to as

the komolijpieal cortex In other more reslncted

areas the cortex departs from the typical cyto-

logical appearance, chiefly in the preponderances

of the small granular cells or of the pyTamidal

elements and is called heteroti^pical In areas m
which the internal granular layer is absent or

practically 'lo and in which pyraimdal cells pre-

dominate the cortex is called affranular, andwhen

the small granulelike cells form a promment m-
temal granular layer with few pyramidal cells, it

is called the granular cortex The agranular cor-

tex is thicker than the granular which is particu

larly tbm at the frontal and occipital poles of the

hemispheres

The cortex of the precentral region (areas 4 and

6) 13 of the agranular type The granular layers

(II and IV) arc shallow, bemg encroached upon

by the expansion of the pyTamidal lay ers III and

V In the deep part of lay er V of area 4 (the area

giigantopyramidaliB) are situated the character

istic giant cells of Betz (60 to 80 microns in their

greatest diameters) (see below) These cells con

tribute fibers to the corticospinal tracts (ch 65)

In area 6 m front of area 4 the granular layers

are also inconspicuous but the large cells of Betz

are al»ent

In the cortex of the walls of, and surrounding

the calcanne fissure—the area stnala or visual

area—^the outer and inner granular layers (II

and IVO are expanded at the expense of the py-

ramidal layers (III and V) This very finely gran

ular type of cortex also called from its ‘ dusty”

appearance under the microscope the Loniocortex,

13 charactenstic of sensory areas It is present

though to a less fully specialized degree than in

the visual cortex,m the postcentral gyms (somes-

thetic area) and in Heschl s gyrus (auditory cor

tex,p 1445)

Upon gross exammation of a section of the

bram two lighter bands can be seen m tlie cortex

against the darker gray matter These are pro

duced by nerve fibers running parallel to the sur

face of the convolutions They are known respec-

tively as the outer (already mentioned) and inner

bands of Baillarger In the visual area the outer

band is broad and promment and is usually re

ferred to m this part of the cortex as the band of

Vicq d Azyr or of Gennari, who had described it

previously The inner band is less dense than the

outer, particularly m this area

. Localization of Function m the

Cerebral Cortex

Campbell mapped the cortex into 20 areas

which could bo differentiated on the basis of their

cytoarehitectural characters This number was
raised to 47 by Brodmann and subsequent work-

ers (Vogts) have subdivided these again to make
a total of 200 * Bailey and von Bonm (1951) in a

careful reappraisal of the matter of the subdivi-

sion of the cerebral cortex on the ba«is of cyto-

architectonic studies concluded that most of the

divisions of the cortex which had been devised

previously were unsupportable They were able to

divide the cerebral cortex into the allocortex of

the hippocampal region and the pyriform lobe

the agranular cortex of the precentral region and

the antenor limbic area the koniocortex of the

pnmaiy sensory areas (the somcsthetic areas of

*The microscopical study of the cortex and
mapping it into areas according to the cj tological

characteristics is called cytoarchitectontes
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the postcentMl £>rus, the visual cortex of tlic

calcarine area, and the auditorj cortex of Heschl’s

con^ol^tlon on the superior surface of the first

temporal gjrus), and the cuhmmatc cortex of

most of the remainder of the mantel of the cere-

bral hemisphere

Differences, most of them minor, within this

broad outline ^\cre demonstrable Thus m the

precentral agranular cortex tliorc ore two areas

—

the area gigantopyramidalia (area 4) which lies

justm front of the central fissure and contains the

large celts of Betr, and the other winch Drodmann
designated area 0 and which lies immcdiatcli in

front of area 4 and is dev oid of gigantic p) ramidal

cells The agranular cortex of the anterior hmbic

area partakes of some of the characteristics of

the allocortex The komocortex of the visual area

IS more complex than that of the somcsthctic and

auditor^ areas and there arc rmnor xanationa m
different parts of the eulaminate cortex which

need not concern us here In the following dis-

cussion we shall refer to t!ic numoncaU> desig-

nated areas described by Brodmann ns thc> arc

well established in neurological literature and

teaching, but hts finer subdiitsions mil not be

dwelt upon

The Frontal Lobe

T/ic Precentral Cortex, Areas 4, 4^, S and 44

Area 4 is a tapenng stnp of agranular cortex

lying with its wider end at the upper border of

the hemisphere, in front of the central fissure

(Rolandic), and occapjaag the posterior part of

the precentral comolution A good part of this

area la buried, for it co\ers the anterior wall of

the central fi'^surc It also turns o\ cr the upper

border of the hemisphere and extends down the

mesial aspect ns far as the cingulate sulcus Area
4 18 a center for voluntarj mo\ cment It gn es

origin to an important part of the corticospinal

tracts, and also projects to the pons (frontopon-

tine tract), corpus stnatum, red nucleus, and the

subthalamus Areas 4 and 6 are also connected

by mtraeortical fibers The mu-fcles of the \ anous

parts of the body are represented in this area on
the mesial and the lateral surfaces, in an order

which IS, in general, the inverse of that in the bod^

itself, namel>, toes, ankle, knee, hip, trunk, shoul

dcr, arm, elbow, WTist hand, fingers, brow, e>e5!,

face, laiynx, jaw and tongue (fig 67 2) The parts

of the face arc not inverted Bj suitable eicctncal

stimulation of different parts of this area, mo% e

ments of muscles on the opposite side of the bodj

canbeexoked

The careful studies of IVooUcy (on the monkc>

)

have demonstrated that the distal parts of the

extremities, ic
,
the hands and feet, are repre

sented neir the central fissure while the more
proximal joints, i e ,

shoulders and hips, and the

trunk, are represented somewhat more antenorlj

With suitably controlled stimuli discrete move-
ments limited to a email part of the extremit} or

even to a single muscle may be ebcited Although

most of the control of the precentral cortex over

the muscular ncti\ ities of the body are exerted

contralatcraliy, there is also some control o\er

muscles on the same side of the body This ip"!

PLANE of CENTRAL SULCUS
Fio 67 2 Coroml section through the henuspheres to show the motor and sensory representations

in the cerebral cortex (From Rasmussen and Penfield )
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lateral innervation is greater m the proximal

joints of the extremities than in the distal parts

and IS greater in the loiver than in the upper ex-

tremity Furthermore, this ipsilateral innervation

by the precentral motor cortex is greater m mon-

keys than in man Electrical stunulation of the

cerebral cortex, although a valuable tool for the

study of cortical activity, ls a poor substitute for

normal phj Biological acti\ ity The range and ex

tent of movement produced bj such stimulation

represents but a small fraction of the motor ac-

tivity which the intact cerebral cortex is able to

produce under normal circumstances Further-

more, the movements whicli are induced by elec-

trical stimulation are crude and limited compared

with the well coordinated, smoothlj executed

movements of the normal animal One must never

fill into the error of concludmg that the results

of electrical stimuLation are a measure of the ex-

tent or nature of the normal activity of the areas

stimulated

Pcnfield and Welch, and oolsey and his asso-

ciates have demonstrated a tupplmentary motor

area 1} mg on the medial surface of tlie hemisphere

in both man and monkey This area hes anteriorly

and ventrally to the primary motor area described

above In it the entire body is again represented

The head and upper extremity arc represented

farther forward and closer to the edge of the

hemisphere while the lower extremitj is repre-

eented more posteriorly and nearer to the corpus

callosum Tlic threshold of this supplementary

motor area is somewhat higher than that of the

primary motor area which lies immediately an

tenor to the central fissure The function of this

supplementary area has not yet been well dc

fined

A large percentage of the corticospinal fibers

arise from the precentral gyms (area 4 m the

monkey), whereas it is questionable if any cor-

ticospinal fibers nnse from area 6 However, as

both of these areas give n<e to fibers which de-

scend to subcortical centers (e g ,
basal ganglia,

thalamus, reticular formation, pontine nuclei,

etc ) dcstnictiv e legions of neither area 4 nor area

6 13 comparable to an isolated lesion of either tiie

corticospinal or the multisjnaptic motor path-

wajs which pass through the subcortical nuclei

Tims anj idea that a lesion of area 4 which gives

nsc to both t> pcs of motor fibers is comparable to

a section of the corticospinal fibers in the cerebral

pcilunele or the medulbry pjxamid is false, as is

the thought that a le«ion of area 0, which gives

nso to much fewer fibers to the subcortical nuclei

•N

than does area 4, will give nse to a chmeal pic-

ture tjpical of destmction of the motor pathw aj s

through the basal ganglia, etc

Destructive lesions of the various parts of the

precentral motor cortex do have certain impor-

tant characteristics First, it is obvious that the

precentral motor cortex is essential to normal

activity of the skeletal musculature in primates

If one removes the excitable motor cortex (the

sigmoid gjTus) from both cerebral hemispheres

of a dog or cat, or even if all of the cerebral cortex

13 temov ed, there is some interference wnth motor

activ ity, espcciallj wnth certain stereotj ped reac-

tions, such as the placing and hopping reactions

but the animal is not paralyzed He can still sit,

stand, walk, or run m a very creditable manner

If the precentral motor cortex is removed from

both hemispheres of a monkey be is permanently

and severely incapacitated and only a few stereo

typed movements are possible It is true that

if the precentral motor cortex is removed piece

meal over months of time and if the animal

IS given intensive care with massage, manipu
latiOD and re-education he can in a few instances

become able to stand in a very uncertain fashion

and take a few halting awkward steps These

observations indicate clearly that m dogs and

cats some subcortical mechanism (the basal

ganglia?) is capable of producing useful well co

ordinated movements, but that in the monkey
the motor cortex has assumed much greater

importance and the subcortical mechanism is

almost totally unable to function m the ab-

sence of the cortex !Naturally the precentral

motor cortex has rarely been removed bilaterally

in man, and in one case ob'crved by I\alker

the patient's condition and short postoperative

survival did not permit of any study of v alue The
evidence available indicates that the precentral

motor cortex in man is of cv cn greater importance

and that functions are even more localized and

even more contralaterallyrepre«ented than in the

monkey
In the cat and dog the unilateral removal of

the motor cortex (sigmoid gyrus) or even the re-

moval of all of the cortex from one cerebral

hemisphere causes little motor disturbance Ev en

m the monkey the motor deficiency resulting

from such an operation is not profound The ani-

mal stiU uses all four extremities He sits, stands,

nms and hops about in his cage from one wall to

another and back and forth on his trapeze The

extremities contralateral to the hcmidecortieation

aremore awkward than the normal ones In jump-
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ing the nnunal mis503 the bars of his cage occa-

sionally with the invoUwl digit ‘i, and often rests

on the backs of the fingers or toes rather tlian on

the palmar and \olar -surfaces na the normal ani-

mal does So long as his normal extremities arc

aiTiilable he seldom uses the ma oh ed ones to pick

up food, but he can do so m ease of necessity In

other words, although the contralateral extremi-

ties are not normal, they are far from being para-

lyzed Katurally one asks i\hat is the source of

the innervation of these extremities Tlicre can

be little doubt tliat it is from the intact ipsilatoral

cerebral hemisphere, for if it is removed, the ani-

mal not only becomes pralyzed in the extremities

contralateral to it but in those affected by the

original decortication as iiell In other words,

removal of the cortex from the remaining hemi-

sphere results 10 a severe paralysis of all four ex-

tremities There are other evidences that the

precentral motor cortex is capable of ipsilatcral

innervation Homes and May, and later Bucy

and Fulton presented definite evidence that ip-

sihteral movements, particularly in the lower

extremity and particularly in the more proximal

joints could be produced by clectncal stimulation

of the precentral motor cortex

In man the situation is similar but not identical

If tile precentral motor cortex is remov c<l from

one hemispltcfe the contralateral extecniUKs are

severely incapacitated but not completely para-

ly zed Movements at the distal joints—the wnst,

hand and fiagets, the ankle, foot and toco—are

entirely or nearly completely abolished In some

cases a slow and rather weak simultaneous flexioo

of all the digits of the hand can be produced

voluntarily Movements at the shoulder and el-

bow and at the hip and knee are much fuller and

stronger In the upper extremity the flexor move-

ments tend to be better, whereas in the lower ex-

tremity extension at both the hip and knee is

more extensive and stronger than flexion Such

movements in the upper extremity are I<ss than

in the lower, but this does not account for all of

the differences from the standpoint of usefulness

The upper extremity is primarily a prehensile one,

designed to bring things to the indivodual or to

pull him to them Thus a condition in which the

fingers, hand and wnst are paralyzed and only

movements at the elbow and shoulder are possible

does not result m a useful axtreiruty On the other

hand, the lower extremity is used for standing

and walking It is primarily a supporting pillar

The fact tint the toes and foot can not be moved

IS of relatively little importance while the ability

to move the extremity at the knee and hip, espe-

cially at tlic Utter, enables the patient with his

hi3 precentral motor cortex destroy cd or its path-

ways severed to walk m a very useful fashion,

even though he bmps and has to circumduct the

mvoUed foot with each step Evidence is not
available to prove the source of the mnervation

which accounts for the remaining muscular activ -

ity in the mv olved extremitiesm man, but reason

ing by analogy from the monkey it would seem
most Ukely tliat it is from the ipsilateral cerebral

hemisphere Tlic few bits of evidence available to

us support this view For instance, in a fen human
cases in which the upper part of the prcccntnl

motor cortex has been destroyed bilaterally by a

tumor or by injury, both legs have been para-

lyzed If the movement m the lower extremities

seen in hemiplegics were produced by the sub-

cortical centers, then such a paraplegia would

not be exjjectcd as the result of purely cortical

lesions Furthermore, Bates has been able to

produce ip'dateral movements by electrical strni

ulation of the mcdisj surface of the cerebral hemi

sphere in man
As noted abov e there are differencesm function

between the vanous parts of the precentral motor

cortex Lesions of orea 4 produce more severe

motor deficiencies than do lesions of area 6 While

feswns of both together produce tire most severe

deficiency Howev er, either area 4 or ares 6 alone

in one hemisphere of the monkey
,
all other parts

of the precentral motor cortices hanng been re-

moved, is able to produce useful movements in

all four extremities This is evidence of the pres-

ence of ipsilateral as well as contralateral motor
innervation from both area 4 and area 6, and is

also evidence that useful movements can be pro-

duced ov er the multisy naptic neuronal pathw ay s

from the precentral motor cortex through the

vanous suhcortical centers (the so-called extra

pyTamidal pathway s) as well as over the cortico-

spinal tract direct from the precentral gyrus to

the spina] cord Other evidence in confirmation

of this fact 13 the demonstration that useful vol

untaiy movement is still jws^ible on the monkey
after the medullary pyramids hav e been divided

(Tower, 1910) and in man after the central por

tion of the cerebral peduncle has been cut (Bucy

,

1957) There is one mteresting and as yet enig-

matic fact concerned with these tw o observations,

the one on the monkey and the other in man
When the medullary pyramid is divided m the

monkey, the greatest defect m movement is ®een

m the distal parts of the extremities, that is, in
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the fingers, hand, toes and foot This is similar

to the deficiencj which develops when the pre-

central motor cortex is destroyed Surprisingly

when the cerebral peduncle is cut in man move-

ment of the digits and the distal part of the ex-

tremit) remain good and in a recent case were the

first movements to recover and the strongest

Alteration in only one reflex can be attnbuted

to destruction of the corticospinal tract from the

precentral gjTus, If the ‘ foot" area in the upper

most part of area 4 on the medial surface of the

hemisphere is destroj’ed or if the corticospinal

fibers to the mascles of the great toe are divided

it will become possible to elicit the sign of Ba-
binski Destruction of other parts of the precen-

tral region or section of other corticospinal fibers,

of course, does not have such an effect Further-

more, this reflex can only appear if the peripheral

mechanism is intact Tlius the necessarj anterior

horn cells, anterior spinal roots, peripheral nerves,

and mu'cles must bo pre«cnt and functioning and

the great toe and its joints must be m condition

to respond properly if the reflex is to appear

Destruction of area 4 results in a weakness of

the contralateral extremities which is relatively

flaccid as compared with that resulting from a

leoion of both areas 4 and 6 This led Fulton and
his associates to conclude correct[> that destruc-

tion of the corticospinal tract which arises from

the precentral gyrus is not the cau«e of the spas-

ticity «o commonly seen in animals or men with

capsular hemiplegias Hines demonstrated that

spasticity tended to appear most prominentl>

when a narrow strip Ijmg just in front of area 4

was removed This area which has been called

‘ the stnp of Manon Hines or area 43 appears

to be the part of the precentral motor cortex

particularly concerned with the control of the

postural and the stretch reflexes Its destruction

causes these reflexes to become exaggerated and
spasticity with hjTieractive tendon reflexes to

appear McCulloch, Graf and Magoun showed

that area 4s projects to the bulbar reticular for-

mation and exerts its controlling mfluence on

these reflexes through that important mechanism

In addition Dusser de Barenne and his coworkers

have demonstrated that area 4s is capable of

mhibitiDg other forms of peripheral motor activ-

ity in addition to these reflexes They have also

shown that under certain "pecial circumstances

the area 4s (and certam other ‘‘“tnp” areas, areas

8, 2, 19 and 24) is capable by means of connec-

tions which pass through the caudate nucleus to

suppress the electrical activity of the remainder

of the cerebral cortex Various other mvestigators

have questioned the accuracy of the«e observra-

tions, but peculiarly no one of them has ever re-

peated the experiments of Dusser de Barenne and

his coworkera It is recognized that this suppressor

function can be demonstrated only under certam

special conditions as to anesthesia, stunulation of

the suppressor strips, and that we do not know
what, if any, function these suppressor strips and

tlieir effect upon other cortical areas play in the

normal physiological activity of the animal

Lesions of area 6, in contrast with those of area

4, give n-* to an awkwardness m the performance

of skilled acts with little lo'^s of strength spastic-

ity and increase in the tendon reflexes (possibly

due tomvolvement of area 4s which lies so close),

forced grasping and groping and in some cases

disturbances in autonomic functions These ef

fects are all contralateral to the lesion M oolsey

would view these facts somewhat differently It

is his opinion that le«ions m area 4 near the cen

tral fissure would affect the distal parts of the

extremities (hand and fingers, foot and toes)

whereas those lesions farther forward in area 6

would produce changes in movements of the

trunk and proximal joints

Irritative lesions involving area 4 give rue to

localized clonic convulsive seizures The convul-

sive movement usually begms focally m some
part of the body depending upon which part of

area 4 w irritated There may be a localized

twitching of the face, or of one or more fingers,

or of the foot or of the leg This convulsiv e mov e-

ment may remain locabzcd or it may spread to

neighboring parts of the body or even become

generalized This “march” of the convulsive in

volvement la tyjacal of what is known as a Jack-

sonian epileptic seizure and is dependent upon a

spread of the irritation in the motor cortex A
convulsive seizure produced by irritation of area

6 IS charactenzed by what Foerster termed an

advCTSive seizure These begm with a tummg of

the head and eyes and often of the body toward

the side opposite the involved cerebral cortex

Bucy and Pnbram desenbed a case m which a

tumor m the “face” area of the precentral motor

cortex was associated wath localized convulsion®

of the contralateral side of the face and vnth

localized sweating of that side of the face and to

a lesser extent of the upper extremity Such

paroxysmal outbursts of autonomic activity are

far from common but indicate the relationship of

this part of the cerebral cortex to v egetative func-

tions
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Tliere la otlier definite evidence tliat the pre-

central motor cortex alw exerts eomc control

over iirious i isceral and xa'cular activities, such

as heart rate, insomotor activ ities, gastrointosti-

nal motditj
, i)cr«piratjon Tlicre is also e\ idencc,

at least m the cat, that these actmtioa are aLo
controlled in some measure bj the cortex on the

mesial surface of llie hemisphere, and that of the

orbital surface of the frontal lobe

It has been noted abo\ e that rloslruction of the

precentral motor cortex (areas 4 and 0) results id

a spastic hemiplegia However, it is not to be as-

sumed that this condition is identical with the

spastic paralj'«is which results from legions at

lower levels Tlie spasticity resulting from le«ions

of the internal capsule w in general greater llian

that wn with cortical lesions In all probability

this IS due at least in part to the fact tliat id the

internal capsule the fibers are drawn do** to-

gether in a compact bundle and the damage is,

therefore, greater than mth the usual cortical

lesion There is also the po«.sibility that the

greater spi«ticitj commonh seen with hcmi-

plogias of capsular ongin is the result of «omc de-

struction m the basal ganglia, which is common
with such lesions, as well os the destruction of the

fibers ilescendmg from the precentral motor cor-

tex In anj event the patlem of the increased tone

IS similar with homiplegus of both cortical and

capsular origin, i c , the increase in tone in the

upper extremitj is in the flexor muscles TTitli

severe legions at the mesencephalic level it is

common to sec spasticitj even greater thin is

commonl) «ccn with capsular or cortical lesions

but the pattern in both the upper and lower ex-

tremities is an extensor one If the lesion is m the

Spinal cord, one roa> see either a paralysis with

very sex ere extensor ngidity or a paraplegia in

flexion, as has been discussed elsewhere

Graeping Moi'emenls and Tonic Innmation

Involvement of the anterior part of the pre-

central motor cortex, i e
,
of area 6, is not uncom-

mon!} associated with a group of phenomena to

which lanous tenns have been applied, eg,
‘ forced grasping and groping”, "grasp reflex”,

“tonic innervation’ and so forth A description

of these phenomena follows

(1)

Alerel} touching the skin between the fin-

ger and thumb with a pencil results in slow flexion

of the fingers If the stimulating agent is with-

drawn gent!} without disturbing the position of

the patient’s fingers no tightening of the grasp

results but his hand and arm sometimes nioie

through space (grope) m the direction of the roox -

mg object, as if drawn bj a magnet

(2) Oratp rejlex IVTien an object is placed in

the imoli ed hand of the patient the fingers close

slow]} and gently around it, but any attempt

made b} the oliserver to withdraw the object

often results m its being gra«ped more firmly

Nevertheless, when the patient clenches his

empt} fist he can relax the fingers again without

difilcultj

(3) Any attempt to l>end the arm or log is met
by an actn e rcsi-stancc exerted by the antagonistic

(stretched) muscles this differs from the resist-

ance offered by the ordinary spastic limb m that

there is no sudden gi\ mg wax xvith a "clasp-knife

effect
’

Walshe and Robertron ha\c made a critical

study of th£*«c plienomena and find that they are

separable into two distinct components (a) the

gratp mn-emenl and (b) tonic innmation

The ffcntU grasp and tlic groping znoi ements

just de«cnbcd («oc (1) aboxc) are voluntary and

not reflex acts That is to say though they are

automatic m nature and arc taken to indicate

deterioration of the psychomolor functions, the

patient can prex cot their occurrence if asked to

do so They disappear m stupor or in coma The
gentle grasping movement follows tactile stunuU

aloDC or X isual and tactile stimuli acting together

The gropmg mox ements can be elicited by visual

stimuli alone but not by tactile stimuli alone

Tonic innmxifKm («ee (3) above) is a stretch

reflex (ch 64) The ttronff grasp (2) which results

when an attempt is made to remoxe an object

from the hand is cimply one phase—an mcident

—

of this reflex It « quite distinct from the gen-

tle grasp moxement It re«ult3 from the passive

stretching of the flexor muscles of the fingers

caused by the observer’s attempt to extricate the

object The patient cannot relax the grasp and

reJeace tlie grasped object It occurs in the un-

conscious patient Tlie gra^p reflex is most pro-

nounced when the patient is on bis side and the

affected arm uppermost (Fulton)

Richter and Hines produced the “tonic grasp

reflex’ in adult monkeys by remoial of area 6

Exci«ion of the motor areas or the prefrontal

areas from both hemispheres did not cause the

effect A similar reflex is present in normal in-

fants, Robinson showing that in tlie^e it is suffi-

ciently strong to suspend the body from a bar for

2 minutes A grasping reflex has also been de-

senbed for the foot id lesions of area 6, it occuis

in the normal infant up to the end of the first
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year and is said to occur m 50 per cent of Mongo-

lian idiots It is elicited by stroking the sole

Area 8 is called the frontal eye field It lies in

front of area 6 Stimulation of the cortex here

causes a conjugate movement of the eyes to the

opposite Bide, opening and closing of the eyelids,

and sometimes dilation of the pupils and lacry-

mation No visual hallucinations occur m roan

but an epileptiform seizure may be provoked

n hich spreads to the adv ersiv e field (area 6)
*

Ablation of area 8 of one side in monkeys or in-

volvement of this area or its projection fibers in

man causes the eyes to be turned up toward the

side of the lesion, and paralysis of the conjugate

eye movement These effects arc temporary The
animal in walking circles toward the Bide of the

lesion No abnormalities arc observed in the

pupils or m the mov ements of the hds Area 8
13 one of the suppressor” areas This area re

ceives fibers from the dorsomedial nucleus of the

thalamus, through wluch it is connected with

the hypothalamus It also connects by long asso-

ciation tracts, both afferent and efferent, with the

occipital lobe (visual area, 18) and with the teg-

mentum of the raidbram (probably with the

oculomotor nuclei) *

Area 44 m the region of the posterior part of

the frontal operculum in the dominant hemtsphere

(which IS the left in right-handed persons) is the

motor area for speech (Broca’s area) Stimulation

of this area m conscious patients causes their

speech to be abruptly arrested

pREFROVTAl, OR ORBITOFRONTAL ReGION

The prefrontal region embraces the part of the

frontal lobe in front of areas 8 and 44 but it

includes the orbital as well as the lateral aspect of

the lobe, and for this reason is also known as the

orbitofrontal region It was divided by Brodmann
into several different areas (9, 10, 11, 12, 13 and

14) but Bailey and v^m Bonin do not believe that

’ Stimulation of area 8 in roan also causes con
jugate deviation of the eyes and turning of the
head to the opposite side

* Unilateral ablation of this area in monkeys is

follow ed by a visual defect in the form of failure to
recognize objects in the opposite homonymous
halves of the visual fields—o psendohemiartojna—
results U hen area 8 is destroyed on both sides the
animal does not react m a normal manner to visual

stimuli It may appear to be blind for it w alks into
or stumbles over obstructions in its path and
tends to stare straight ahead with an immobile
wooden expression (see Kennard and Lctors)

yet an animal will follow an object with its eyes
and will seize anything offered to it though fail

ing apparently, to recognize it or to understand
what to do with it

such subdivision of this area is supportable by a

careful study of the cy toarchitecture These areas

until recent years have been thought to be inex-

citable, and w ere therefore referred to as ‘silent”

or association areas But upon stimuLation by a

suitable electnc current having pul«es of low

frequency, autonomic, respiratory, circulatory,

renal, and gastrointestinal responses can be

ehcitcd After bilateral removal of these areas the

blood pressure is reduced, gastric secretion sup

pressed, and gastrointestinal mov ements in

creased In man, suffering from intractable pain

13 relieved These areas receive important fibers

from the dorsomedial nucleus of the thalamus

which m turn receives impulses from the hypo-

thalamus These orbitofrontal areas, especially

those of the orbital surface, are thought aNo to

be closely associated with emotional feeling Their

part m the scheme of cortical representation of

sensation is uncertain, but they are probably con-

cerned with visceral rather than with somatic

sensations through the hypothalamus and dorso-

medial thalamic nucleus

Area S4, anterior part of the cingular gyrus on
the mesial aspect of the hemisphere, is a pow erful

suppressor area Various autonomic responses

follow stimulation of this area including pupillary

dilation pi!o-crection, acceleration of the heart,

and a fall in blood pressure Arrest of respiration

10 expiration also results

The prefrontal area* have eiitensive eubeortieal

and cortical connections Areas from 9 to 12 in the
monkey receive fibers from the dorsomedial nu
cleos of the thalamus Fibers ascending to the
orbitaf areas 11 and 12 from this nucleus have
also been demonstrated m man from a study of

retrograde degeneration in the nucleus following
eection of white matter The anterior nucleus of

the thalamus also sends fibers to the prefrontal

area (area 23), and both dorsomedial and anterior

thalamic nuclei receive fibers from the hjpothal
amus The pathway from hypothalamus to the
cortex through the dorsomedial nucleus was estab

lished by stimulation of the posterior hypotbal
araic region and observing thr- action potentials

in the thalamic nucleus and the cortex The greater

part of the prefrontal cortex considered by Le
Gros Clark as a projection area for the hy pothal

amus just as the occipital cortex and auditory
cortex are projection areas respectively for the

retina and the cochlea (fig 67 4)

The prefrontal areas are connected by efferent

fibers with (a) the hypothalamus through the

dorsomedial nucleus of the thalamus, (b) there is

also good evidence for the existence of a direct

efferent connection with the hypothalamus both



Chapter C7 CEREBRAL CORTEX 1241

in onimaU and in man, (c) with the caudate na
cleus, (d) nuclei of the pons (from area 10), (e)

tegmentum of the midbram

UniUteml or bilateral removal of tlie prejronial

area does not cause piral^-sis either in the monlcy
or in man Unilateral removal of the human pre

frontal area produces a definite if rather subtle

alteration in mental procc'ssc^ Some loss of initia

tue and mental alertnc«s are the most outstom)

icg results of the operation Memorj, judgment

and intellect often show little or no deterioration

Removal of the prefrontal area of the dominant

hemisphere (i o
,
the left in right handed and the

right m Kft handed persons) is sometimes thought

to produce somewhat greater alterations in char

acter or intellect than does a similar operation

upon the nondominant side Even the bilateral

excision of prefrontal areas is followed bj a sur

Fia 67 3 Connections of prefrontal areas
(After Gros Clark with minor additions)
Lower sketch right cerebral hemisphere from the
medial aspect, showing afferent connections A
anterior nucleus of the thalamus M dorsomedial
nucleus of the thalamus P pcnventricuiars^stem
of fibers ascending from the hj polhalatnus to the
thalamus v, mammillothalamic tract of Vicq
D Azyr Upper sketch efferent connections, M
dorsomedtal nucleus of the thalamus R hypo
thalamicohjpopbysea) tract

Flo 67 4 Showing figurines of motor ftocl sen
sory representation m the cerebral cortex, slightly
modified (From Pcnfield and Jasper Eptlep^and
fke Funettonal Anatomy of the Human Brain
courtesy of I>r PenCeld

)

prisingl> moderate menial defect so far as super

final observation and examinationsare concerned

However we must uot be misled by such made
quate observations The fact that the patient fol

lowing a uniJatera] or even a bilateral prefrontal

jobectomy appears normal functions as a normal

imlividua) during casual associations or parses

the usual psychometric te^ts with flying colors

docs not mean tliat the frontal lobes are without

important functions so far as mental activity and
behavior arc concerned Halstead has discussed

thismatter in detail and has developed tests which

indicate with amazing accuracy the damage to the

frontal Jobes These tests have been elaborated

intoabattery of very objective tests the results of

which give an impairment index of the functions

of the frontal lobes. Damage to other parts of the

bram does not giv e nse to comparable changes

in these tests Subcortical ]e«3ons involving the

white matter of the frontal lobes do not disturb

these functions as do Ie«ions of the frontal cortex

hlany of these tests are ba«cd upon the ability

of the patient to classify and categorize a large

number of familiar objects and to recall them once

they have been taken from him In an operation
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for the eradication of a tumor, Dandy excised

the frontal lobes on both sides in front of the

motor areas (reported bj Brichner) Hie sub-

ject of this extensive extirpation appeared of

normal intelhgencc upon a casual acquaintance

It IS reported that for an hour he toured the

hospital with two visiting neurologists who failed

to notice in him any mental abnormality A more

mtimate knowledge of the patient, however, re-

vealed very definite defects of character and

mentality His mental age was about thirteen

years, his intelligence quotient eighty The mam
features shown by this subject and which maybe
taken generally as representative of the effects of

exten«ivc prefrontal destruction arc listed below

They constitute what has been called the frontal

lobe syndrome *

(1) Lack of restraint leading to boasting, self

aggrandizement, hostility
,
aggressiveness

(2) Dutraclibihly and restlessness—difficulty m
fixing attention

(3) Jlypemolilily which appears to be due to

the loss especially of are*! 13

(4) Flight of xdeca, puerile fantasies, emotional

instability, facetiousnevs, punning

(6)

Lack of imluftte, and difficulty in pbnmng
any course of action

(6) Impairment ofmemory for recentevents but

not for remote events

(7) Impairment of moral and social sense loss of

love for family

(8) Failure to realize, or indifference to, the

seriousness of his condition, and a scn'c of well-

bemg (euphoria)

Among some of the other manifestations which

may follow a prefrontal defect are (a) increased

appetite, (b) unpaired control of the sphincter

* The c!a«sical example of a severe prefrontal in

jury which resulted in surprisingly little mental
defect IS the case of the \mencan PUineas Gage
(1^3) who suffered extensive damage of bia Iron
tal lobes by an iron tamping bar driven through
his head by an explosion The bar penetrated the
left orbit and emerged from the imdline of the head
just anterior to the coronal suture He was stunned
for only an hour and was able with assistance to
walk to a surgeon s ofTice He lived for 12 years
after the accident and showed in general these
mental changes A case has also been reported in

which the prefrontal cortex on both sides were ab
sent or degenerated The condition existed from
earJychildhoodyet.at adult age tfaeeubjectof this

defect, after a careful psychologic and psychiatric

examination was reported to be of normal intelli

genee, though some defect in planning capacity
and in the a&lity ‘ to organise his behavnor toward
a relatively remote goal ‘ were revealed

of the bladder or rectum, (c) disturbances of

orientation in time and space, and (d) tremor

Chimpanzees which hav e had both prefrontal

areas removed show restlessness and arc easily

dtstracted, though they remain alert and ev ince a

keen interest in things around them Fulton and
Jaeob-on reported m 1935 that after this opera-

tion chimpanzees failed to «how temper tantrums
and other neurotic effects of frustration (expen-

mental neurosis (p 1266) This observation

formed the basts for the surgical treatment of

certain psyehoneuroscs m man, first employed by
the Portuguese neurologist, Egaz Moniz m 1930

The operation called frontal lobofomy consists in

severing the fibers connecting prefrontal areas

with subcortical centers (probably the thilamus

and hypothalamus) ith the introduction of

the vanous drugs which arc capable of reducing

nervous ten«ion and ixndcnng the aggressive,

agitated patient more tractable the need for this

type of operation has been greatly diminvshcil

The frontal lobes and infe/ligenee The develop-

ment of the front?! Jobe? bears in general a direct

relationship to the lev cl of an animal m the phy lo-

genetic scale and to its intelbgenee This has led

to the belief that this part of the cerebrum is the

Seat of the intelligence of animals and the ‘cen

ter or organ of the mind of man Within this

region those procc««cs underlying intellectual as

wtU as moral and emotional attributes were sup-

po«edl> carried out The absence of any overt

effect from stimulation of these so-ealled silent

areas seemed to confirm this belief Extirpation

experiments and lobectomy or injury in man
however, show decisively that the prefrontal area

cannot be looked upon os a region where the^e

higher mental qualities reside exclu«ively or even

prcdomuiantlv Intelligence depends upon a

know ledge of the external world recciv ed through

vanous channels \i«ual, auditory, somcsthetic

perceptions, etc are received and stored as

memories in cortical areas situatwl in the occipi

tal, temporal and panetal lobes Tracts of associa

tion fibers in turn link together these several

primary areas sensations of vanous tyTX-s are

thereby brought into relationship, and synthe-

sized into more complex memones Thus, as time

passes, the fabne of our expenence is woven m
patterns of greater and greater intricacy

The progressive increase m size of the frontal

lobes through the upper levels of the phylo

genetic scale is not as great as that of the panetal

lobe, which cupjjorts the conclusion denved from

extirpation experiments that intelligence, mem-
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orj , control of bc!ia\ jor, etc are not solelj or

e\cn predominantly dependent upon the prefron-

tal areas

It IS probable that the prefrontal area merelj

represents a region of rolativelj high associative

or sj nthctic capabilities The subcortical connec-

tions of thus area, as veil as the effects upon
behavior resuUmg from its injurj

, strongly sug-

gest that it 13 concerned mlh emotional feeling

After its bilateral remoi al the cerebrum deprived

of the synthesizing facultj of this region is in-

capable of the more elaborate association of tho*^

expencnccs required for the formulation of ab-

stract ideas and more accurate judgment, and

for the guidance of conduct in conformity with

social cu'toms Here also are mam!} located those

mental processes relating to "prediction,” fore-

casting, or to anj planned action A person dc-

pmed of the®e areas would have little abilitj as

a strategist, e\en a housewife after the lo«s of

the''e parts of the cortex experiences «ome dif

ficullj in planning a meal Nci erthele^s, syn

thesis at somewhat lower leicis is still po‘«ible of

achievement through the remaming cerebral

tissue Mental capacity according to this concep-

tion 18 a function of the cerebral cortex as a whole
rather than of anj particular region

The pAniETAL Lobe

The Someslhetic (Somalcsthetic) Area

The poslcenfral gyrut, i e , the band of cortex

l3 iDg behind and including the postenor lip and

wall of the fissure of Robndo (areas 3, 1 and 2) is

sensor} in function and is known as the *omeHheUc

area This band of sensory cortex turns over the

upper border of the hemisphere, and extends

down the mesial surface as far as the cmgulate

g}rus As in the case of the pnmaiy motor area,

tlie sensory areas of the body are, in a general

wav, represented mainly in inverted order, from

the lowest part of the me«ial surface to a corre-

sponding part of the lateral surface Thus, the

area for the toes is at the lower part of the mesial

surface, that for the leg near the upper border of

the hemisphere, while the face mouth and tongue

areas arc found in the lower part of the lateral

surface The parts of the face however, are repre-

sented m unmverted sequence—brow, eyelids,

no«e, lips, in this order from above downward

FfO 67 5 Diagram of a section through the somestfaetic area to show cortical representation of the

dermatomes P S .sylvian fissure, F C central fissurCj^B c m callosomargmal sulcus,MAX .maxillary
division of the tngemmal nerve, MAX mandibular, OPHTU ophthalmic, C ,

cervical, T ,
thoracm,

L lumbar S
,
sacral, Ca , caudal (From ^oolsey,JiIar8hall and Bard Bull Johns Hoptins Hosp ,70

39^41
,
1&12 )
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(fig 67 2) Though broadly speaking, sensory

representation in the cortex has this regional

representation, when the topography of the

different parts is exanimcd m greater detail it

IS found that the order of cortical representation

conforms closely to that of the dermatomes, i e ,

to the spinal innervation For example, the corti

cal sequence for the upper limb (monkey) is

postaxial arm, occiput, ear, side of head, neck,

shoulder (C2-C6), preaxial arm, forearm, wnst,

hand, digits (C7, C8, Tl) But it mil be seen from

figure 07 5 that the dermatoraal representation is

not in continuous numerical sequence from head

to tail For example, if the sensory band of cortex

(which turns over the upper border of the hemi-

sphere) were straightened out, it would appear

quite clearly that the projection of the dermatomes

from the upper thorax to the tad (Thoracic 1 to

Caudal 4) was in an order the inverse of that of

the spmal segments, whereas, the representations

of the head and neck were uninverted, the cervical

segments being represented in ascending numeri-

cal order from above down and the ophthalmic

division of the 5th nerve following C8 There is no

obvious explanation for this arrangement Exci

Bions from the somesthctie cortex are followed by
disturbances of cutaneous and kinesthetic sensa

tions on the opposite side of the body The«e sub

aide to a greater or IcMor degree with the passage

of time

Cushing and later, Pcnficld and his associates

have stimulated different parts of the area m
conscious patients, sensations on the contralateral

half of the body were experienced, their locations

bearmg a constant relationship to the point stimu-

lated Dusser de Barennc discoicred that the

appbcation of a strychnine solution to the post-

central gyrus m monkeys caused sensory effects

(paresthesias, hyTxrrcsthc«i8 and hyqieralgesia) on

the opposite side of the body, but also to some

extent on the same side

The sensory area of the cortex is not confined

to the postcentral gyrus but extends forward into

the precentral gyrus Penfield and his associates

found that 25 per cent of stimulations of the latter

area in patients caused a sensation, wuth or with-

out a motor response On the other hand, 20 per

cent of stimulations of the postcentral gy rus gave

a motor respon'ie, mstead of or accompanied by

a sensation Also ablations of postcentral areas

cause motor defects which are not due simply to

loss of kmcsthctic sense It appears that the pre

central and postcentral areas are knit together

by connecting neurons, and are so interrelated

functionally as to be called appropriately
,
taken

as a whole, the sensonmolor area The question of

the sensory function of the precentral gyTUs and

the motor functions of the postcentral still require

accurate definition

Marshall, lVool«ey and Bard have u«ed a

method to map out the cortical representation of

tactile 6en«ibility in monkeys, based upon the

fact that impulses set up by stimuli applied

pcnpherally can be recorded as action currents

from the surface of the hemisphere (fig 67 6)

This js known as the melM of eioled poUntuils

They found tactile sensations represented contra-

btcraily in the postcentral gyrus (areas 3, 1 and

2) Ipsilateral representation was not obscried

except for a part of the face (e g ,
lips, tongue and

lower ebeek) In no instance was evidence ob-

tamed for the precentral representation of this

sensation

As m the motor area tho extent of the sensory

reprc«entation in the postcentral gyrus is greatest

for lho«e parts of the body which are of most

importance in acquiring information concerning

surrounduig objects Thus, in man and in the

monkey, the cortical area for the hand and arm
IS larger than that for the trunk or leg while in

such animals as the rabbit, cat or pig, the area for

the face, lips, snout and x-ibrissae is much larger

Fio C7 6 Action potentiala recorded from postcentral gyrus dunng tactile stimulation of points on
palm (Fart of figure from Marshall, Woolsey and Bard )
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t)mn thit for the paws In the pig the representa-

tion for the snout takes up a large part of the post-

ecntral gjTua, \\ hcreas that for the feet la ins^ifi-

cant In the Shetland ponj the cortical area

recening impukes from the nostril is nearly as

Large as that representing the rest of the bodj sur-

face The large facial representation m man ap-

pears to 1)0 an exception for, after mfanc5 ,
ue do

not gam information feeling objects with the

lips or by putting thorn into the mouth It is

looked upon, howeacr, as an inhentance from our

animal ance«;try

Somatic sensation ns well as the visual and

auditorj Fon«cs ha\e a double representation m
the cortex of each hemisphere This dual somatic

repre<^ntation aias first obscracd bj Adrian, in

the case of the claws of the cat The somcsthctic

area described abo\ e and long recognised, 13 non
called the “prunarj ” scn«orj area, or, as Woolsej

has suggested, somatic area I Tlic more recently

discoa cred sensorj area is called somaitc area II

Corresponding terms for the dual i isual and audi-

torj areas arc emplojcd, namcl) auditorj and

Msual areas 1 and 11 Somatic area tl lies m the

upper wall of the Sjhian fisaurc, that is, below

the face area of somatic area t, nhieh is much
larger m extent The order of rcpreecntation in

sensory area 11 is the m\crse of that of sensory

area I, the face being above the arm m the upper

part of the nail of the fissure and the representa-

tion of the foot at the bottom The significance of

the dual cortical representation is unknown Area

II is thought to be the more primitive of the two,

that is to have been developed at a much earlier

phjlogenetic period It is possible that it receives

fibers subserving the cruder forms of sensation,

(the protopathic sjstem of Head) while the pn-

mary area receives impulses upon which more

critical perception (epicntic) is based

All somatic sensory impulses ascend in the

medial, spinal and trigeminal lemnisci to the

thalamus, which is the subcortical destination of

crude sensations Though rather vague sensations

described as tinglmg, numbness, tickling, pnek-

img, or as the movement of a limb, are aroused

by stimulation of the postcentral gyrus, and are

referred to some part of the body depending upon

the area stimulated, pain is never aroused and

rarely even discomfort There does not appear to

be an area of the cortex essential for the percep-

tion of pain for ‘no removal of the cortex anj-

where prevents pam from being felt ’ (Penfield)

Impulses for pain reaching the thalamus can

arouse this feeling without being transmitted to

the cortex Though, as mentioned earlier, severe

mtnctable pain, U'mallj associated with disease

of internal structures is relieved bj frontal lobot-

omy or lobectomy, the perception of pain is not

abolished, but the patient cea^os to suffer and
complain, he no longer womea about it

The finer sensations of touch and temperature

and the sense of position and roov cment are re-

fci3ed to the cortex b> fibers which ascend through

the internal capsule and corona radiata The
function of the somesthetic cortex according to

the theory of Head and his associates is not,

however, simply to record these several pnmarj
sensations Itsactivitj lies in the psjchjc sphere

cortical sensation, to quote these observers, is

one of the “elementarj processes of the mind
The somesthetic area brings its discriminative

and sjmUiesuing abihties to bear upon the pri

marj sensations which it recen cs, and from these

arc formed our perceptions of the quahties of

externa! objects, such as their sue, shape, weight,

texture, etc , and o! the positions of our limbs in

space Through cortical actintj a particular sen-

sation IS subjected to critical appraisal and com-

pared with or related to another simultaneous or

consecutive sensation, therebj, its inten-it} and

nature are accurately judged Thus, according to

Hoad, the somesthetic area of the cortex, through

the integration of the pnmarj sensations be-

comes endowed with three diserinuoative facul

ties • Tlioie are

(a) SrATUL IlECOGsT^o^—the appreciation of

relationships in space, e g , the recogmtion of

position and passive movement of the limb, the

discnmination of two pomts and the localization

of a point which has been touched

0)) Recognition of the relative INTE^s^'n

of different stimuli, e g ,
that one object is warmer

or cooler

(c) Recognition of simil-Aritt and differ-

ences—appreciation of the shape, relative size

and texture of objects, and the estimation of

their weights—sfereognosis

With a lesion mvolving the cortical somesthetic

area, one or the other, but usually all three, of

these faculties are disturbed Spitia) recognition

shows the greatest disturbance the farther forward

the legion lies in the somesthetic area Apprecia-

tion of mtensitj is disturbed most by Jcsions in

\olving the foot of the jjostcentralgjrus and the

* According to the conception of Penfield and
Jasper, impulses received in the sensorimotor cor
tex return to the thalamus and other parts of the
centrencephalio system where the hiBoeat level of

functional integration is situated
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supramarginal and angular g3 n Recognition of

similarity and difference is affected most by Ic

sions of the middle of the postcentral gyros

If with lesions confined to the cortex, the re

lated nuclei of the thalamus ivhich are concerned

with the primary sensations, e g ,
light touch,

temperature, passn e mo\ ement and position etc

,

are intact and the sensations will be appreciated

The patient with such a legion has difficulty, bow

ever, in bringing the necessary discnminatne abil

itj to bear upon the sensation in order to judge it,

and he is unable to synthesise different sensations

into a composite impression which will enable him

readily to identify an object Wlien tested, he is

uncertain m his answers, which tend to varj from

moment to moment, and it is difficult for the

examiner to determme the threshold for a giaen

sensation For example, though he recognixes that

an object is warm, he cannot say whether it is

warmer or less warm than another object which

he has felt previousl} or at the same time He
responds to tactile stimuli, but also with incon*

stanc}
,
and he is often even less consistent in his

answers when the strength of the stimulus is in*

creased He cannot locate the point touched and

ma> respond when not touched (hallucination of

touch) The weights of objects placed upon the

hand cannot be estimated, and a fabric (e g ,
silk

or tweed), though felt to be smooth or rough

cannot be recognized

It IS not to be assumed that sensation is «imply

a matter of nervous conduction, that all stimuli

of equal intensity are equally perceived by the

person stimulated The perception of a giicn

stimulus is not always the same, the threshold

vanes This in part is due to attention or inatten-

tion If ft person’s attention is concentrated upon

one part of his body he wall become more acutely

aware of stimulation of that part while at the

same tune he becomes Jess aware of stimub re-

ceived elsewhere This is common everyday hu-

man experience It also plajs an important role

in the symptomatology of disease The patient

who«e attention is constantly focused upon a dis-

eaeed or injured part is keenly aware of unpleas-

ant sensations from that area, whereas another

patient wath a similar disease or injury who js

busily engaged with other activities and doea not

concentrate upon his disease or injury suffers

much le*^ discomfort Likewise, it is a matter of

common experience on the part of phy sicians that

some patients have a much lower threshold for

pam than others In general, the patient who is

intro«pectiac, who concentrates his attention

upon himself, his body and its ailments is the one

with the lowest threshold for pam and the one

who suffers and complains more ^^’hat is the

phy<iological explanation for these differences be

tween patients, and from tune to time m the same
patient It seems likely that seven! neural mecha-

nisms are at w ork here One of these is the reticu-

lar formation in the brain stem There is ample

evidence that it can influence sensory thresholds

both penpherally nod centrally Other mecha-

nisms which may be concerned are the cortico-

thalamic, corticobulbar and corticospmal fibers

We have mentioned the projection of thalamic

fibers to almost every area of the cerebral cortex

Sensory perception is the pnmary concern of

those from the nucleus vcntralis postenor of the

thalamus to the postcentral gyrus It has also

been pomted out that there is also an extensive

projection system from the cerebral cortex back

to the thalamus In general a given area of the

cortex projects back to the same thalamic nucleus

as that from which it receives fibers It seems en-

tirely reasonable that this corticothalamic system

13 a mechanism for controlling the threshold of

the thalamus and thus for regulatmg <ensory

attention There » also a corticobulbar system

which extends from the postcentral sensory cortex

to the spinal root of the tngeminal nen e and
corticospinal fibers from the postcentral gyrus to

the pceterior gray horn of the spinal cord in the

monkey (KuyT^rs, 195S) This same investigator

also found evidence of a cortical projection from

the “leg” areas of both the pre- and postcentral

gyTi to the nucleus gracihs Projection from the

pencentral cortex to the nucleus cuneatus was
also found Altliough conclusive evidence that

these connections are concerned with modulation

of rensory perception has not yet been presented,

Hagbarth and Kerr (1954) have shown that stim-

ulation of the postcentral sensory cortex (in the

cat) will depress afferent responses from theepmal

dorsal root transmitted over pathways m the

spinal cord and the midbram

Hypotonia may also be a symptom of le'ions of

the sensory cortex, it corresponds in distnbution

to the loss of the sense of position and passive

movement
The cortex at the lower end of the eomesthetic

area (tongue and face area) appears from the

Btndics of Bornstein to be the area for taste This

area Jies adjacent to the motor cortex governing

Hie mnsclea of mastication ^ It had been generally

r This area probably extends into the upper
bank of the Sylvian (lateral) fissure, for the eensa
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taught, but on doubtful c\ idtncc, that the center

for taste lay clo<^ to tint for 'smell, namelj
, in the

region of the hippocnmp il gjTus It upiiears from

the results of the stimul ition of the human cortet

during oporitions tint the taste area extends

decplj into the fi«'!uro of SjUius An electrical

“timulus applied to the cortex alwvc the circular

sulcus (surrounding the in'suh), or the Burfftce of

the insula itself causes a «cnsation of taste—

a

“terrific tight sensation of taste" as one patient

expressed it (I’cnfield)

Motor effects of a gcncraliaed tj pc are produced

by electrical stimulation of the posterior part of

the superior parietal lobuh (area 6, parietal ad-

\ersi\c field) These are moaements of the head

and ejes to the opposite side Stimulation of the

angular gjTus causes conjugate dc\ laiinn of the

eyes to the opposite side

Attacks of Jacksonian epilepsj, due to lesions

of the sensory cortex, may lx; precede d bv sensory

aurae—comprising pricking sensations, "pins and
needles," sensation of cold, etc

The TEiironAt Lobe Thf Cfvters
FOR IlEAniNO ANT* SmeLL

The pnmarj cortical center for hearing la situ»

ated in the transs crec gjTUS of Heschl ly mg in the

floor of the lateral cerebral (Sj Ivian) fissure, and
an adjoining small area of the superior temporal

gjTua Fibers from the medial geniculate body
reacii this audtiosensory area (area 4t) via tlie

posterior hmb of the internal capsule, they con-

Btitute tlic avdUory radtotwn (p 1205) In the

auditosensory area the fundamental auditorysen*

sations—intensity, quality and pitch—are appre-

ciated The area is bilaterally represented

Equilibratory sense is represented m the poste-

rior part of the first temporal convolution Stimu-

lation of this region in conscious patients causes

dizziness or nausea, a sense of sw ay ing, falling, or

of rotation

It lias been asserted that memory resides in

the temporal region, either in the neocortex

or m the amygdala It is certainly true that

defects in memory occur witlj lesions of the tem-

poral lobe, but the concept that ‘ memory” is

localized there is much too superficial and sunph-

fied a view of this complex neural process Mem-
ory IS composed ofmany things—the retention of

vanous types of sensory experiences, the recollec-

tion of ones own thoughts, ideas and expressions,

tion has been aroused in patients by stimiilatiOD

of the upper bank where it joins the insula (Pen
field and Rasmussen)

md the recall of ones motor acts, to ennumerate

the more obvious categones To postulate that

the memory traces of these many vaned things

arc stored in any one part of the brain is unsup-

poitable It can be slioira readily that memory is

often disturbed by disease processes in many
different parts of the brain but it is unlikely that

"memory’’ is localized anywhere

As m the case of the somcsthetic (p 1243) and

visual senses, auditory sensations have a dual

representationm each cerebral hemisphere—audi-

tory areas I and II Woolsey and Walzl stimulated

clcctncally the different le%els of the exposed

cochlea in cats and found a point to point projec-

tion on to the temporal cortex In auditory' area

I, the apical turns of the cochlea were projected

posteriorly
,
tlie basal turns anteriorly

,
whereas m

the "secondary" area, which lies adjacent and

lentral to the “primary” area, the different pomts

of the cochlea showed the reverse distribution,

apical turns anterior, basal turns posterior (fig

67 7) A large part of the cortex of the superior

temporal gyrus lying outside these auditosensory

areas is considered to be ciirfifc-psj/cAic in func-

tion Herein the analysis and interpretation of

auditory sensations, and their integration into

more complex percejitioas take place Tlie audito

P'lychic an.a is mainly unilateral, being on the left

aide in nght-handed individuals and x ice versa

Fibers descend from the cortex of the temporal

lobe to the medial geniculate body and infenar

colliculus, the former is therefore connected with

the auditory area by both ascending and descend-

ing paths

It has been taught for many years that fibers

Fia 67 7 Right temporal cortex of cat show
ing the representation of the nght (ipsilateral)

cochlea This is a composite figure from data of a
number of experiments Upper hatched region, pn-
mary auditory area, Icncer cross hatched region,

secondary auditorj area (After Woolsey and
Walzl, redrawn with minor modifications )
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descend from the temporal lobe through the

internal capsule and the lateral segment of the

cerebral peduncle to the pons—the «o-called

tempoTO'pmline or Turck's bundle Hoirevcr, in

detailed studies of the brains of monkeys folknr-

ing temporal lobectomies neither Rundles and

Papez nor Buej and Kluicr were able to demon-

strate anj such tract It is possible that these

fibers m tbe lateral part of the cerebral peduncle

are paneto-pontme fibers as Mettler “ugpjsted

The temporal lobe also recenea fibers from tbe

posterior pole of the puli mar of the thalamus

(Buc> and Kluver), and it appears that these

termmate m the anterior part of the cortet of

the lateral surface of the temporal lobe (Simpson,

1952 and Chow, 1954) There is also a large bun-

dle of fibers (Arnold’s) Tihich has an uncertain

ongm in the antenor part of the temporal lobe

and which passes backward to end m tbe pulvinar

of the thalamus The functions of these conneo

tions are unknown

The cekter for emeu, is situated ut theuncus

and the antenor part of the hippocampal g;>'rus

(p^Tiform area) In man, stimulation of the uncus,

olfactory lobe or the region of the amj’gdaloid

nucleus causes an olfactory sensation Owing to

the close relationship of these parts of the rhinen-

cephalon to the temporal lobe, legions of the latter

(c g ,
tumor, abscess, etc ) are not uncommonly

associated with diaturbancea of the olfactory

sense

A lesiov or the temporal lobe may result

1 Aphasia Disturbances of the speech func-

tion—understanding, expression, recall of tlie

names of objects, etc—commonly occur with

lesions of the dominant (usually the left) tem-

poral lobe Frazier and Rowe found aphasic dis-

turbances in 3C per cent of such cases, Kolodny

reported 57 per cent The occurrence d aphasic

difficulties will depend upon the location of the

lesion They are unlikely with lesions in tbe an

tenor or ventral part of the left temporal lobe

and likely with lesions in the postero-supenor part

near the postenor part of the Sylvian fissure

2 Auditory disorders may occur with lesions of

the temporal lobes Paroxysmal attacks of tinni-

tus (buzzing, nngmg, etc) or e\en of auditory

hallucinations may occur The«e are often asso-

ciated with other manifestations of ‘temporal

lobe seizures” or of uncinate attacks or dreamy

states Epileptic attacks induced by xanousaudi

tory stimub have also been desenbed Because of

the extensive bilateral representation of both

cochleae m both auditory cortices deafness never

occurs as the result of a unilateral cortical lesion

and IS very rare with bilateral ones because in

volvcmcnt of the auditory cortices m both cere-

bral hemispheres is most uncommon
5 Disturbances of smell and taste in the form of

paroxysmal hallucinations m these sensory fields

occur commonly with lesions, especially tumors

m the anterior temporal region These smells and
tastes are more often unpleasant Such attacks

are commonly called uncinolc seizures Impair

meat of the sense of smell occurs mo«t often as

the result of lesions of the olfactory bulb and
tract, rather than from invohement of the so-

called rhinencephalon In fact, the rhinencephalon

13 much more concerned with tbe control of emo-
tions and emotional expTe«=ion and of vegetative

functions than it is with the elementary sensations

of smell and taste

4 Dreamy stales Lesions of the antenor part

of the temporal lobe are not infrequently asso-

ciated wth peculiar attacks known as dreamy
statM In these attacks the patient has a feeling

of unreality, a sense of fsmiliantj of his sur

roundings (dejd fu) He may de«cnbe these at

tacks as being sunilar to a dream They may be

associated with certain actmties on the part of

the patient over which he appears to have no
control and of which be sub^uently has no
memory In these attacks he may lemov e hu own
clothing, or tear off the clothing of others lie

may be destructive or he may merely wander
about aimlessly as though lookmg for somethmg
Because of this combination of psychological dis-

turbance with certain motor activ ities these hav e

been referred to as psychomotor seizures Tbe«e

seizures may be associated with auditory
,
olfac-

tory or visual hallucinations Individuals with

temporal lobe seizures not infrequently suffer

from generalized convTilsions as well

6 Visual symptoms Lesions of the temporal

lobes, particularly tumore may be associated

with visual hallucinations Although these haitu

cmations may take almost any form they com-
monly are of formed objects,—people, animals,

etc On occasion these may be smaller than nor-

mal or tbe figures may be incomplete In some

cases the hallucinations may be unformed, that

IS flashes of hght Lesions in the postenor part

of the temporal lobe commonly inv oh e tbe v isual

radiations which run from tbe lateral geniculate

body to the calcanne cortex, and thus give nse

to a defect in the contrabteral halves of the

visual fields—a homonymous hemianopia If the
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hemianopn incomplete, it is usually the upper

fontralatcnl quadrants of the \jsual fields which

are insohed

6 Eiicnsiic lesions of the temporal Jobes maj
be ossoented with defectsm memori but it would

not be correct to conclude that memoij is “local-

ued" m the tcmpornl lobes

In monkey's bilateral extirpation of the tem-

poral lobes including both the neocortex and the

rhmcnccphalon on the medial surface of the tem-

poral lobes gues ri«c to a mo<t interesting group

of sjTnptoms (Klu\ er and Bucy, 1939) (/) VmuoI

agnosia The<5e animals socm to ha\e lost the

ability to rccognue and to delect the meanuig of

objects on the basis of \ isual entena alone There

also seems to be a simihr agnosn m the auditory

and tactile fields (S) Oral tendencies There is a

very strong tendonej to examine all objects with

the mouth (3) ‘'llypermelainorphosia Tlicre is

a marked tendency to take notice of and to attend

to c\crj Msual stimulus (4) Tameness These

animals seem to ha\ c lost their sen<«! of fear, and

there is a marked diminution m their emotional

responses (5) Ilypcrsetualthj There is a striking

increase in x anous sexual activities and in tlicir

diversity This change does not occur until sex oral

weeks after the operation Females may show a

complete lack of maternal behavior (3) Changes

in dietary habits Monkeys do not ordinarily eat

meat but after the removal of both temporal

lobes they do so without hesitation There is also

an increase in the amount of food consumed In

some animals some “tameness’ may be produced

by a unilateral temporal lobectomy, but the other

manifestations appear only following a bilateral

removal In a few cases some of these symptoms
have been observed m human beings followmg

bilateral temporal lobectomy

Toe Occipital Lobe

The gray matter forming the walls of, and sur

rounding the calcanne fissure (on the medial

aspect of the occipital lobe) constitutes the pri-

mary cortical center for vision—the tisuosensory

area From the broad stripe of Gennan which can

be seen wnth the naked eye this area is commonly
known as the area slnala or, following the numeri-

cal terminology as area 17 It will be considered

in more detail in chapter 75 Its histological fea-

tures have already been touched upon

It IS commonly said that the second visual area

wherein the visual sensations are mterpreted and

integrated into more complex perceptions w con

tiguous to the area stnata and lies on the lateral

aspect of the occipital lobe (area 18) Definite

confirmation of this hyTSothesis is lacking

Stimulation of the anterior part of the lateral

surface of the occipital lobe causes conjugate

deviation of the eyes to the oppo«ite side (occipi

t«il motor eye field, area 19) In man, visual

hallucinations, such as, flashes of light of different

colors, or definite images hav e been ex oked by the

electrical stimulation of area 18 or 19

Tlie Physiology of Speech and Some
of Its Disorders

The first stage in the development of speech is

the association of certain sounds—(words)—with

xisual tnttile and other sca’^attons arou«ed by
objects in the external world These associations

are “stored ns memories After definite meanings

have been attached to certain words, pathways

between the auditory area of the cortex and the

motor area for the muscles of articulation become

established, and the child attempts to formulate

and pronounce the words which he has heard

This act of xerbal expression mvolves the co-

ordinated movements of a large group of respira-

tory, laryngeal, hngual, pharyngeal and labial

muscles Later, as tho child is taught to read,

auditory speech is a««ociatetl with the visual

symbols of speech, and finally, through an asso-

ciation between these and the motor area for the

hand, the child loams to express his auditory and
visual impressions by the WTitten word

Aphvsu

This term is applied to tho^e disorders of speech

resulting from defects in the nervous mechanisms
uodcrlymg the comprehension and use of symbols

(words, numerals) for the formulation transmis-

sion and reception of ideas General intelligence

may be little unpaired Yet apha'sia is not a defect

m the pronunciation of words as a result of the

paralysis of the muscles of articulation The inner-

vation of the latter—motor area, corticobulbar

fibere, cranial nuclei or penpheral nerves—is not

necessanly affected The defects in apha«ia m
volve higher neural levels, they he m the psychi-

cal sphere

The faculty of speech is based upon a highly

complex neural mechanism and being one pos-

s^sed by the human brain alone cannot, of

course, 1x5 investigated in animals In conscious

patients electrical stimulation of the cortex of

either hemisphere within the lower part of the

precentral gyrus (bps, jaw and tongue areas), or
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jasper, Eptlepay and the Functional Aaalomp of
the Human Brain courtesy of Dr Penfield )

in the upper part of the supplementary motor
area on the mesial aspect of the hemisphere,

causes the emission of a crude vocal sound like the

cr> of an infant or of an epileptic at the beginning

of an attack The vocal response elicited from the

lip, jaw and tongue region never even remotely

resembles a spoken nord, but that evoked from

the supplementary motor area is more comph
cated Ablation of one or other of these areas

causes only temporary speech defects If the

cortex in the lower part of the precentra! gjrus

of the dominant hemisphere (left in the great

majority of persons) is excised a temporary apha

sia results which is probably due to <K)me inter

ference w ith the blood supply to area 44 (Broca s

area) If while the patient is speaking, certain

cortical areas are stimulated electrically, speech

is arrested, he cannot think of a word or words

which he wished to use There are four such areas

situated in the dominant hemisphere (5) lower

frontal, area 44, (2) upperfrontal, motor cortex an

tenor to the foot area on the mesial aspect of the

hemisphere, (3) parietal, posterior to tlic lower

part of the postcentral gyrus, (4) temporal, pos

tenor part of temporal lobe Injury to one or other

of the«e areas with the possible exception of (2),

causes persistent apha«ia (see fig 67 8)

Before giving Head s views on aphasia, a short

account of previous ideas on the subject may be

helpful to the reader

The views of the neurologists of the ItHb cen-

tury had the merit of simplicity These ol»ervers,

to whom Head refers as the “diagram makers,”

conceived of the language faculty as budt up of

four separate components Each of these, sup-

pottedly, was represented by a definite anatomi-

cxlly cireumsenbed area of the cortex, and could

bo affected mdcpendently of the others

Two of these centers were sensory and two

motor All four w ere Imked together by as*ociatioD

tracts In such a scheme, memones of spoken

Words were stored in the superior temporal con

volution—the auditopsychic center, the cortex

in the region of the angular gyrus was the reposi-

tory of visual word memones These tw o receptive

areas compn<icd what was referred to as I\er-

nicke’a 2one The pair of motor centers, i e ,

those presiding over the coordinated movements
concerned m vocalization and writing were called

respectively the glossokinesthetic and cheiro-

kinesthetic centers The former was located in

the postenor part of the left 3rd frontal convolu-

tion (area 44), the latter in the hind part of the

left 2nd frontal convolution, m roo«t instances on

the left side Diagrams were drawn confidently

toshovr these four centers with their interconnec-

tions, and the type of aphasia which would result

from the destruction of one or other component

part of the neural mechanism Broca (1861) be-

loved that motor aplmia (<ee below) was the

result of a lesion of the gIo<sokmcsthetic area

(Broca s area), e«pecially of the left side Defects

m the ability to write—oyropAw—were held to

be the result of the involvement of the cheiro-

kinesthetic center Sensory aphasias were classed

as auditory—loss of the comprehension of audible

epcech—and cwmoI—the inability to understand

written or printed words The former was held

to be due to injury of the second temjioral gyrus,

the bttcr to injury of the angular gyrus The
most extreme proponents of this view even con-

sidered that every memory, auditory or visual,

had its anatomical representation, so that a lesion

limited to a small group of nerv e cells w ould cause

the loss of only tho'e word memories for which

they served as centers

The different tyTXJS of aphasia which were rec-

ognized may be bncflj described

1 Motor aphasia (Broca’s) This term was

applied to the lyyio of speech defect in which the

patient is almost speechless, but there is no paral

ysis of the muscles of articulation Tliough un

able to express his thoughts in words, he can

understand what is said to him and can read He
13 usually able to utter a few words of an ejacula-

tory nature, e g ,
“oh my ,”

‘ dear me,” ‘ damn ”

etc Sometimes he is able to say the la«t words

which he had spoken just before the onset of his
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Inesa, as in the oft cited case of the Ubrarian

hose onlj wonfs were, “lists complete"

2 AoiurniA This term indicated that the

atient was unable to wnte though motor speech

ad the comprehension of written or spoken

ords were po^iblc The moiements of the hand
ad arm for other acts were not impaired

3 Auditory apiusiv or "word deafness"

ere the names gt\cn to tho>5e defects of the

nguage faculty in which the subject, though
ble to hear, does not understand “poken words

fe 13 as a person listening to a strange language

he power of speech, writing and the comprehen-

on of WTitten or printed words are retained He
lay be able to repeat words spoken to him, and

istead of answering a question may simply rc-

eat the questioner’s words, this phenomenon is

illed echolnha

4 ViSUKL APHASIA OR “WORD DUVDVESS"
aeema) n«ion is unafTected y et the recognition

f WTittcn w ords or numerals and the appreciation

f their meanings are defective or lost

In 1900 thc«e mechanical conceptions of the

peech faculty and the production of aphasia w ere

hallenged by Pierre Mane lie claimed that

here was only one true tyTW of apha«ia—«en«ory

phasia—due to a lesion m llernickc's tone, and

ssociated wath a lowenog of those intellectual

apacities upon which were based tile use of sym-

ols in the evprcssion of ideas Thus, not only was

he comprehension of waalten or spoken words

efective but the ability to solve problems in

nthmetic, and to perform certain other mental

asks were impaired He mamtained that the

lassical motor apha«u of Broca was simply

narthna (®ee below) due to involvement of the

iiotor cortex governing the muscles of artieula-

lon plus sensory aphasia, and that a pure motor

pha«u, i e
, a defect of speech due to the loss of

‘motor images” did not exist Jlane denied the

xistence of isolated cortical centers governing

he different aspects of the speech faculty, and

ttacked the belief that aphasia w as the result of

he destruction of images—motor, auditory or

fisual—m such specific areas He re-examined the

irains of Broca’s first two patients, which had

leen preserved in the Mus6e Dupuy tren m Pans,

tnd found no confirmation of the view of Broca

hat the posterior part of the third frontal con-

volution was necessanly mvolved m aphasia In

he first brain, the lesion was not confined to

Broca’s area but mvolved Wernicke’s zone The

econd specimen did not show a circumscnbed

esion but, on the contrary, a generalized wasting.

the posterior part of the third frontal com olution

was not especially implicated

The terms in the classification given above,

eg , motor asphasia, agraphia, “word deafness,”

etc , arc still sometunes employed, but it is under-

stood they refer to the outstanding features of a

given ca«c rather than that they denote clear-cut

types

iiead'9 Classifiealxon of the Aphasuis

Head’s views, based upon an exhaustive study

of patients suffering from gunshot wounds of the

cortex, are also strongly opposed to the concep-

tion of the speech faculty being dependent upon

circumscnbed anatomical centers He considers

speech to be a highly integrated cortical process

—

a special aspect of intelligence—y et one w hich can

suffer with little lowering of the general intellec-

tual level The different components of the speech

faculty, he decides, cannot be separated from one

another by di«ease Nor, consequently, can the

types of aphasia be clae«ed as “motor” or ‘ sen-

sory,” but m any type, deficiencies on both the

receptive and the executiv e side can be demon-

strated Head concluded that cortical representa-

tion of speech mechanisms was more diffuse than

had been supposed and that stnet localization

was impossible Aphasia is a state in which the

power to use words and other symbols as instru-

ments of thought and expression is affected or, as

he expresses it, “aphasia is a defect m symbobc

formation and expression ” The more complicated

or abstract the idea which must be understood or

expre««cd, the greater is the difficulty Thus an

aphasic may be able to name oiijects correctly but

fails to find the word for a more abslracl visa, e g

color Shown a black object, for instance, and

asked to name its color he fails to do so, yet indi-

cates that he recognizes that it is black by saymg

“what you do for the dead " An aphasic soldier

when shown a red object said, “what the staff

wear "

Head, as a result of his investigation of aphasic

patients, devised a senes of elx tests of graded

seventy These tests are briefly as follows

i ATamta; and recopnition of common objects

Six objects, e g , a pencil, key, kmfe, etc The
patient IS asked to name each object as it is pointed

out to him I4ext he la asked to point to each ob

ject as its name is called out He is then given

cards upon each of which the name of one of the

objects 13 written He is a«ked to indicate the ob

ject named
S Namtng and recognUton of colors This test is
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earned out in a manner similar to tbat descnbeil

for test (1) except that eight strips of differently

colored silk are substituted for the six objects

S ilan, eat and dog test is designed to investi

gate the powers of reading and writing tn their

most elementary forms The printed words “man,”
“cat” and "dog” are employed The subject is

asked to read these words, to write them from die

tation
, to copy them or to repeat them after hear

ing them spoken Pictures of a man, a cat and a

dog are also shown and the patient asked to wnte
or to speak their names

4 The clock lesls The patient is requested to

set the hands of a clock in the same positions as

those of a similar one set by the observer He la

then told to set the clock from verbal or printed

commands Again, he is asked to state the time

aloud or by writing, of a clock set by the observer

5 Coin bowl tesla Pennies are placed one in

front of each of four bowls The patient ts asked

verbally and in writing to place a com in one or

other of the bowls according to their number in

the row He is then asked to give an order himself

and to carry it out according to hit own words
6 The hand, eye and ear tesla The patient is

requested to repeat the movements of the observer

which consist tn touching an eye or an ear with

one or other hand When this is done correctly

the patient’s band which moves is of course diag

onalty opposite to the hand of the observer A
much easier form of this test is the imilation of

the observers movement as reSected in a mirror

This simply requites tnatchiog without calcula

tion

The aphsMC frequently fails to recognize that

when the one hand is brought to his contralateral

eye or ear the hand crosses the face A further

part of the test is to ask him to imitate the posi

tionB shown in pictorial form upon cards or to

carry out the movements from pnnted and verbal

instructions Finally, be is asked to wnte down
raovements made by the observer

Emplojung these tests Head divided aphasia into

four types, as follows

1 Verbai. defects TJic outstandmg feature

is a defect m the utterance of indn idiial words of

all kinds The power to express an idea ui words

ts practicallj lost The patient, however is not

entirely speechless but can usually utter a few

monosyllables, “yes” or “no”, etc
,
or ejaculalions

and emotional expressions, such as, “damn”, “oh

dear me” When the disorder is less severe, the

words art mispronounced but sentences are cor-

rectly constructed For example, one patient said

that he had trouble with “tenical terms” (tech-

nical terms) and that he “had diffulty in remem-

benng what you do with a skull, tn-tre-lnpsne”

(trepan) Another spoke of “clarafion of war by
the Olhes” (declaration Allies) Another
would say "pyramcrad” (pyramid), “sissiors”

(scissors) and “oboid” (ovoid) Such patients

read with difficulty and wnting is very defective

or impossible They usually understand pnnted
or oral commands This form of aphasia resembles

the classical motor aphasia desenbed on page

1250

2 SvNTACTiCAL DEFFCTS (agrammatism, jar-

gon dysphasia) The patient is voluble but speaks

a jargon in which, though the individual words

may be fairly accurately pronounced, they are

strung into short phrases or badly constructed

sentences without articles, prepositions or con-

junctions The abihty to read aloud is impaired,

and curiously enough such a patient, though he

can write a well constructed letter, may be quite

unable to read it coherently Such a one when
naked the contents of a letter which he had just

written replied, "I can’t, I know, I suppose in

tune, not now, funny thing, v\hv ” In other in-

Btances the words themselves are often slurred

over, mutilated and may be unrecognisable

Speech sometimes resembles “baby talk” Thus
one patient wlien asked what bis right arm felt

like replied “Tiffrent from uffer um” (different

from other arm) The understanding of ordinary

conversation is defective

3 Noviinal (kamivo) nsrEcrs In this form

of speech disorder the patient has difficulty in

fimling the right word to express his meaning or

m naming a well known object He will often

employ a descnptiv e phrase m substitution for the

word which he cannot recall For example, a

painter when asked to name a senes of colors

could not say “violet” but instead explained that

"it W 08 made with blick, red and a bit of blue ”

Another when asked to tell the time from a clock

which had both hands at 12 replied “That is when
you eat ” Thew patients can draw from a model

either directly or from memory, after it has been

shown and then remoi ed, but are usually unable

to draw from imagination They wnte a coherent

letter with difficulty
,
usually fail to carry out sim-

ple anthmetical exercises and confuse the values

of coins

4 Semantic* defects A patient suffenng

from this type expenences little difficulty m ar-

ticulate speech, can name objects, understands

individual words and some BenteDce<«, but the

general meaning of what he hears escapes him

* Semainem = to signify
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lie often fails to follow his own utterances to an

intelligent conclusion, lus sentences trailing off as

though he had forgotten what he had started out

to say ^^^lon ®hown a picture he picks out the

details but fails to grasp the meaning which »t

convej 8 to others Such a patient therefore misses

the point of a joke whether this is printed, told to

him, or is in pictorial form lie fails to compre-

hend the Fignificance of much that he sees and

hears Tliea is no impairment in the pronuncia-

tion of words and, tliougli speech tends to be in

short jerkj sentences, 837113? and intonation arc

not disturbed

Head, though he discards the conception that

the neural basis of speech consists of stnctly local-

ized anatomical ‘ centers ’ wherein resides er-

clusivehj one or other of the speech functions

—

auditory, iieual or motor—believes that regions

exist in the cortex “where the progress of some
mode of action can be reinforced, dev latcd or in-

hibited " Thoso regions constitute foci of intr^ra-

tion—comcrgencc points for association paths

Destruction of one or other of such foci or ‘ knots”

of association paths mil depress <u a u-hoh tlie

psychological processes underlying speech The
spcccii faculty la disalilcd, certain faculties arc

lost, while others arc retained Yet he points out

that it IS not logical to conclude that the abilities

which remain and those which have been abol-

ished constitute essentially separate and distinct

functions from which the normal proce*'^ of

speech bav e been synthesized, or that they are

represented in specific circum«cribcd areas To
make a rather crude companson—a person who
has injured Iiis foot, knee or hip, adjusts Jus loco-

motor apparatus as best he can He hops or limps,

yet it cannot be ai^ucd that the hopping or the

hinpiDg motion which he employ s is simply one

of the component movements employed m the

normal act of walking and which the injury lias

left intact Nevertheless, the form which the dis-

ability a^umes IS undoubtedly influenced by the

site of the injury The ambulatory abnormabty,

for example, which results from an injury to the

foot IS different from that resulting from mjury

to the knee or hip So too the nature of the speech

disability 13 influenced by the particular region

of the cortex involved Thus if the lesion is m the

neighborhood of the lower part of the precentral

and postcentral convolutions of the doimnant

hemisphere the speech defect tends to be of the

verbal type In injury to the temporal lobe the

speech defect tends to be of the syntactical type

In a lesion m the region of the angular gyTUS of

the dominant hemisphere the patient has diffi-

culty, particularly, in findmg names for things

(nomtnol defect), damage to the cortex in the

region of the supramarginal gyrus results m a
eanantic defect

Anarthna or dysarthria is Jo«s or difficult} of

speech due to paresis, paralysis or ataxia of the
muecles concerned m articulation There la no
impairment of the psychical aspects of speech,

1 e , internal speech’ la unaffected, there 13 no
difficulty la the comprebenxion of spoken or writ

ten speech Other functions, e g ,
swallowing

which arc dependent upon the same groups of

muscles as those u^cd in speech are also frequently

affected The condition may result from a lesion

ID the internal capsule or corpus slriatuio bulbar

nuclei or peripheral fibers or from <ii«ease of the

muscles them'elves Since the mu«cular mecha
nism of speech is innervated from both sides of the

brain umiatcrol central lesions are not followed by

permanent anarthna A lesion of the cercbelJum

or of its connections may also cause di<ordered

control of the muscles of articulation (p 2285)

Apraxia and Agnosia

Apraxia (unable to act) is the mabilitj to per

form purposeful movements at will either at com
mand orm imitation though the muscles normally

engaged in the act are not paralysed It is allied

to aphasia which might be called apraxia of the

speech faculty Apraxia maj be sensory or motor
In the former, the patient does not recognize the

significance of an object (visual agno<>ia) and
therefore cannot put it to its proper u«e this is

Bimply vi«Qji agnosia 'Tfheii, lor example he is

given a jiencil be may, upon a request to use it

attempt to clean his teeth with it or smoke it like

a pipe In motor apraxia the patient has 00 con

ception or a very defective one of the pattern of

muscular movement required to perform a pur

poseful act For example apraxia of the tongue is

frequently seen m hemiplegic patients The tongue

cannot be protruded upon request but a moment
later the patient may without thought lick his

tips When given an object and asked to u<>e it,

though he recognizes it and knows Us u^e be can

not form the ‘ motor picture’ required to execute

the act but manipulates the object in an awkward
aimless manner The defect is evidently in the

physical sphere and not due to disease of the cells

of the motor area or of the corticospinal fibers It

IS thought to be due to the interruption of ossocia

tion tracts connecting the precentral gyrua with

higher ps} chical regions of the cortex where im

|)re»<<iona of the movements of mu'cles are re

ceived, eynthesued and stored aa kinesthetic
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memones This higher ideational areft probably

lies in the region of the left supramarginal g>rua
in right handed persons A lesion of this region

may cause bilateral apraxia, one confined to the

anterior part of the corpus callosum is likely to

interrupt fibers passing from the left hemisphere

to the right precentral convolution and may cause

apraxia of the left side

Agnosia (not knowing) is a defect of a higher

level of consciousness than the mere inability to

perceive tactile, visual, auditory or other forms of

sensation, it results rather from the failure to

interpret sensory impressions which enable an ob
ject, sound, symbol, etc

,
to be recognized and

have meaning A patient suffering from auditory

agnosia, for example, cannot appreciate music or

the meaning of other sounds ‘ Uord blindness"

and "word deafness’ are forma of auditory and
visual agnosia, respectively The subject of visual

agnosia is unable to name an object, not that he
IS aphasic m the true sense, but simply because

the object is quite strange to him ^Tien ehonn
an object and asked to use it he behaves quite

differently from the patient with motor apraxia

who recognises it but is unable to perform the

necessary movement
Attereognoeu is a disorder in which though sen

sationa of touch and muscle sense are retained the

patient cannot recognize an object placed in his

hand if his eyes are closed Visual agnosia is seen

m lesions of the occipital lobe of the dominant
hemisphere, auditory agnosia in injury to the

temporal cortex, and astereognosis in lesions of

the parietal lobe posterior to the postcentral

gjrus

Agraphia or dysgraphia, the inability to write

or difficult} in writing is usually associated with

visual agnosia id so far as the recognition of writ

ten words is concerned, i e ,
word blindness

Epilepsy

Epilepsy is a disorder arising as the result of

an abnormal and severe discharge of nervous

energy from some part of the central nervous

system, usually the cerebral cortex Epilepsy may
be generalized, involving the entire organism or

localized Generalized seizures are of three types,

grand mal, petit mal and psychomotor In grand

mal there is an abrupt loss of consciousness and a

generalized convulsion Two stages of the attack

or seizure are recognized In the first or lonte stage

the mu'cles contract tonically, the spasms often

twistmg the facial features and holdmg the bead

and limbs m distorted positions The arms are

most commonly flexed and the lower limbs rigidly

extended After a few seconds the tome spasm

gives place to jerking movements, often vtolent.

of the limbs, face and muscles of mastication

Tha IS spoken of as the clonic stage Either during

this stage or in the tonic stage the tongue may be

bitten Before the onset of the com ulsion a large

proportion of epileptics receive a warning in the

form of a sensation or hallucination, the character

of which varies in individual cases The warning

sensation or auro, ns it is called, may be auditory

,

e g ,
voices, music, etc

,
visual, e g ,

flashes of

light, sparks, etc
,
olfactory

,
gustatory

, cutane

ous, visceral or \ asomotor, equilibratory
,
or anes-

thetic, 1 e , a numbness jn some part of the body

Turning of the head and trunk to one side and

deviation of the eyes are commonly observed

The patient sometimes utters a cry or scream—
the epileptic cry—just before consciousness is

lost After the convulsion the subject remains for

atuneinaetupoT Sometimes a number of convul

sive seizures occur in rapid succession, the patient

failing to regain consciousness ui the intervals

between them This very senous condition is

called stolus epileplKUi ^tmo^ seizures known as

pcM mal are charactenzed by brief periods dur-

ing which the patient loses contact with his en-

vironment He stares into space There are no

convulsive movements A third form known as

ptgehomoior epilepsy is marked by automatic

movements, such as smacking of the lips, chewing,

together with a clouded, “dreamy ’ feeling of

unreality, or of having seen or heard before some

eight or auditory impression which is actually

happening at the moment (“d4ja vu” or ‘dSja

entendu” phenomenon, respectively) Or there

may be a confused mental state persisting for a

mmute or two, or for a longer penod During this

time the patient may perform automatic acts of

which he is quite unaware and does not remem-

ber Generalized convulsions do not occur nor

docs the subject fall to the ground durmg the

psychomotor seizure, but patients who have such

seizures may al«o suffer from generalized convul

Eions Psychomotor seizures are most commonly

due to disturbances in the temporal lobe

A tumor in the hypothalamic region may cause

an outburst of autonomic phenomensi.

Localized epilepsy may occur in several different

forms These are often referred to as Jacksonian

epilepsy because they are indicative of an abnor-

mahty in a particular part of the bram Thus

motor Jacksonian seizures are indicative of a

disturbance m the precentral motor cortex, hal

lucmations of taste and stneU are indicative of
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an abnormal ner\ous distliarge from the uncua

on the medial surface of the temporal lobe, een-

sorj Jacksonian seizures Jndicatc disea«c m the

panotal region, etc

Motor Jacksonian seizures commonlj begm by
a turning of the head and ejes toward the side

opposite the lesion in the bram if it is located m
the anterior part of the precentral motor cortex,

or bj a twitching of the foot or leg if it is in the

upper part of the precentral region Such attacks

maj also begm with a twitching of a finger, or of

the hand or the face depending upon the scat of

the irritation in tlie cortex whicli initiates the

attack Thc^^c convulsions may remain localized

to the part of the bodj in winch thej start or

they maj spread bj a steadj raarcli to neighbor-

ing parts as portions of the cortex Ijang near to

the ongmal focus become mvoUed m the imta-
tne process The spreadmg conmlsion ma> cease

after extending to all of one cxtremitj or to one

side of the bodj or it nnj continue until a gener-

alized coninilsion lias occurred

Such focal or localized convulsu c seizures or

seizures with localized onsets may develop as the

result of manj different kinds of disease proces«es

in the bram Tumors, abscesses, traumatic scars,

xascular abnormabties arc among the more com-
mon processes found to be rcapon«ible for sucb

attacks It must be noted that not all patients

who haie such disease proce««es suffer from

epileptic attacks and that even m tho«c patients

who do have them the attacks occur at relatively

infrequent mtcrvals although the disease process

isconstantlj present It is thus obvious that some

other process, neurological or metabolic, is essen-

tial to the development of such seizures The tu-

mor or scar alone is not enough

Idiopathic or cryptogenic epilepey Epilepsy

which cannot be explained by the presence of a

demonstrable lesion of the brain is called idio

pathicor cryptogenic Though many theoneshave

been advanced, the cause of this type of the dis

ease remains obscure There is a tendeniy today

to look upon epileps} as a symptom, or rather a

group of symptoms common to several rather

than to a single primary pathological state Con-

vulsions, wliose features are indistinguishable

from tho-se of the epileptic seizure, occur in a

number of conditions In animals convulsions

imy be produced by injections of absinthe or

caffeine Hjpocalceima (ch 59), hjTioglycenua

(cb 48), cerebral edema or anemia and other

states may be accompanied by generalized con

vulsions of an epileptiform character

W ith regard to the neural mechanism through

which the fits are produced, some authorities hai e

thought that the convulsions are the result of

tncreased excitalnhiij of the cortex and therefore,

comparable in their mode of production to those

of the Jacksonian type, or to tho«e produced by
cxpcrunental stimulation of the cortex Others

i ten the convulsions as a release phenomenon due
to the inhibition of cortical areas which normally

exert a controlling influence upon lower motor
centers, eg, weakening of suppressor action

Finallj, there is the view of Penfield and

his colleagues that the pnniary disturbance m
idiopathic epilepsj has its origin m a subcortical

mechanism

The cIo«c correspondence between the convul-

siie seizure as seen in focal epilepsj or to artificial

stimulation of the cortex, and the fits of idiopathic

epilepsy appears to support the first altemativ e as

a cause of the generalized seizure known as grand

mal Howeier, tlie pnmery disturbance rcsponsi

ble for the cortical discharge in idiopatlnc epilepsy

probably lies outside the cortex E\ idencc for a

subcortical origin of petit mal attacks is prox ided

bj ctectrocnccphalograpfnc studies During such

an attack, electrical potentials of the waxa—spike
type (fig 07 10)—appear synchronously ox er pre-

frontal areas as well as from other xndelj sepa-

rated cortical areas Tbia suggests that the cor

tical discharges are initiated in a common
subcortical region (ccntrencephahc system) con-

nected with extensive areas of the cortex Jasper

and Drooglever Fortuyn expenmcnting with cats

produced eicctncal potentmla from wade spread

areas of the cortex synchronously in botli hemi-

spheres by rliythmical stimulation of a small area

(2 mm m diameter) m the anterior part of the

massa intermedia of the thalamus The cortical

potentials were of the wave-spike form charac

teristic of petit mal

Moreover the general convulsions which occur

with focal epilepsy are thought to be due to the

discharge of impulses from the cortical focus into

the su^ortical mechanism and causes uncon

Eciousness The subcortical structures then fire

back and cause widespread excitation of the cor-

tex of both hemispheres

The nature of the underljung bodilj state re-

spoonble for the conxulsue seizures of idiopathic

epilepsy are unknown There are a number of

drugs e g , metrazol which are capable of indue

mg convulsions, and sexeral others, e g ,
pheno-

barbital and tndione, which are anticonvulsive,

but they have not led to an understanding of the
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TABLE 67 1

Conditions VVhKh M,y Tend To

Prevtnt «iiut*s Precipitate aruvres

Oxygen Rich supply Poor supply

Acid base equi

librium

Acidosis

Ingestion of

acids or

acid form

ing salts

Breathing

CO,

Alkalosis

Hyperpnea

—

“blowing

off” CO,

B ater balance Dehj dration Edema

Serum calcium Increase Decrease (hy-

pocalcemia)

Blood glucose Normal level Decrease (by

poglycemia)

Acetylcholine - Increase

CholinesteTaaa - Decrease

Body tempera
ture

- Increase

pathogenesis of the convulsive seizures of epi-

lepsj Susceptibility to an epileptic seizure is in-

fluenced by several phjsiological and biochemical

factors which are given m table 67 1, but they do

not bear a specific relationship to the cau«e of

idiopathic epilepsy, but merely affect the tend-

enev to convulsive seizures of any kind

The view that tiie actuaf seizure was uutiateu’

by cerebral ischemia resulting from a spasm of the

cortical vessels has not been sustained The blood

flow through the brain of epileptics and the

oxygen consumption have been found to be no

different from that of noncpUepties In focal

epik psy, however, local ischemia may play a part

Biochemical studies of such epileptogemc areas

have not however revealed any important abnor-

mality The pH of the extracellular fluid shows

no change from the normal, or a sbght nse

Tlie induction of a dehydrated state of acidosis

(by means of a kctogenic diet) has been employed

to reduce the susceptibihty of epileptics to sei-

zures but not very effectively, and pitressin com-

bmed with an increase in the water mtake is used

as a test {waUT-pilremn test) m diagnosis But in

only about 30 per cent of epileptics is a seunire

VVVvVVVVv/^.VNVVVV*-*?\...V^

Fia 679 Normal electroencephalogram taken
from the occipital region 0 and C refer, respec
lively, to open and closed eyes (After Adrian and
Matthews

)

precipitated, so a negative result does not exclude

epilepsy

The Electroencephalogram (EEG)

In 1929 Berger reported his discovery that

changes in electneal potential could be recorded

from the head of the human subject by means of

electrodes applied to the scalp or needle elec-

trodes placed in contact with the periosteum of

tUe skull These brain potentials were later stud-

ied by Adrian and Matthews In normal subjects

three wave frequencies may be recorded, the

alpha, beta and della rhythms * The alpha rhy tbm
consists of rhylhinical oscillations in electneal

potential occurring at the rate of 8 to 10 per sec

ond (fig 67 9) The waves have a voltage of about

50 microvolts on the average The beta rhythm
has a frequency of J5 to 60 per second, and the

wav'cs arc of lower voltage (6 to 10 microvolts),

the frequency of thcdelta waves is from 1 to 5 per

second and the voltage is relativ ely high (20 to 200

microvolts) No precise cy'toarchitectural area

can be said to have a characteristic rhythm as

was once supposed, but differences are found be-

tween rather large areas of the cortex Thus the

alpha rhythm dominates records from the occipi

<3i' region or from <Ae posterior parts ofihe parie-

tal and temporal lobes The sensorimotor region

emits waves with a frequency of from 20 to 25

per second, the anterior frontal areas give out

waves at the rate of from 8 to 5 per second

The alpha rhythm occurs in the tnattentiie

bram, as in drowsiness or light sleep, narcosis or

when the eyes are closed, it is abohshed by visual

and other types of stimulus or by mental effort

(eg, mathematical calculation) It, therefore

diminishes when the eyes are open This is

true even if the subject opens his eyes in the

dajk and tries to see It is apparent, therefore,

that it IS the attention rather than the visual

stunulus itself that abolishes the alpha rliythm

when the eyes are opened On the other hand if

• A faster rhythm (gamma) appears in rare in

stances
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Fia 6710 ShoninE; electroencephalograms m epilepsy (\fodi6ed after Gihbs and associates )

the visa'll field is umform, that is without pattern,

or glasses are «om which blur the t i«ual unage

BO that it has no meining, the rhilhm is not

abolished An attempt to discern anj detail causes

the alpha wa\c to disappear immediately A
visual field that flickers causes the waves to as-

sume the same rate as that of the flicker xnthin

certain definite limits The delta waves can be

recorded very rarely from a normal adult while

awake, but appear normally dunng deep sleep or

during the waking hours m early childhood Gen-
erally speaking, their presence m an adult, except

during sleep, indicates some pathological process

m the bram—tumor, epilepsy, raised intracramal

pressure, mental deficiency or depression of con-

Jic.ioiisj}essihyt£ixw£\rctipj'hct£ifs. Whejiprrjvitt

they tend to displace the alpha rhythm Neither

the beta nor the delta w aves are ailected by open-

ing or dosmg the eyes

There has been a difference of opinion as to the

ongm of the potential changes as recorded m the

EEG Whether they ate inherent in the cortex, or

are dependent upon subcortical structures has

been argued Definite conclusions as to the source

and significance of the alterations m electrical

potential recorded m the electroencephalogram

can not yet be drawn Certainly the electroen-

cephalogram is to a considerable degree depend-

ent upon the activity of neurons in subcortical

centers, notably the reticular formation

The EEG is affected profoundly by certain

general states Hypoxta causes at first a moderate

slowing of the rhythm, but as the oxygen lack

becomes more severe large delta waves appear,

mtb persistent and severe hypoxia the amplitude

of the waves declines and may reach a!mo«t the

vanishing point lltjpoglycemta causes an effect

somewhat similar to that of hvpoxia, when the

blood sugar falls below about 60 mg per cent,

delta waves (1 (o 3 per second) ore seen though

the alpha rhy tbm is not abolished entirely TJie

effects of hypoxia and hy pogly cemia enhance one

another, their summed effects being much greater

than the effect of each alone Hj pergly eemia has

little effect upon the cortical potentials Increase

in carbon dioxide tension increases the rate, but

reduces the amplitude of the w aves Blowing off of

CO* , 05 by overbresthing, has the opposite effect

Abnormalities of the electroencephalogram m
brain tumor, especially of so-called 'ilent areas of

the hiaio, and in epheps^y, may he oi shagmis-

tic value In cerebral tumor or brain abscess, as

shown by Walter and by Ca’se, the functionally

depressed bram tissue surrounding the lenon

gives out waves of slow rhythm {delta waves)

which, combined with a loss or diminution in the

alpha rhytlun over the occipital region may be of

considerable aid in localization However, the

electroeucephalogram may give misleading infer

mation as to the location of a brain tumor and a

“normal" electroencephalogram m the pre^nce

of a brain tumor is not rare

Epileptic seizures are characterized by pro-

nounced departures from the normal rhy'thm In

pchl mat attacks, large slow w aves appear about a

second before the attack is chnically manifest,

and displace the previous rhy'thm Each large

wave 33 followed by a sharp spike deflection (fig

67 10) In the tonic stage of a grand vial seizure,

waves of rclativ ely high frequency (10 to 30 per

second) and of low voltage appear, but as tlie
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attack progresses into the clonic phase these fast

wa\es give place to sloner and large waves which

continue into the stage of stupor following the

seizure Delta waves maj be a prominent feature

of the electroencephalogram of epileptics between

seizures (fig 67 10) Approximately one third of

epileptic adults have ' normal ’ electroencephalo-

grams

In normal sleep the pattern of the electrical

potentials recorded from the brain varieswith the

depth of unconsciousness During light sleep delta

waves make their appearance while the alpha

waves superimposed upon the slower rhythm of

the latter persist In deep sleep the alpha rhj thm
disappears being replaced by delta waves, or m
some instances by a faster rhythm with a fre-

quency of about 14 per «econd Dunng the light

sleep before awakening the record «hows only an
odd slow wave As consciousness returns the trac-

ing consists of an intermittent alpha rhythm
which becomes contmuous upon n akmg

Headache

Headache is one of the commonest ofsymptoms
and occurs in a great variety of diseased states,

e g ,
arterial hypertension chronic nephntis, eye

strain, chronic disease of the paranasal smuses,

brain tumor, etc

Headache may also be due to disturbances m
the scalp or in the skull, such as osteitt«, periosti-

tis, osteomyelitis, tumor of the bone, etc The
temporary but severe pain felt m the frontal re-

gion by a normal person after eating ice cream is

an example of a referred pam The pam is most
probably due to a stimulation of senmry nerve

endmgs in the roof of the mouth producing reSex

vasomotor changes, or it may be referred to the

forehead through centra! connections with the

sensory nucleus o! the trigeminal nerve

The two principal causes of the more common
types of headache arc either vascular in nature

(stimulation of sensory nerves which accompany

the vessels in the scalp or in the meninges) or a

sustained reflex contraction of the posterior mus-

cles of the neck which msert into the scalp and the

skull This latter reflex mechanism is mainly

responsible for the headache of eyestrain—refrac-

tive errors, or unbalanced action of the extra-

ocular muscles, excessive and prolonged accom-

modation—increased intraocular pressure also

may contnbute to the pam Disease of the cervi-

cal spine may also mduce reflex protective spasm

of the muscles of the posterior neck and pr^uce

headaches

The headache associated with an intracranial

tumor, and with hypertension, are of va'cular

ongm The arteries and smaller v eins on the con-

vexity of the human hemispheres have been

shown by neurosurgeons to be insensitive, but the

larger artenes in the Sylvian (lateral) fissure and
at the base of the brain, eg, circle of IVlUis,

vertebral, basilar, the larger of cerebral vessels of

the dura, the branches of the anterior and pos-

tenoc tneniDgeals, as well as the artenes of the

scalp, are accompanied by pam fibers which are

stimulated by any strctchmg force The larger

veins where they empty into the dural sinuses are

also sensitive The brain substance itself is pain-

less The headache of mtracranial tumor or ab-

scess is not due primarily to the high intracranial

pressure it«elf, but is the re«ult of the di«pLvce-

ment of the brain, local mechanical effect of the

tumor, or to blockage of some part of the ventric-

ular system In this way traction or distortion of

the vessels inth consequent stretching of the

sensitive va«cuhr nerve endings, and, m «ome
ca«es, of cranial nerves results In a large propor-

tion of cases of headache due to brain tumor, the

intracranial pressure is not elevated

Wolff), and when headache exists, lowering the

pressure wvlhin the skull does not always reheve

it Raising the intracraniai pressure in a normal

person or one w ith an intracranial growth does

not necessarily cau«e headache In fact mtra

cranial tumors may be present with a coneider

able increase in intracranial pressure and still be

unassociated with headache On the other hand,

lowering the intracTanial pressure below the usual

level as by drainage of cerebro*pmal fluid causes

severe headache A normal subject experiences

headache when about 20 cc of fluid are with-

drawn by lumbar puncture, and he is raised mto
the erect position In the horizontal position, or

if the fluid removed is replaced by an equal quan-

tity of saline, the head pam is abolished or at

least reduced

Headache presumably of v ascuLir origin, can

be produced in any normal person, as was shown

by Wolff and his associates, by a sudden sharp

rotary movrement of the head UTien a subject

with headache due, apparently, to overdistcnsion

of the cerebral vessels was centrifuged, so as to

dnve blood out of tlie vessels, the pam was re-

lieved Tlic mtense headache caused by an mjee

tion of Awtamiiie appears to be due to cerebral

vBsodibtion and dLsten«ion of the vessels, it is

relieved by increasmg the cerebrospinal fluid

pressure, and thus providing a circumferential
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support for the Ncsaels, and protecting the pain

endings from stretclj TJie headaches of te\ er and

toxic states are simiLir in their ongins to hista*

mine headache, thei, too, are amchorated by
raising tlio cerebrospinal fluid pressure

Ilyperlenme headache is not due esscQttaU> to

the high blood pressure 0^ olft and Wolff), but

rather to the amplitude of the movement of the

arterial wall at each pulse beat which varies with

the contractile state of the vascular wall itself

llTien the latter is relaxed and resilient a given

distending force will exert a greater degree of

stretch upon the pain endings than when the walls

are firmer and do not •=<) rcaddi permit stretching

of the nerve terminals Tlic headache of arterial

hypertension therefore v anes w ith the amplitude

of the movement of the arterial wall and is rc-

heved bj pre«sure upon the common carotid

which reduces the pulse amplitude Though the

headache is not directly related to the height of

the blood pressure, (since it maj occur vnth equal

intensitj when the pressure is high, moderate or

relatncij low), with any given degree of reUva-

tion of the v ascuUr w all the pain w ill of course be

more intense when the pressure is high than when
low

,
because a greater excursion of the va«cubr

wall will occur m the former instance Ergot-

amine, while it tends to increase the blood pres-

vure rather than to reduce it, diminishes the am-
plitude of the arterial pulsations and, as a

consequence, has a moderating effect upon the in-

tensity of the headache

The site of the headache in brain tumor may be
of some value as a localuing symptom The pain

ojeriaasifle itonororison ^^reCT^Iel?lul'flJa£lOcf^

60 per cent of cases In tumors of a cerebral hemi-

sphere (supratentorial tumors) the pain is usually

m the front of the head, the pain impulses being

transmitted through branches of the 5th nerve,

whereas m those of the posterior fossa the pain is

felt in the occipital region, the impulses travelling

by branches of the 9th and 10th cranial and upper

cervical nerves

iliGRAiNE (Synonyms, megrim, henucrauis,

sick headache ) This is a type of headache whose

special features entitle it to be placed in a class by
itself The headache is periodic, severe and often

accompanied by nausea and vomiting In many

instances some type of sensory disturbance (aura)

ushers m the attack This frequently takes the

form of scmtiUating colored lights or the so-called

fortification figures that is, sig zag luminous

bands which arc suggestive of the w alls ofa turret

The visual hallucinations have a homonymous

distribution, that is, they occur in the right or the

left halves of the visual fields (ch 75) Tempo-
tarj hcmianopia may follow or blmdness of the

central part of the retina may accompany the

visual sensations Cutaneous, auditory or gusta-

tory aurae occasionally occur Tlie headache is

localized at first but soon spreads to mvoKe the

entire half of the head, the pain is then on the ®ide

opposite to that of the hallucinations >, ot unusu-

ally , however, the headache is bilateral, or is um
lateral to start vnth, and later spreads to involve

the opposite side of the head In most cases of mi-

graine, the pain has its origin in extracramal ves-

sels the branches of the external carotid, such as

the temporal or occipital artery being most com-

monly involved WTien the pam ongmates mtra

eranially the anterior and middle meningeal ar-

teries arc probably implicated

The mecliani<m underlying the migrainous

headache is not universally agreed upon It is

thought by some (l\olff and Wolff) to have a

vascular origin, similar in nature to that causmg

hypertensive headache namely a relaxed state of

the vascular wall, and a resulting pulsatile move

incnt of greater tlian usual amplitude The pam
vanes in intensity with the amplitude of the ar-

terial pulsations and is reduced m mtensity by

compression of the common carotid or by ergot-

amme which, as mentioned above, reduces the

pulse amplitude In other cases the headache of

migraine appears to be due to cortical vasodilation

(like the histamine headache) which foJlowa upon

a penod of vasoconstriction The ischemia of the

cortex during the vasoconstrictor phase would ex

pitin ^Ae nswii fiaAbcmatiunif menAonetf aivve,

which an increase in pulse amplitude is unable to

do, though the phase of vasodilation might quite

well be associated with a relaxed state of the

brger cerebral vessels It has been suggested that

migraine may sometimes be of allergic origin, dda

tion of the cortical vessels being the result of the

local liberation of histamme (H-substance) The
relatively high mcidence of eosmophilia in mi
grame lends support to the idea of an allergic re

action
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68
CONDITIONED REFLEXES. SLEEP

De/initions

Tbe ordujarj reflex mth nhieh nc are all fa

miliar is an inherited characteristic of the epccies

and IS not dependent upon previous expenence

Its pathvraj'S are established at birth This type

Paxlov termed an tnliom or unconditioned rejlti

For example, food placed m the mouth of a nen
born puppj evokes a ‘‘cretion of aahva The reac

tion depends solely upon tbe stimulation of re-

ceptors (taste, touch, etc) m the mouth, the

afferent and efferent nerves and the salivary cen

tersm the medulla oblongata I\7ica, on the other

hand the young animal ‘>ees or smells a piece of

meat for the first lime no secretion of saliva re-

sults Yet if an animal uho has eaten meat on
previous occasions sees a morsel, a profuse secre

tion of saliv a occurs This reaction, which depends
Upon previous experience, Pavlov has termed a
cmdiUoned or acquired refiez Its pathnajs are

not fully established at birth but are developed

bj training Qmte evidently the reaction of the

older animal is the result of an a^sooation estab

l!.«hed m the past between the stimulus applied to

the receptors of the mouth, and the appearance
of the food, 1 e , a visual stimulus The former is

called the unconditioned, tbe latter the conditioned

stimulus Not only the qualities of the food itself

but changes m the environment extraneous to tbe

food, if they occur in association with feeding,

can serve as conditioned stimuli

Conditioned reflexes may be either of an ex

citatory character, e g , the secretian of sahv a, or
have an inhibitory action The former are termed
posilite or excitatory, the latter nepotite or tnAi&t

lory

Positive or Excitatory Conditioned Ifeffexes

In tbe great majority of the expenments per
formed by Pavlov and his school, the secretion of

saUva was chosen as the indicator of the condi-

tioned response la order to follow the secretory

reaction with precision the opening of the parotid

or submaxiUary duct was transplanted to the

cheek or chin, respectively The saliva is collected

by means of a special apparatus consisting of a

funnel scaled over the duct opening and leading

into a system of tubes The secretion is measured

in drops by means of an electrical recorder The

animal js held in a stand by means of straps and

occupies a sound proof cliamber separate from

that of the experimenter (fig 68 1)

The reflev is established in the foUoirmg way

WTiile the anunal is being fed (unconditioned

stimulus) a stimulus, e g ,
a flash of bght (condi

tioned stunulus) which is quite alien to the food

itself IS applied After tins association of the two

stimuli has been repeated a number of tunes, the

flash of hght alone (i e ,
food is withlield) ev okes a

eecrctioD of sains Thu is called a conditioned

olimenlary re^ei Motor reactions, eg, move

ments of the bps and jaws, snapping whining or

barking, and movements of the limbs, accompany

the salivary secretion and constitute an integral

part of the reflex Tlic number of repetitions of

the experimental procedure, or “lessons, neces-

sary to establish the reflex vanes in different am
mats and in evpenments of different tyiies Many
types of conditioned stunulus (visual auditory,

olfactory and cutaneous) have been employed by

Pavlov and his associates * In establishing the re-

flex the conditioned stimulus must precede or ac

company the unconditioned stimulus and, except

m the case of secondary and trace reflexes, to be

presently desenbed, must overlap it for at least a

bnef penod If the conditioned stimulus fiollovis

the actual feeding it is quite ineffective, le, it

will not evoke a reflex when subsequently applied

alone After the penod of training, m order to

demonstrate tbe conditioned nsponse satisfacto-

‘ Among these are the following—the sound of a
metronome, hom, bell, buzzer, tuning fork organ
pipe or of bubbling water, vanou«l) shaped ob
yects lights, figures or rotating disks, thermal,
tactile and painful cutaneous stimuli, the odor of
such chemicals as amyl acetate or vanillin The
cessation of a previously continuous stimulus, e g

,

a buzzer, the rapid change in the intensity of a
stimulus or even the change to the rate of a rhy th

mieal sound, e g ,
a beating metronome may serve

as a conditioned stimulus (see also p £iM)

1281
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Fio 681 lllustratiDg arrangements for etpenmenla upon conditioned reflews (From Pavlov Lee
iurea on Conditioned Reflexes, International Publishing Company New York )

rJy, the animal should be alert, not drow8>, and
preferably hungry

,
furthermore it should not be

distracted by extraneous stimuli, e g a strange

sound or bght

Other Ttpes or Positive Covditiosed

Reflexes

CObDlTIONED DEFEnSE REFLEXES Acid IDJOcled

into an animal s mouth (unconditioned stimulus)

causes a profuse secretion of sabvs nhich washes

away the offending matonal A conditioned reflex

to acid 18 readily established by a senes of trials

in which a conditioned stimulus, e g ,
a light and

the unconditioned stimulus (acid) arc applied

in combination Or if an animal has been giien a

colored and it salnates when «hon'iJ water of the

same color Also, if a painful stimulus is applied

to the animal’s paw (unconditioned stimulus) dur

ing some form of conditioned stimulation (e g

,

sound of a buzzer) the motor reactions (e g , draw-

mg up the limb, turning the head tonards the in

jured part, etc ) which follow the application of

the combined stimuli occur, after a few trials

when the conditioned stimulus « employed alone

The pamful stimulus may ser\e also as a condi

tioned stunulus for a salnary reflex, then unless

the pamful stunulus is intense the usual defense

reactions are supprc«sed, sahvatioB alone result

mg when the stimulus is applied The alimentary

reflex is in this ease stronger than the defence re

flex Pavfov points out that the subordination of

the defense reaction by the alimentary reflex is

seen when dogs are struggling among themsehTS

for food Minor injuries (e g ,
of the skin) may

then be sustained, but they do not t\oke a reac

tion of defense, this ts suppressed by the donu

nant food reflex On the other hand, if the stimu

lus (such as one applied to bone) signals a more
severe tyT>e of injury

,
or threatens the life of the

animal, the defense reaction becomes prepotent

Of great practical interest is the reflex which

becomes established to the repeated injection of

morphine In the dog morphine administration

causes vomiting and salivation, followed by «leep

After a senes of injections, these effects result

from the mere sight of the syTmge, or the ap

prosieb of the attendant who had prenously ad

ministered the drug

SeCONDARF and TERTURT CONDITIONED RE
FLEXES A second stimulus may bo conditioned

by linking it up with a conditioned stimulus al

ready firmly established A defense conditioned

reflex, let it be suppo'^ed, has been established

with an elcctnc shock to the front paw as the

unconditioned and a touch upon the hind paw as

the conditioned stimulus A 'econd neutral stimu

fus (eg, the sound of bubbling water) ig now
applied and withdrawn a few seconds before the

application of the primary conditioned stimulus

(touching the hind paw) but the unconditioned

stimulus (electric shock) is omitted If the two

stimuli are associated in this way a number of

tunes it 13 found that the second stimulus (sound

of bubbling water) has itselfacqmred conditioned

properties, when applied alone the defense reac

tion occurs If a third stimulus (e g ,
the sound

ofa tuning fork) is applied a short time before the

second but the primary conditioned and the un

conditioned stimuli are omitted it now, when

employed alone, cau®es the conditioned response

Ithaa not been found possible to establish a con

ditioned reflex of the fourth order, and condi
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tioned reflexes bej ond t!ic second order cinnot be

established for aluncntarj conditioned reflexes

Thace conditioned reflexes In establishing

this reflex the unconditioned stimulus is made to

follow the conditioned stimulus after an interval>

when the reflex has been established the condi

tioncd response follows the conditioned stimulus

by an interval of the same duration For example

a tactile stimulus is applied to the sVm for half a
minute and then withdrawn, one minute later acid

is injected into the mouth After a number of

repetitions it is found that when the tactile stim

ulus >9 applied alone, although no secretion occurs

during its application, a response follows after a
minute s interval Also it an animal is fed at reg

ular intervals, say every SO minutes, it is found
that after a senes of such feedings secretion occurs

spontancoudy, thereafter, at intervals of approxi

mately SO minutes, although no food is given In

the«e instances the time interval it«elf has evi

dentlj acquired the properties of a conditioned

stimulus

The Biological Significance of

Conditioned Beaponses

Conditioned reflexes enter veiy largely into aru

mal and human behaanor Many such reflexes are

de\ eloped naturally as the experiences of ex cry

day life become canched, and associations accu

mulate Stimuh arising m the environment are

constantly calling forth conditioned responses of

various types serving as signals to guide the am
mal in its choice of action By training and disci

plme more compheatod reflexes canbo established

such as those forming the basis for the tricks of

performing animals In such mstonccs the sound

of a word (command) or a moxement made by

the trainer serves as a conditioned stimulus to

some motor reaction of the animal In the tram

uig and education of the child conditioned reflexes

also play a prominent role Animals with more
highly developed nervoiM systems are capable of

the more complicated reflexes, and although one

can scarcely speak of certain conditioned reflexes

such as the secretion of saliva following the flash

of a light or the sound of a tumog fork, as an m
telhgent act, the abihty of an animal to develop

conditioned responses is, nevertheless, a measure

of Its intelligence Conditioned reflexes also play

an important role in the psychology of sex and,

according to Pavlov, m the induction of sleep (p

1270) Conditioned reflexes which are estabbshed

under the ordinary circumstances of hie are

termed natural Those which are established ex

pcnmentally or by special methods of training

are called arltjlaal Tliere is, however, no essential

diflcrcnce between the two Gantt has enrolletl

the aid of the conditioned reflex in the mvestiga

fion of psychiatric conditions In organic mental

disease there was irapairmcnt or failure to estab

Ush conditioned motor responses to an electric

shock, whereas m the psychogenic (functional)

types, the responses may bo impaired but arc not

abolished The conditioned reflex is also used to

test sensations, especially heanng, in \ ery y oung

children before they can talk

Inbibition of Conditioned Ileilexes

Inhibition as applied to conilitioned reflexes is

divided by Pavlov into crfemal or indirect and

internal or direct

External isiiidition The conditioned reflex

IS inhibited by some form of stimulation quite

apart from the conditioned stimulus it«elf The
inhibition arises m a part of the bram other than

that in which the conditioned reflex is initiated

For instance, some disturbing factor a «udden

noise,a strange smell a bght a fresh object m the

room or the entrance of a stranger fends to abol

ish a conditioned reflex nhicli m quiet surround

mgs can be elicited readily The cx-traneous stunu

lus arouses the ammal s curiosity and distracts its

attention or, in Pavlov’s words eixiLes an tntesU

gatory refits This purely unconditioned reflex

consists of wliat its name implies—pncking of the

cars and turning the ey e and head toward the

source of the distraction If the extraneous stimu

lus IS repeated often enough its inhibitory effect

13 weakened or abobshed the conditioned re

sponses of an ammal placed in strange surround

mgs are at first inhibited but return later A
painful stimulus also sets up an unconditioned de

Sense refiex—barking stnigglmg and other motor

reaetjoos which exert an inhibitory effect upon

the conditioned response

Internal inhibition This will be considered

under the /oUoivmg headings (1) exlinctian of Vie

conditioned reflex, (2) conditioned in/ii6ttion, (3)

inhibition of delay and (4) differential inhibition

(1) Extinction of the conditioned reflex If a con

ditioned reflex is repeated a number of tunes and

the xmconditioned stunulus (e g , feedmg in the

case of an alimentary reflex) always omitted, the

response becomes weaker with each repetition

its latent period lengthens progre«<»ively and the

reflex finally disappears The reflex is said to have

undergone crhnftwn If, howeier, after ei cry fen

repetitions of the reflex the conditioned stimulus

IS followed by the unconditioned stimulus, extinc

tion does not occur The former stimulus is then
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sjid to ha\c been reinforced by the latter For

example, if a conditioned alimentarj reflex has

been established to the sound of a buzzer, the

apphcation of the latter alone calls forth at first

a prompt and ample secretion of saliva After a
\anable number of repetitions m which the con

ditioned stimulus is not followed by feeding, i e

,

not reinforced, the «ecretion becomra less each

time and finally ceases After an hour or two the

reflex recovers spontaneously Extinction is due
to inhibition of the cortical elements of the reflex

That 13 not due simply to fatigue of the salivary

gland or of the medullary centers is shown b> the

fact that after complete extinction, reinforcement

of the conditioned stimulus causes the reestablish

ment of the reflex Moreover, the reflex continues

at full strength after a great number of repetitions

if it IS foUon ed every few times by reinforcement

After a reflex has undergone extinction, some

external stimulus may temporarily remove the

inhibition That is, just as an extraneous stimulus

can inhibit the excitatory phase of a conditioned

reflex, so also can it inhibit the inhibitory state

This 13 called disinhibilion or the “tnAifcifton of

tnhibxlum''

(2) Conditioned inAifrthon If, after a positue

conditioned reflex has been firmly established

another stimulus is combmed nith the conditooed

stimulus for a number of trials but reinforcement

IS always omitted, then though the conditioned

stimulus still causes the customary response when
applied alone (and regularly reinforced), it is quite

ineffective when in combination with the extra

stimulus For example an alimentary conditioned

stimulus is established to the beat of a metro

nomc Later, a buzzer is sounded with the metro

nome, but the combination is not followed by
feedmg After a senes of such trials the metro-

nome causes a secretion, but the combined stim-

uli, metronome plus buzzer, are without effect

The sound of the buzzer la termed a condihoned

inhibitor, and the inhibitory effect which it pro-

duces, a ncgatiie or inhibitory conditioned reflex

Usually, in order to demonstrate the inhibitory

effect, the primary conditioned stimulus and the

conditioned inhibitor must overlap

(3) Inhibition of delay If during the establish

ment of a conditioned ahmentary reflex, the con-

ditioned stimulus 13 continued for only a brief

period, 1 to 5 seconds, before the unconditioned

stimulus IS applied, then the conditioned response

(secretion of saliva) follows almost immediately

upon the commencement of the conditioned stun

ulus Tliat 13, the reflex has a verj short latent

penod If after such a simuUaneons reflex has been

established, it is repeated day after day, but the

conditioned stimulus is continued a little longer

each time before the reflex is reinforced, the latent

penod becomes lengthened in proportion to the

interval between the application of the two stim

uli The almost simultaneous reflex has been

converted into a delayed reflex In other words,

postponement of reinforcement has caused the

conditioned response to be inhibited dunng the

first part of the action of the conditioned stimu

lus, dunng the latter part of the action of the

conditioned stimulus the secretion of sahva com
incijcesand increascsinamount up to the moment
when reinforcement ordmanly would have oc

curred

(4) Differential inhibition This wdl be de

senbed in the next section

The examples of internal inhibition just given

show the high degree of discriminative and adap

live powers of which the cerebral cortex la capa

ble Although such adjustments are purely auto-

matic they are effected with great delicacy and an

apparent purpose Id the case of extmction, for

instance, the futility of secreting saliva for food

which does not follow appears to have been “rec-

ognized “ The purpose in conditioned inhibition

IS quite as evident as m positive conditioned re

flexes and the inhibition of delay ts clearly an

adjustment which economically tunes the secre-

tory response to the moment when food is “ex

pected ’’

It IS not in these special instances that internal

inhibition occurs, for all positive conditioned re-

flexes, although reinforced regularly, undergo in

hibition if repeated over a period varying in dif

lerent animals from weehs to months or even

years They become progressively weaker, the la

tent period lengthens out and they ultimately

disappear The tendency of conditioned reflexes

to undergo inhibition is an inherent property

Analyzing and Synthesizing Functions

of the Cerebral Cortex

Of the numerous agencies in the envaronment

to which the orgam«m is exposed the great ma
jonty might be termed neutral in that they exert

neither a beneficial nor an injurious effect The

actions of others are either of defimte physiologic

value or detrimental to the animal’s existence

Through the analyzmg meclianism possessed by

the nervous system the stimuli to which the lat-

ter types of agent give nse are given conditioned

propertus Such stimuli arc picked out to serve
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as signals for reactions on the part of the animal

appropriate to the rcspecti\c agents (beneficial

or nocuous), they are therefore of the utmost

biological importance The cerebral cortex also

po^sscs sjTilhesizing mechanisms nherebj in-

dmdual stimub are fused into conditioned com
plexes (p 1260)

The Ankuzehs

Pa\Iov divides the neural mechanism of the or

ganism upon which the discnminatuc faculties

depend into a number of nm-ous analyzert Tlicsc

are constituted of the nen cs of special sen'se, and

the afferent nerves of the joints and skeletal mus
cleg, together wnth their respects e receptors and

central connections Tlius he speaks of tutial,

auditory, olfactory, guolatory, atlantous and motor

analyzers The receptor of each class is espcciaH>

response c to its own type of stimulus—light,

sound, etc The central part of each analjzcr, i c

,

its terminations in the cerebral cortex, is capable

of a verj fine discrimination between the different

intensities and qualities of stimuli within its ono
class The vnsual analj zer, for example, discnmi

nates between the intcnsit> and quality of differ

ent visual stimuli, the auditor^ anal> zer between

the intcnsitj, pitch and quality of sounds, the

motor analyzer between the Nmnous messages

(proprioceptive) received from the muscles and

jomts—and so on for the other analj zcr«

In the past, the study of these analj zers, i e

,

of the sense organa, has been based very largely

upon subjective data gleaned from experiments

upon the human subject The discovery of con

ditioncd refieves, however, has provided a reliable

method for the studj of the analyzing functions

which being purelj objective can in consequence

be emploj ed m ammal expenmentation, the con

ditioned salivarj secretion, for example, is a re

action which readily lends itself to precise meos
urement and timing

Geherauzatiov and Diffebevtiation

If a conditioned reflex is estabbshed.saj to the

sound of a tuning fork of 800 cj cles per second

(c p s ), it 19 found that tones somewhat higher or

lower in the scale have also acquued conditioned

projwrties Also, after a conditioned reflex has

been established to a tactile stimulus applied to a

certain definite skm area, the stimulation of

neighboring areas is also effective The response,

however, becomes weaker the farther away from

the original area that the stimulus is apphed

This generalization of stmtih, as Pavlov caDs the

phenomenon, is seen also m the case of olfactory >

visual and other analyzers If, howrever, the ongi

aal definite stimulus, for example the tone of SOO

cps, IS always followed by reinforcement

whereas other tones having a higher or lower fre

quency arc employed without rcin/orceuicnt, then

only the tone of 800 cps evokes a response The
allied stimuli arc said to have undergone differen

Uation from Uic pnmaty stimulus Pavlov asenbes

the phenomenon to a form of internal inhibition

—

differential inhibition He believes that originally

the excitatory process in the cortical part of the

analyzer is widespread, but through the antago

nism offered by the internal inhibition set up by
nonrcinforcement of the allied stimub, it be

comes localized to only a minute cortical area cor

responding to the receptors affected by the pn
mary stimulus

Tlie degree to which differentiation between

vanous types of stimulus can be developed is a

measure of the analyzing abUity of the cerebral

hemispheres and is often amazing Tlie foUowmg
examples are taken from Pavlov ’s monograph

1 Aoditobt sTixicLi (a) Differentiation of

pitch Primary stimulus SOO c p a Differentiated

stimulus 812 cps (b) Differentiation of rhythm

Primary stimulus J 20 beats pernunuteof a metro

nome Differentiated stimulus 118 beats per mio
u(e of a metronome (Andreyev) (c) Differentiation

of mtensitir The difference in the intensity of two
sounds wos so slight that it was detectable by the

human car only when one stimulus was followed

immediately by the other Differentiation was
perfectly effected by the dog when the two stimuli

were separated by an interval of 17 hours

2 Visual stimuli (a) Differentiation of direc

lion of moiement or of the position of an object

fnmary stimulus, clocknioe rotation of a disk

Differentiated stimulus Anticlockwise rotation

of the disk tfo) Differentiation offfguree and shapes
Borne of the figures which were differentiated are

shown in figure 68 2 A luminous circle thrown
upon a screen was readily differentiated from a

senes of ellipses of the same luminosity
, the “enes

started wnth one having its axes in the ratio of

1 2, of the remainder each 8ucces°ive one ap
proached a little nearer to the circular shape

Differentiation just failed when the ratio of the

axes was 8 9 (c) Differentiation of luminosity

Two shades of gray which to the human eye ap
peared exactly the same, even when view ed simul

taneoudy were perfectly differentiated by the

dog when an interval of a minute separated the

primary from the differentiated stimulus (d)

Differentiation of colors failed in all but one am
mal investigated, and even it gave a doubtful
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TD"0
•T^D

Fio 6S2 Examples of different figures which
were euccessfully differentiated in expenraents
upon a dog The letter T, ahown in the upper left

hand corner of the figure, served for the positive
stimulus the other Black figures and the white
letter T were differentiateil from the positive
stimulus In another dog the white cross was the
ositive stimulus from which the other white
gures were differentiated (From Pavlov, Condt

ttoned liefiexet Oxford University Press )

result Color vision m the dog is therefore either

absent or very rudimentary

3 Differentiation of cutaneocs and mo
pniocEPTiVE sTiucu Differentiation wras ob
tamed for various types of tactile stimuli, e g
contact with rough or smooth surfaces pressure

with blunt points arranged in different patterns

ttrfstchwg jiith a sms)) brush in different direc

tions Differentiation was also demonstrated be

tween stimuli applied to different areas for varia

tions in temperature and between vanous passive

movements e g ,
flexion of ankle as against exten

4 Differentiation of olfactort and cvs

TATORY STIMULI Corresponding differentiations

were established for vanous odors (e g vanillin,

am>I acetate, camphor, etc ) and for taste senxs

tiona e g , meat powders sugar chee«e, etc

Conditioned vasomotor responses have been

established in human subjects the unconditioned

response (vasoconstriction of the opposite hand}

being induced by immersion of one hand in ice

cold water Ringing of a bell a light pattern or a

word spoken aloud by the expenmentcr and whu
pcred by the subject were u«ed as conditioned

stimuli

“Lxpenmental netirosis ” ^\’he^ an animal is

presented with a problem which requires a fine

degree of diffcrtntiating ability, i e , wlicn a con

fliet between inhibitory and excitatory processes

IS set up, either inhibition or excitation may gam
the upper hand with the suppression of the oppo-

site process In the former event the animal may
become drowsy and fall into a deep sleep (p

1273), whereasm the latter a nervous disturbance

may develop durmg which even gro«s differentia

tton cannot be accomplished To gi\ e an example,

a dog was required to discriminate between two

visual stimuli, a circle and an oval, the former

being followed by feeding (po«itive stimulus),

whereas the latter was not remforced (negative

stimulus) Differentiation was made more and

more difficult by making the oval at each succes

sivc trial more nearly circular The expenment
proceeded smoothly until the axes of the two

figures had a ratio of 8 9 The animal then be

came fractious, howled and whined in its cage,

struggled with its harness and became incapable

of discnnunatmg between any oval shape and a

circle Net until after a prolonged rest was tlie

aniinaJ s power of discnmuiatjon between the two

shapes restored, but upon being then confronted

with the same problem the nervous disorder re

turned “Experimenial nevrosts,” as this state was

termed by Pavlov, has also been induced in sheep

and pigs by Anderson and Liddell In some in

stances the condition was permanent, and Gantt

has reported such a state which has persisted for

12 years The neurosis in this btter instance de-

veloped as a result of a conflict aroused m the

differentiation of tw o auditory conditioned stim-

uli—two closely similar tones These observations

upon expenmentaf neuroses have important psy

chiatnc implications and may give a lead in the

interpretation of certain nervous conditions m
the human subject Sexual excitement, as mam
fested by erections, are not uncommonly associ

ated with the neurosis (sec Gantt)

Synthesis of Stimuli

The development of the conditioned response

IS, in itself, evidence of the synthesizing or asso-

ciative ability of the cortex Further evidence is

afforded by experiments with compound stimuli,

1 e , ttie fusion of separate individual stimuli,

whether these act upon the same or upon different

analyzeis, into a conditioned complex

As an example of simultaneous stimuli acting

upon the same analyzer—an abnientary condi

turned reflex was established to a chord of three

tones of equal intensity but having a frequency

of 85, 256 and 786 c p s ,
respectively Later each

tone when sounded separately caused a response
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The responses to tlie different tones ^ ere approxi-

mately equal but neaher than that caused by the

chord

A conditioned reflex may bo established to a

compound stimulus made up of tivo stimuli acl-

ujg azmulUineousIfj but upon different analjxeis

If the component stunuh arc then applied sepa-

rately and Without reinforcement, it is found that

one of the pair is cffecluc but not the other For

example, a conditioned reflex to acid was estab-

lished to a compound stimulus consisting of the

simultaneous appUcation of a tactile stimulus and

a thermal stimulus of 0®C The tactile stimulus

when applied alone was found to be about as ef-

fective as the compound stimulus, whereas the

thermal stimulus was quite incITective The re

suits of expenmenls tn which the component stim-

uli of the compound stimulus were of unequal

strengths, and applied to the same nnaljzcr, in

dicate that the factor determining the effective-

ness of the stimuli, when applied separately, is

their relative mtensity Tlie thermal stimulus

used m the foregoing expenment maj therefore

be regarded as being the weaker of the two stun

uli ihsual stimuli arc also weaker than those

acting upon the auditory analj zer For example,

after a conditioned reflex had been established to

a compound stimulus made up of a tone and a
light, the tone by itself caused a response,

whereas the visual stimulus was quite ineffective

However, the weaker stimulus undoubtedly plays

its part m the combination, for if the stronger

component is applied repeatedly without rem
foTcement by the unconditioned stimulus, but

the compound stimulus la constantly reinforced,

the stronger stimulus by itself becomes ineffec

tive, whereas the compound stimulus retains its

full effect

The cortex is also able to synthesize successtve

stimuli into a compound conditioned stimulus

For instance, a flash of hght (L), a cutaneous

stimulus (C) and the sound of bubblmg water (S)

when apphed in the order (L—C—S) were com-
pounded into a po«itive conditioned stimulus

The reverse order (S—C— after differentiation

(by nonreinforcement) xras entirely without ef-

fect

Similarly, four tones having vibration fre-

quencies of 290, 325, 370 and 413 c rrapec-

tively when soundedm this order (1, 2,3, 4) were

successfully differentiated by a dog from all other

sequences (e g , 4, 3, 2, 1, 4, 3, 1, 2, 4, 1, 3, 2,

4, 2, 3, 1, etc
,
etc )

The senes of sounds in a word (e g , a dog’s

name) or in a command is a familiar example of

a successive compound conditioned stimulus

InBADUTlOV AND CONCIOTRATION

These features are best illustrated by citing an

actual experiment The skin of the hind limb was

stimulated at five separate places One of these

situated upon the paw was differentiated by non

reinforcement m the usual way from the other

four That is, the place upon the paw was given

inlubitory properties (p 1203) The other four

places, which through reinforcement were given

positive conditioned properties, were placed at

progressively further distances along the hmb
from the inhibitory place It was found that if the

latter was stimulated three tunes in succession,

and one minute after the last stimulation, the

positive place nearest the inhibitory place was

then stimulated, there was complete failure of the

usual conditioned response Stimulation of the

next (second) excitatory place one minute after

the last apphcatiOQ of the intubitory stunulus was

followed b> a response half os great as usual The

remaining two places (third and fourth) gave a

normal or somew hat greater than normal response

(see positive induction, p 12CS) ^^’hcn the num
ber of the previous stimulations of the inhibitory

place was increased, and the mterval following the

last one shortened to 15 seconds, all four excita

tory places gave a reduced response As tune

elaps^ the furthest place was first freed from the

inhibitory influence, and the others m the order

of their positions from the inhibitory place The
point nearest to the latter m some cases did not

give a full response until the lapse of 10 mmutes
after the application of the last stimulus to the

inhjbitojy place It can also be shown that if, by
means of extinction, inhibitory properties are

given to one of the four excitatory places the m
hibitoiy process spreads to involv e the others

These results are taken to indicate that each

stimulated area has its circumscribed represents

tion in the cortex Inhibition initiated m the

cortical cells to which the mhibitorj place is pro

jected irradiates to involve the cortical projection

areas of the positive places The gradual release

of the cortical areas from the inhibitory influence,

and its retreat to the onginal cortical cells corre

Bponding to the inhibitory place is called the con

centratwn ofxnhibition Irradiation and concentra

tion are antagonistic processes These proces'^es

can also be shown for the acoustic analyzer and
they most probably exist for other analy zers as

wdL The following is an illustration of uradia-
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tion within the acoustic analjzer Positive con-

ditioned reflexes were established respectively to

the beat of a metronome, to a musical tone and

to a buzzing sound MTien the reflex to the buz

zing sound or to the metronome was extinguished

the inhibitory process spread to involve the reflex

to the musical tone

Irradiation is not always confined to the ana-

l> 2er m which theinhibitory process onginates It

can be show n that the inhibitory process initiated

in one analj zer spreads to others and may in\ olve

the entire cortex For example, a positive ahnten

tary conditioned reflex was estabhshed to a tone

of 4000 c p 8 , a note a semitone lower than this

was given inhibitory properties IVhen the in

hibitorj stimulus was apphed a short time before

a visual conditioned stimulus, the reflex which

had been estabhshed to the latter, as well as that

established for the positive auditory stimulus

(tone of 4000 c p s ) was inhibited

Irradiation and concentration of esatalion occur

m a manner analogous to that described for ut

hibition Generalization (p 1265) is ascribed to

the irradiation of excitation from the pnmary
cortical focus DifTerentisl inhibition, on the other

band, antagonizes the excitatory process and con

centrates it withm the original cortical area

iKDtTCnON

Induction is a feature of conditioned reflex ac

tion analogous to the phenomenon of the same

name described as occurrmg in spinal reflexes,

namely, the increase of inhibition caused by

a preceding state of excitation {negatiie induction)

or an mcreaso of excitation caused by a previous

state of inhibition (pontme tndudion) Induction

IS therefore a reciprocal process

Negatue induction The inhibitory properties of

a stimulus dei eloped by means of differentiation

can be readily destrojed again (disinhibition) by

repeated reinforcement If, howe\ er, each apphea

tion of the inhibitor} stimulus is preceded by a

TABLE 6S 1

T”'
Condilionsd
Slunului

AppI rd dunag
10 Seconds

SaU
dun

vary Secretion in Dogi
Bg 30 Seconda (Dropa)

11 25 a ra 00 beats 0 1

11 30aro GO beats 0

11 42 a m 60 beats 3 1 All the stimuli

11 4d a m 60 beats 4
1

were aeeorapa

11 56 am 120 beats 84 nied by rein

12 06 pm 60 beats 0 J
foreemenl

positive one, and both are reinforced, the inhibi

tor> properties of the former are strengthened and
can be abolished only after a great number of

trials Thus, a metronome beating at a rate of 120

beats per minute served as a positive conditioned

stimulus and a rate of 60 beats per minute was
differentiated (differential inhibition) The mbi
bition was then almost abolished (disinhibition)

by reinforcement but was restored again when
the differentiated stimulus (rate of 60 beats

per imuutc) was preceded by the positiv e stimuli^

(mte of 120 beats per minute) The data are

abown in table 6S 1, as given by Pavlov

PotUiie induction in its simplest form may be

illustrated as follows A positive conditioned re-

flex was established to stimulation of the forepaw

A stimulus to the hind paw was given mhibitory

properties by differentiation ^Tien the excita

tory place (forepaw) was stimulated immediately

after the apphcation of the stimulus to the in

hibitory place, the positive conditioned reflex was

enbanced (salivary secrclioD increased by 50 per

cent) The excitability of the cortical area receiv

iDg impulses from the forepaw had evidentl} been

increased as a result of udiibition of the cortical

area corresponding to the hind paw Thus the

excitability of the cortex m proximity to the in

bibited area is enhanced for the moment but later

becomes depressed as a result of the irradiation of

the inhibitory process ^^^len dealmg wath irradia

tion It was pointed out that the inhibitory effect

was demonstrable for several seconds or mmutes
after the inhibitory place had been stimulated

Positive induction occurs during the application

of the inlubitory stimulus Pavlov holds the view

that these two processes, positivrc mduction and

irradiation of inhibition (or negative induction

and the irradiation of excitation) are constantly

interacting with one another and spread wav e-

like over the cortex Positive or negative mduc
tion precedes, respectively, the spread of the in

bibitoiy or excitatory process

The ESIPLOYMENT or COVDITIOXED REFLEXES

THE STUDY or CORTICAL FuxcTioN Information

concemmg the localization of function in the cor

tex was obtained by, first, firmly establishing a

conditioned reflex mv olvnng one or other analvzer

then excismg a certain portion of the cortex and

studying the effects of the operation upon the

conditioned response

Removal of the Entire Cortex

It was reported that m the dog removal of the

entire cortex results m the complete and perma
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ncut 10-53 of all conditioned responses, natural or

artificiil, ncir conditioned refieves cannot be es-

tablished Tho decorticated animal responds to

crude unconditioned stimuli, e g , a bright liglit or

sound, its reaction? being frequent^ those of re

sentment or anger (p 116S) The unconditioned

saliiTirj rcflcN is lost at first but c\ cntuall^ be-

comes stronger than the normal More recent

work has demonstrated that m a limited avaj and

mth considerable difficulty it is possible to estab

li«h some simple conditioned reflexes in both the

decorticate dog and cat Tins does not alter the

fact lluit basically these reflexes arc dependent

upon the cerebral cortex In addition ue must not

lose sight of the fact that in the dog and cat the

cerebral cortex is not comparable to the cortex in

man or even m the subhuman primates There

can be little doubt but that in the pnmate brain

conditioned reflexes are developed only m the

presence of the cerebral cortex

Removal op a Lishted Porttov of the Cortex

Removal of a limited portion of the cortex, e g

,

tho temporal or occipital lobes, causes the disap

pcarancc for a time of all “artificial" conditioned

reflexes, and sometimes of the “natural” ones as

oil Unconditioned reflexes, which are dependent

upon subcortical centers, remain m abeyance for

only a few hours or may not disappear at all

Complete rccoiery of conditioned reflexes de-

Tiendent upon analyzers, other than the one which

has been directly injured, occurs after a few days,

analyzers nearest to the excised area recovering

later than those farther removed Incomplete re

coiery of the injured analyzer cientually takes

place

The acoustic A^ xlyzeh is centered in the tem

poral lobe Extirpation of both temporal lobes

13 folloi%ed by a >ery temporary loss, if any, of

the auditory uaconditioned reflexes (e g , pncking

of the ears to sound) The auditory conditioned

reflexes may not return for several weeks or even

month?, and are never fully restored The finer

and mote discnminalmg reactions are perma

ncntly lost Discnmmation of the intensity,

pitch and quality of sound is possible, but

the powers for more complicated analyses and

syntheses are not regamed The animal, for ex

ample, nexer answers to its name, and the differ

entiation of other types of compoimd auditory

stimuh (p 1266), e g ,
a descendmg from an as-

cendmg scale of tones, cannot be established *

* An expenment upon the penpheral portion of

the acoustic analyzer may be mentioned here,

since it has a bearing upon Helmholtz theory of

THF XTSUAL ANALYZER 13 Situated mamly but
not exclusively in the occipital lobe According

to Pavlov the xnsual analy zor is probably spread

over the entire cortex Complete bilateral exlir

pation of the occipital lobes causes effects upon
the visual conditioned reflexes corresponding to

tliosc upon the auditory reflexes which follow re

mova) of the temporal lobes Conditioned re

sponscs to changesm the intensity of illumination

(c g , sn itching on a liigh poii er lamp) established

before operation returned upon the fifth day fol

lowing the extirpation of the occipital lobes as

well as of a considerable area of the cortex lying

anlenor to them Differentiation was established

between a luminous cross and a circle illuminated

to the same intensity It was found impossible,

however, to establish conditioned reflexes to spe

cific objects for the reason, most probably , that

the appearance of on object changes with the

lilumiostion, with its distance from the eye and

the angle from which it is observed Its recogm

tion under different conditions of bghtmg posi

tion etc , therefore requires a much greater power

of analysis and symthesis than that required for

the differentiation of a flit luminous «hape The
animal depnv ed of its occipital lobes is able, nev

erthcless, to avoid objects placed m its path

They are detected simply by the change? in il

luimnation Qights and shadows) whioli their pres

ence creates

The finding? described above, namely, that

complete decortication m the dog abohehes all

conditioned reflexes, and that removral of the tem

poral or occipital lobes impaiiB, respectiv ely au

ditoiy, and visual conditioned reflexes, but does

not destroy them permanently and completely

,

lead to the following conclusions concemmg the

functions of the cortex, so far at any rate as the

auditory and visual sense? are concerned (a) A1

though rudimentary reactions can be earned out

through subcortical connections, the processes un

derlymg conditioned reflexes are dependent upon

the activity of the cerebral cortex (b) The high

est powers of analysis and synthesis are localized

to definite areas each of which may regarded

as the ‘nucleus" of a given analyzer (c) The
analyzer, however, is not ngidly confined to this

area but extends mto other cortical regions in

which less compheated tyqies of analysis can be

hearing Destruction of the organ of Corti in the
upper part of the cochlea (receptors for lower
tones) resulted m a loss of conditioned reflexes

which had been established to tones of the lower
part of the musical scale (frequencies lower than
600 db per minute) Reflexes to higher tones were
unaffected
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undertaken Experiments invoUmg other ana

h zers ha\ e j lelded c\^dence pointing in the same
direction

These results of cortical extirpation cannot be

directly applied to the human subject since the

functions of subcortical centers of hearing, sight,

etc , in lower animals have not, as m man, been

so largely usurped bj the cortex Neverlbelcss,

Psvlov’s observations arc, broadly speaking, in

Inrmonj with modem concepbons of corbeal

functions (see ch 67) A given sensoiy function,

ilthough priraanlj “centered” in a certain corti

cal area, is, through association tracts, dependent

for its full development upon other areas as well

The Effects of Drugs upon
Conditioned Reflexes

Caffeine and tlryehnine increase the effects of

pacitive conditioned stimuli and weaken internal

inhibition After a do^e of less than 1 gram (0 025

to 0 03 gram) of the former drug, extioetioo (in

hibition) of a conditioned reflex is effected with

the greatest difficulty Bromidee act by strengthen

mg intornal inhibition, and not by directI) de
prc«<'inf

5 excitatory proce«*es, under their influ

enec the extinction of positive conditioned reflexes

u facilitated Alcohol in moderate doses weakens

internal inhibition Andreyev and Pugsle> have
found that the kiperealeemia resulting from para

thormone or ergosterol ovcrdo«age causes an exag
geration of mhibitorj proces«e3, the after effect

of inhibitory stimuli is enhanced and extinction

of punitive conditianed reflexes accelerated

Tlie riijBiology of Sleep

Tlie Depth of Sleep

The depth of sleep is not constant throughout

the sleeping period but vanes from hour to hour

Expenments upon man in which auditory stimub

were employed to arouse the subject at different

times, or the movements of the sleeper were re

corded (the depth of sleep being assumed to be

inver«ely related to the amount of muscular

movement) indicate that the depth of sleep fol

lows a characteristic curve In most lulults sleep

decjxins rapidly to the end of the first hour, after

which it lt««en5 sharply for a time, and then more

slowly till the time ol waking In chiWren the

sleep cun e show s tw o maxima, i e ,
two penods

of the deepest sleep, one of the«e is reached in the

first or second hour, the other between the eighth

and ninth hours, the cune then falls rapidly to

the time of waking Generally spcakmg, sleep

taken during the daytime is lighter than that

during the night Deep sleep is dreamless, dreams

occur only during hght "lecp and chiefly in the

penod which just precedes waking In sleep, un-

consaou'sness is not unilorra for all senses, the

depth of sleep is greatest for the sen«ations of

smell and least for those of pam, heanng and

touch

The sUep requirment of different pcr«ons v anes

widely, it also alters with age The following are

average figures for the hours of sleep required at

different penods of Ji/e

New born infant 18 to 20

Growing children 12 to 14

Adults 7 to 9

Old persons 5 to 7

POTSIOLOOICVt ClIANOfS ACCOMPANYING SLEEP

During sleep most bodily functions are reduccrl

to their basal levels Theblood pressure is lowered,

the systolic pressure showing a decline of from

10 to 30 mm Hg The lowc«t level is reached

about the fourth hour of sleep, and remains at

this level until a short time before awakening

when the pressure commences to rise agam Mac
Uillutm found that if the sleep was disturbed by
exciting dreams the blood pressure might be elc

vated well above the normal WNkicig level, of 125

or 130 mm Hg The pulte rale is slowed by from

10 to 30 beats The mctiiliofic rale is reduced by
from 10 to 15 per cent below the basal level and

the reetal lemperalure by a fraction of a degree

Fahrenheit The heat regulating mechanisms arc

depressed The respiroiions are slowed as a rule,

and are said to become more costal m chiracter

Uiey also tend to become irregular or penodic

Mutdeicne is minimal, the knee jerk is abolished,

and a positive Babinski may be present The
thresholds for most somatic reffexes are definitely

raised Vasomotor reflexes, however, are more ac

tive In roost animals the nghting reffexes are

abolished The pupils arc usually constneted, the

light reflex is retained Ihe eyeballs arc turned

upwards and outwards Urine lolume is reduced,

but the absolute excretion of unnary phosphate

IS increased, and the specific gravitv raised Tlie

secreliOB of the sueat glands is con«iderablv in

crca«ed, according to Hartndge the quantity of

fluid lost per hour in sleep is nearly equal to that

lost dunng a corresponding period of strenuous

muscular exercise Plasma lolume is reduced by

about 10 per cent Gastne secretion is increased or

little altered dunng sleep The contractions of the

empty stomach continue and may bo more vagor

ous than usual, the rate of digestion is about the

same as during the waking state Lacrymal and
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tahianj secretions are reduced Tlie EEG during

sleep IS ilcstnbed m chapter 67

It may be of interest to gi\e an account of the

effects upon the ner\ou3 system of prolonged

wahetulncss In Kleitman's human experiments

the subjects ircre kept anake for periods ranpng

from 60 to 114 hours The knee jerk rcraameil

unaffected but disappeared promptly rrhen the

subject went to sleep at the termination of the

period of forced insomnia, and a positive Babinski

was obtainable The latter was attnbutcf! to the

establishment of a block in the corticospinal path

way Tlie pupillari/ respon<e remained brisk

throughout the wakeful period Tlicrc seemed to

be little impairment of the mental processes, and

the reactions to auditory and visual etimuh were

as prompt as usual The threshold for pain stimuli

was definitely lowered, wliereas that for touch

was unaltered The power to maintain c^uiftfe

nwffi, as judged by the ability to stand wath the

eyes closed, was grossly unpaired Tins defect

was attributed to neuromuscular fatigue and the

consequent reduction m muscle tone, rather than

to any impairment of laby nnthinc function itself

Tyler, to more recent eepenments upon some
600 human subjects who w ent for periods of up to

112 hours without sleep, found no significant

changes in blood chemistry
,
hemoglobin, red or

white blood cell count, body weight or tempera

ture, and only slight changes m blood pressure,

respirations and heart rate Notable psychologi

Cal changes, however, were observed, e g ,
loss of

memory, irritability, inattention and haliucina

tions or illusions Tliese alterations in behavior,

were noticeable after from 30 to CO hours of sleep

lessness, and, although mild m most subjects, in a

few, they were severe and resembled those of

acute schizophrenia

The period of wakefulness winch would be le-

thalfor thehuman subject is not defimtely known
Dogs may die after being kept awake continu

ously for 14 days, although they may survive for

much longer periods Young animals are much
more susceptible to lo^s of sleep than older ones

Changes m the nerve cells of the cortex, e g

,

cbromatoljsis and sbnakage of the cell bodies,

have been described as resulting from prolonged

periods of enforced wakefulness la animals

Theories of Sleep

The cause and nature of «!leep have aroused

speculation from the time of the Greek philos

ophers but although hypotheses are many sod

often ill founded, facts which might throw bghl

upon the underlying processes are few and dif

ficult to obtain A discussion of only some of the

many theones will be undertaken

NroBox THEORY (L6pine Duval) This theory

arose from the demonstration by Cajal that there

was not anatomical continuity between adjacent

neurons but merely points of contact for which
tlie term synapte was later suggested by Poster

The neuron theory postulated that the function

of the cells of the higher cortical centers was sus

pended as a result of the retraction of the dendritic

processes and tho consequent break m contact

between neurons Although some histological cvi

denee was cited in support of this conception, the

theory was mainly speculative

CrnEBiui. iscrrEsHA theort ITowoll suggested

that fatigue of the vasomotor center with conse

quent vasodilatation of the peripheral vessels

especially of the skin, and reduction m cerebral

blood flow was the primary change responsible

for the onset of sleep The flushed skin of the

sleeping subject, the fall in blood pressure and
the well known feeling of drowsiness following

meal (which presumably was the result of the

diversion of blood to the splanchnic area) lent

plausibihty to the theory From ancient times

the carotid artery (karo6 « I sleep) has been

bebeved to be connected in some way mth the

mechanism of sleep, for it was recogmzcd that

compression of this vessel was not uncommonly

followed by unconsciousness In later times the

loss of consciousness following pressure upon the

neck Was attnbuted to vagal stimulation, with

consequent mlubition of the heart and a reduction

m intracranial blood flow tTnconsciousness may

be produced by the fall in blood pressure and the

cardiac asystole brough about by the compres

6ion of B hyperactive carotid sinus on one side or

as the result of cerebral ischemia and anoxia

produced by bilateral occlusion of the carotid

arteries

Tlie unconscious states caused by a reduction

in cerebral blood flow are not however, akm to

normal sleep Vulpian observed some years ago

that, although stunulation of the cervical sympi

thetic in animals caused cerebral ischemia, sleep

was not induced Moreover, Gibbs has shown by

means of an electrically heated stylet that

no diminution in blood flow through the brain

occurs during natural sleep It is possible

nevertheless, that there may occur a reduction in

the blood supply to a luruted area of the brain

whose activity is essentul for the waking state

A limited vascular change of this nature might not

be revealed by observations upon the total mtra

cranial blood flow
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Chemical theories Several chemical thooncs

of sleep ha\ c been proposed One of the earli^t of

the«e was tliat fatigue products especiallj lactic

acid formed in the tissues generally, acted by
depressing the function of the cortex Against

this view IS the well known fact that one need

not be fatigued in order to sleep, on the other

hand a person may be unable to sleep although

utterlj fatigued Furthermore, the hram tissue

actuall} den\ es energy from the oxidation of lac

tic acid

Another chemical theory is that of Pifron

This obscrNcr claims that a substance which he

terms lypnolox\n is produced by the brain tissue

and acts as a soponfic He claims that the cere

brospinal fluid of a dog killeil during sleep in

duces sleep when injected into another animal

Kroll makes similar claims stating that an ace

tene extract of the brain of a sleeping or hibcmat

ing animal will cause sleep when injected into

another Holmes has been unable to confirm

Kroll 8 findings Kn extract prepared by KroII e

method either from sleeping or waking animals

was found to be lethal through its toxic effect

upon the heart Ivy and Schnedorf have repeated

Pieron s expenmenU and confirmed his olwna
tioo Thej found that the injection of cerebro-

spinal fluid of a dog kept awake for several daj-s

induced a state of depression resembling deep

sleep m rested dogs when introduced into the

cistcrna magna or cerebral ventricle The effect

however is probably due not to the pre«cncc of

a sleep inducing substance in the fatigued cere

brospinal fluid but to a n«e in intracranial pres-

sure since the injection of cerebrospinal fluid

from rested dogs had a depressing action not con

siderablj less than that of the fatigued fluid

No evndcncc m support of the theoiy (Dikshit)

that acclycholine hbcration b> the brain tissue is

a factor in sleep was secured by these observers

Zondek and Bier hav c advanced an interesting

but unsubstantiated theory in which the pitui

tarj plavs a leading role They state that the pi

tuitarv during the waking state has a higher

concentration m bromine than any other tissue

but that dunng sleep the bromide concentration

of the gland diminishes whereas that of the me
dulla increases Thc«e observers therefore beheve

that sleep is induced through the hbcration of a

bromine compound from the hypophysis They

have named this substance bromhormone The

evodence upon which this theory is based is far

from convincing

Other chemical theories based upon the sup

posed nffiiuty of a subcortical area for certain

ions especially calcium whose depressant action

upon nervous ti'?sue is well known, have been

advanced but httle substantial evidence has been

secured for their support

The DiENCEPHAtON AND stEEP Several ob

servations both chmeal and experimental pomt to

the existence of a sleep center in the diencephalon

Hypcrsomnolcnce is a frequent accompaniment

of tumors of the structures m the floor and walls

of the third ventricle or of inflammatory lesions

involving the hypothalamic region Hess claims

to be able to cause «leep in animals by mild elec

tncal stimulation of the diencephalon towards

the anterior end of the cerebral aqueduct, and

Gagel reported the production of sleep in human
subjects dunng operations by mechamcal stirau

lation of the postenor part of the hypothalamus

Hess also reported that eigotanunc injected di

rectlj mto the third ventncle induces sleep Er

gotamine paraly zes the motor and secretory fibers

of the sympathetic Since parasympathetic and

sympathetic centers are apparently situated

in the hypothalamus Hess argued that the drug

by suspending the activity of the sympathetic

center caused a preponderance of parasympa

Ihctic effects Sleep he concluded was a para

symjiathetic function He also draws support for

his theory from certain manifestations of para

sympathetic activity namely ,
the pupillary con

stnction bradycardia and vasodilatation which

accompany sleep Although this observers idea

that sleep is a parasympathetic function requires

further expenmental supfiort before it can be ac

cepted the evidence for the participation of the

hypothalamus m the sleep mechanism is

strong Yet contrary to the idea that sleep is

caused by excitation of some part of the hypo

thabmus other investigators believe that it

results from the depression of hypothalamic activ

ily Tlie hypothalamus is thus regarded as con

taimng a waking center sleep following its

destruction or inhibition * Ran'on and his asso-

ciates for example, liavc reported that sleep can

be readily mduced in cats by lesions pbced in the

postenor and bteral part of the hyqxithabmus or

by injury confined to the mammiUary bodies but

*Thc electroencephalogram recorded from the

cortex of the cat after transection at the lowermost
lunit of the medulla is essentially that of the nor

mal vraking state after section at the upper border
of the poos the electroencephalographic pattern is

that characteristic of sleep From this it could be

inferred that the latter section interfered with tl e

transmission of alerting impulses to the cerebral

cortex
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tint it did not result from tlio stimufation of atij

part of the lijpothalamus Ilam^on ilso found

that electrical stimulation of t?iG hjpotlialaraus

caused «tomnolpnce onl> \%Iicn the current exerted

a dcstructu e action

Wliother the thalamus plaj's a role in the sleep

mccham‘>m is unlnoism Although unconscious

no's ma\ result from manipulations in the region

of the thalamus and a stuporous state maj be

a«.«ociated \nth a thalamic lesion true sleep has

not been produced h^ cither stimulation or m
JUO
Pavmiv 8 THEonT Pa\lo\ belic\e» sleep and

internal inhibition to be e«sentialli one and the

same proce^ i e
,
sleep is siraplj the spread (tr

radiation) of internal inhibition oaer the entire

cortex anth the subsequent in\ol\cmcnt of sub-

cortical leads, and internal inhibition confined

nithin the boundaries of a single analj2er is a

locahzcd sleep He was led to this conclusion b>

the bchaMor of animals dunng his mi cstigations

of conditionetl reflex action Dron-stnoss and sleep

were frequent accompaniments of all forms of in

temal in^bition c g

,

inhibition of extinction

and of delaj (p 1264), conditioned and differcn

tial inhibition, or the mhibition which ensued

spontaneously after the repetition of positixc con

(litioncd reflexes oi er a long period of time An
animal for example, nhich is quite alert during

the establishment of a reflex to a definite niu«icil

tone becomes dronsj and falls alseep m the stand

during attempts to devdop differentiation (p

1260) of a closelj similar tone its muscles relax

itmaj snore loud)} and other positive conditioned

stimuli fail to aw ake it Moreoier drugs such as

caffeine (p 1270) which reduce internal inhibi

tiOQ, and those such as bromides which increa'^

it have correspondmg effects upon the mecha
nism of sleep As mentioned prcinousl5, positive

conditioned reflexes after liaving been ropeatcti

over a long penod ultimately undei^o inhibition

At this stage m the im cstigations the experiment

is frequently terminated by the animal faibng

asleep Rxperunents involving the use of Ihermal

and tactile stimuh are most frequently inter

rupted by the onset of sleep auditory conditioned

stimuli are the least hkely to ha\e this effect

Protracted mild stimulation of an extraneous

nature was also /ousd to cause cortical inhibition

and lead to sleep It has been mentioned (p 1263)

that an extraneous stimulus induces inbibition

through setting up an investigatory reflex, upon
repetition the inhibitory effect dioappesrs and
the conditioned re^pon'es return With further

repetition however, the extraneous stimulus

again cau«cs inhibition, this lime, it exerts, of

il«e1f a direct inhibitory effect upon the cortex

Pax lov s theory has much to recommend it

The drowsiness which results from come oft-

repcatwl form of monotonous stimulation, eg,
reading or being read to in a low e\cn voice a

dull lecture or boredom from whatexer cause is

weltknoxxn Abo the preparations for «lcep—the

xanoasfigencirsm a familiar ennronraent—prob

ably serxe themsehes as inhibitory conditioned

stimuli \ dog for example which has fallen

asleep during prexnous experiments may do the

same when mereh brought into the room where

the experiments have been performed or when
preparations arc being made to repeat them The
customary hour for retiring probably acts abo as

a tune rondilioned stimulus

For a critique of Paxlox s theory «cc Denny

Brown

In fome expenments described by Pavlov the

inhibitory process involved the cortex but did not

descend to subcortical levels governing equilib

num and the po«lural reactions of the skeletal

mu«cles The animal a««umed a trancelike or cata

leptie stale in nbicb mu«cul3r tone was retained

the general attitude being ono of alertne«s II

stood with w-ide-open eyes but was quite unre

spon«ive to all ordinary torms of stimulation

Pavlov looks upon this state as a transition stage

letween wakefulness and deep sleep due to a le^s

widespread diffusion of iheinbibitery proce«s and

<imtlar in nature to hypnosis It is suggested that

during sleep also all cortical areas analyzers as

Pavlov terms them are not nece««arj]y under the

inhibitory influence The alertness of a mother

apparently in deep sleep to the slightest noi^e

made by her baby i« a ca^c in point In such an
instance it is the auditory analyzer or a part of

it which has remained apparently out«ide the

inhibitory influence

These ob«crvat»ons have undoubtedly some
beanQg upon the production of dreams Dreams
are evidently due to cortical activity e“peciaM\ of

the temporal lobes (ch C7) since they involve

vivid memory and the ability to recall and bnng
together various sensory impre'nons It would

seem however that the activity of other regions

pos««cciQg a more entical ability— fJ o=e areas

endowed with a higher analytic and synthesizing

capacity—is in abeyance The illogical uncntical

and often grotesquely absurd character of dreams

IS well known yet the mental pictures are often

drawn with gyeat vividne*s and a stimulus which

ID the waking state would leave little impnnt upon
eon«ciou>ine‘>8 1* sometimes magmfie 1 cnormou'ly

during sleep A* De*carte« say? A flea bit me
and 1 dreamt of a sword cut' Sensation® an*ing
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m the vt’cera, Bucb as those due to hunger, a die

tended stomach or bladder, thirst, ete ,
which

dunng the daj maj cause no more than a passing

thought may give ri«e to dreams filleil with the

most exciting events It has been mentioned that

dreams occur only during light sleep, that is, at a

time when one would expect the internal inhih

itory process to be restricted to the more highly

specialized parts of the analyzers and before it

has spread to involve the entire cortex Dreaming

may therefore be reasonably looked upon as being

dependent upon a state of partial sleep—certain

areas of the cortex being freed from the restraint

which during the day is exercised by more critical

regions

Kleithan’s theory According to Kleitman,

sleep 13 due to the inactivity of the cerebral cor

te\ resulting from a reduction in the number of

afferent impulses, e«pccially from the muscles,

reaching tlic sensonum Fatigue of the neuromus

cular mccltamam roediaUng muscle tone, with

consequent suppression of impulses from muscle

proprioceptors, is considered to be the most im-

portant factor m the onset of sleep According to

this author loss of muscle tone is an mvanabte

prelude to sleep

Idcitnuin claims to have demonstrated a <li

umal variationm the speed, accuracy and stcadi

ness with which certain muscubr acts arc per

formed Tho efficiency of performance wns

ma\imal in the afternoon and minimal late at

night and in the earl> morning It is suggested

that tlie variability is due to a corresponding

rhythm in the tone ol the skeletal musculature

But quite apart from these experiments, many

observations give credence to the theory that

cortical inactivity resulting from the blockage of

afferent impulses is an important element in the

onset of sleep The exclusion of stimuli from vis

ual, auditory and cutaneous receptors and the

diminution of the flow of propnoceptor impulses

as a result of muscular relaxation, are well known

means employed to induce sleep, whereas cortical

actinty, whether from psychic causes—anxiety,

worry, excitement, etc —or as a result of impulses

set up in cxteroceptore or muscle receptors, pre

vents sleep In extreme fatigue when muscle tone

IS presumably at a minimum and the threshold of

other afferent paths also probably raised as well,

sleep comes on irresistibly Kleitman and his as

sociates found that after a prolonged penod of

wakefulness the only way in which they could

keep from falling asleep was by moving abonl, or

at least remaining m a standing or sitting posi

tion Upon lying down and permittmg their mus

•\

cles to relax they were immediately oierpowercd

by sleep

An attempt has been made by Kleitman to

tecoocilc the cortical theories of sleep with the

undoubted fact that the hypothalamus is in some
way concerned m the sleep process

That sleep is not solely dependent upon the

cortex 13 evident from the fact tliat decorticated

dogs show periods of sleep alternating with inter

vals of wakefulness The sleep rhythm in thc«e

amraals is not, however, related m any way with

night and day but consists of a number of shorter

or longer penods throughout the 24 hours The
sleep penods occur most constantly after feeding

Dunng the waking penods the animals walk

around almost incessantly Lower orders in the

ammal scale m which the cortex is rudimentary

and which, in consequence, are unable to develop

a wide vanety of conditioned responses show a

similar sleep rhythm This more primitive sleep

meebantsTn is dependent conceivably upon a cen

ter located at a subcortical level, and most prob

ably in the hypothalamus We may regard it as

presiding over vegetative functions and acting

eoDtmuously to keep the animal asleep unless

inhibited by impulses arising out of the more
pnoutive processes and reactions, e g , hunger,

thirst, cold or distention of the bladder or rectum

The djurnal sleep rhythm, that is, the ability

to keep awake throughout the day, is dependent,

on the other hand, upon the development of con

ditioned reflexes So long as the cortex can bring

its analyzing ability to bear upon the stream of

impulses received from the different distance re

ceptors, muscles, skin, etc , the functions of the

primitive sleep center are held m abeyance With

the spread o! internal inhibition over the cortex,

or as a result of the elimination of stimuli from

the peni^ery, the center asserts itself, and the

subject 13 unable to remain awake The diurnal

sleep rhythm is therefore an acquired phenom

enon—not inborn Infants and very young am
mab do not show it but, like decorticated animals,

have several sleeping penods throughout the day

ThiKe who believe that sleep results from the

udubition of a w along center in the hypothalamus

take a somewhat different view According to

tiiem sleep is a negative rather than a positive

state, that is, it is due to the inactmtv of the wak

iDg center The activity of this center it is con

ceived is mamtamed by impulses receiv ed from

the cortex Cortical function is dependent in turn

ujwn a flow of impulses along vanous afferent

channels
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Reticul-Mi formation The common ob^rva-

tion, noted abo\c bj Klcitman, tint sleep is often

produced bj a rc<Iuc.tion in e\teroccpfuc and

propnoceptivc stimuli lorrcbtcs well witii what

18 know n regarding the reticular formation in the

brain stem Tlus mechanism receives afTerent im-

pulses set up bj vanous forma of external stim

wli (e g , light, sound, touch and pam) as well as

1)3 impulses set into motion b3 muscular tension

Furthermore, tlus mcchani«m when stimulated

b} afferent impul-ts (or electricall3) in turn

arouses or alerts the animal and converts the

electroenceph ilograplue pattern from one char-

acteristic of sleep to that t3pical of the waking

state In addition states resembling sleep arc pro

dueed b3 certain drugs which decrease the ac-

tivntj of the reticular formation

Although it appeare Lkel} that thcactmt3 or

inaetivit3 of the nticular formation arc impor-

tant in tlie production of wakefulne«3 or sleep, it

IS equall) obvnous that many other parts of the

nenous S5stem arc al«o concerned with this phe

nomcnon The peripheral nerv es and the «pinal

cord arc important in bringing afferent impulses

which activate the reticular formation, the cere-

bral cortex 13 the structure which is aroused,

n hereas the diencephalon (the h3'pothal3mus and
the intralaminar nuclei of the thalamus) exercise

an influence on the cortex exactly oppo«ite to that

of the reticular formation
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69
THE CEREBELLUM'

General Structure and Divisions

The cerebellum consiats of a narrow central

body, the temis (or worm) and two lateral masses,

the Tight and lejl eerehellar hemispheres On its

upper surface the demarcation between the vermis

(superior vermis) and the hemispheres ts slight

Upon the under surface the hemispheres are sep

arated by a deep depression—the taffceula, the

fioor of the latter is formed by the inferior surface

of the vermis The inferior aspect of the vermis

(tr^enor termts) consists of four subdivisions,

these are called (in order from the front back

wards) the nodule, uvula, pyramid and tuber On
either side and continuous with the nodule, ts so

elongated, somewhat lobulated structure called

the fioeeulus It should be noted that these gross

subdivisions of the cerebellum are not related to

either the developmental or the functional dm
sions of the cerebellum and are useful only as

descriptive terms

The eerebcllsr surface is not convoluted like

the cerebral cortex but ts divided by parallel and

curved furrows into numerous laminae or folia

(leaves) The total cortical area of the human
cerebellum is about 100,000 sq mm

,
or less than

half that of the cerebral cortex

Although the diviMon of the cerebellum into the

vermis and two hemispheres possesses consider

able descriptive value, comparative nenrologists

(chiefly Bolk, Ingrar, Elliott Smith and Larsell),

have suggested other divisions which possess

greater significance from a phylogenetic and func

tional point of view In liarscll’s description the

cerebellum is divided into two fundamental or

primary parts, (a) the small flocculonodular lobe

or vestibular part, and (b) the corpus cerebeUi

These two parts are separated by a deep fissure

—

the poslerolaleral Assure—which is present in all

vertebrate brains

The floeeulonodular lobe (or archicexebellum)

the most ancient part of the cerebellum, comprises

• Those interested m a more detailed review of

the anatomy of the cerebellum are referred to

Lar«ell, O ,
“The Cerebellum from Mjxinoida to

Man” (In press), Umv of Minnesota Press, and
for physiology and pathology of the cerebellum to
Dow, It S and Moruzsi, G , “The Physiolofff and
Pathology of the Cerebellum’, Umv of Minne
sota Press, hLnneapolis, 1958

the flocculus and the nodule It is developed from
the structures m the region of the vestibular nu
clei The corpus eerebelli, which includes the rest

of the cerebellum, is separated from the flocculo

nodular lobe by the fissura poslerolaleralts, and is

divided by a well marked fissure—the fissura

prtma of Elliot Smith—into a small anterior and
a large posterior lobe The anterior lobe (or paleo

cerebellum) consists of three subdivisions, the

lingula, lobulus centralis and culmen The paste

rtor lobe (or neocerebcllum) includes the lobulus

simplex, declive, tuber, pyramid and uvula, to

gether with the associated parts of the hemi
spheres Oobulus ansiformis and lobulus paramedi

anus, see below) and the paraflocculus (fig 69 1)

In higher forms a fissure appears lo front of the

pyramid, known as the sulcus or fissura prepyra

mtdalts The part of the posterior lobs between
this sulcus behind and the fissura prima in front

IS sometimes referred to as the middle lobe of

logvar (fig 69 1) ,
from the functional view this is

a convenient subdivision The flocculonodular

lobe,* the anterior lobe, and the lobulus simplex,

pyramid, uvala and paraflocculus of the posterior

lobe are the pfaylogenetically old parts of the cere

bellum and are referred to as the arcAieereSeffum

and paleocerebellum The remainder of the cere

bellum, I e , the lateral expansions or hemispheres

(ansiform lobules) declive and tuber (superior

vermis) are late acquisitions, and constitute the

neocerebellum, they correspond to most of Ingvar’s

middle lobe, and appear in phylogenetic develop

ment at about the same time as the cerebral cortex

and the corticospinal tracts, and the pons The
neocerebellum, cerebral cortex and pons are ab

sent or rudimentary in submammahan forms

The paramedian lobule (or tonsil) is a small

compact mass lying on either side of the inferior

vemus The ansifonn lobule, which constitutes a

large proportion of the posterior lobe and forms

the expanded lateral mass of the hemisphere,

reaches its greatest development in the human

brain, its function is concerned with the tonus ad

*The first appearance of a cerebellum, phylo
genetically, is in the primitive fish Pelromy^on
(lamprey), and consists merely of a bndge of ncr

Toua tissue formed by an outgrowth from either

Bide of the medulla which fuse in the midline over

the fourth ventricle This is the forerunner of the

flocculonodular lobe of higher forms

1276
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justments and tl e muscular coordination required
in the performance of skilled movements

IVTERVAl, STBXJCTUBB

When sectioned in the sagittal plane each hemi
sphere of the cerebellum presents a branching cote

of i\ hite matter n hich from its fohagehke appear

ance has been named the arbor ntae The tenni

nal branches of the white matter are covered with

a coating of gra> substance which constitutes

the cerebellar cortex The leaflike structures so

formed are spoken of as folia and are rcspcmsible

for the laminated appearance of the cerebellar

surface (fig 69 2) Unlike the cortex of the cere

brum all areas of the cerebellar cortex show a uni

form histologic structure

Tks Gray Mailer

The cortex Three cell lajers are distin

gmshed

(1) The molecular (or plexiform) layer is outer

most and consists largely of unmjeUnated neixe

fibers derived from (a) the white substance (b)

the cells of the two iinderijung layers and (c) the
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Fig 69 3 Diagram to show structure of cerebellar cortex G, granule cell B, ‘ basket” cell

tells within this lajer itself The cells of tbemolec

ulnrls^erarearrangedinn deep and a superficial

stratum, their a\ona «jnap«e with the ^rkinje
cells, whose dendntes arbonse throughout this

lajer The cells of the superficial stratum are

small, star-shaped and few m number The deep

stratum is compo«cd of larger stellate cells whose
axons run transt ersely in relation to the long axis

of the folium and arborize by means of collaterals

around the bodies of seteral Purkinje cells They
arc referreil to as "basket" cells (see fig 69^)

(2) The intermediale layer of Purktnje (ells The
largi flask shaped bodies of these cells, nbieli are

pt-culiar to the cerebellum, form a lajcr between

the molecular and the granular lajers Their den-

dntes pass outwards through the entire thickness

of the molecular hj er n here thej arborize luvun
antlj The axons of the Purkinje cells enter the

white substance, and end bx svnapsing with cells

in the cerebellar nuclei

Tlie Purkinje cells ha\e been referred to as the

“final common pathw aj ” of the cerebelbr cortex

It IS through these tells that the efferent impulses

of the cerebellum pa«s to the central nuclei of the

cerebellum (dentatus, embohformis. globosus and
fastigii) and thence to other parts of the central

nerv ous sj'stem

(3) The granular layer, which rests upon the

white matter, is tomposetl of small, round, closely

packet! tells, and numerous nerx e filxrs Tlje cells

po-^s four or fne dendrites which end in a tuft

o! braijfj as fJosf* to iho cell hot}\ anii ptmseet

with tho«c of neighboring cells One long process

\

(axon) of each extends into the molecular la\er

where it connects mth the dendrites of a large

number of Purkmje cells Afferent fibers (“moss

fibers,” p 1281) amvnng na the inferior cerebel-

lar peduncles make connections with the granule

cells

The Cerebellar Nuclei

The cerebellum contams on either side four

separate gray masses These are (a) nucleus

fasltgtt (nucleus of the roof), (b) nucleus globosus,

(c) nucleus embohformis, and (d) nucleus dentatus

(Thcnuclei globosusand ejnboliformjs of primatre

are comparable to the nucleus interpositus of

loxxer mammals ) The fir«t three of the«e are phj

It^neticallj older than the nucleus dentatus,

which IS found only in maininals The fastigial

nuclei, which are the most ancient of all, he near

the midbne on either side in the roof of the fourth

ventncle Thej receive fibers from the palcoccrc

bdlum (antenor lobe, pj ramid, uxoila and floccu

loQOduIar lobe), and from the vestibular nuclei

and eighth nenc through the inferior pcdimcle,

thej al*=o project to the xe«tibular nuclei The

gi(W>e and embohform nuclei, which are placed

more laterallj than the roof nuclei receive fibers

chicflj from the antenor lobe Tlie globcee nu-

cleus nl'xj receives fillers from the flocculonodular

lobe Both nuclei project through the supenor pe

iluDtIes to the large celled portion of the n<I nil

eleux The more latelj acquired dentate nucleus,

nJurh as placet] mast htejsV}, is a Lirgc, crenatetl

ma^ of graj matter, bent acutelj upon itself It
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Fio 69 4 Di'i^rum of n lionzontnl faction throiiftli llic ccreliPlliim to ^hou the cerebellar nuclei
(>netted from in front)

rccenM fibers from the riooecnlwllum chioflj

from the Purkinjc cells of the ansiform lobule It

projects through the superior ccrebelbir peduncle

to the celled portion of the red nucleus (and

to some estent nlao to the largo-celled part),

and to the aentrolatcral group of the thalamic

nuclei (fig 6i>4)

The TT /life MoUer, ConnecUons of Uie Ccre6e//Mm

tr?f/i OtJier Paris of the Central Nervous

Sytlein—Ccrcbelfflf Pedunefea

The sdut^ msWex of Jjje js exww

posed of (a) projection fibers i c
,
fibers which

leave or enter the cerebellum «a the peduncles,

(b) association fibers, which connect different re

gions of the same hemisphere, and (e) eommmtirrtl

fibers connecting cortical areas of the two liemi

spheres

Tile flocculonodular lobe maiulj the nodule,

IS connected by both afferent and efferent fibers

(some of which are related in the fastigial and
globose nuclei) with the vestibular nuclei and the

V estibular nerv c The antenor lobes and the ansi

form lobules receive spinocertbellar and ponto

cerebellar fibers, respectiv el^
,
and project tobnm

stem and thalamic nuclei The fibers, afferent and
efferent, connecting the cerebellum with evtra

cerebellar regions are all earned in three largo

bundles called the inferior, middle and superior

cereltellar peduncles

The rvFEKroR feduvcles (rfstiforii bodies)

Its fibers are predonunantlj afferent and eonvej

nonsensorj impulses from the labjTinth, joints

voluntarj muscles and «kjn (tactile) Its constit

uent filler tracts arc (figs 00 2 anil 09 5)

A Afferent (Enlenno) Fibers

(1) Dorsal (po«/crior) spinocerebellar (dtreef

cerebellar) tract The fibers of this tract end in the

cortex of the nnlcnor and posterior lobes of both

sides but mainlj of the same side Some fillers

uI«o end in the nodule

(2) Dorsal external arcuate fibers (p 1193) from

the nuclei gracilo and cimeatus of the sime *i Je

and iJbP lenlral rjttfxnol arruaJp. fibers from ihe

corresponding nuclei of the oppofile side Ihese

filters carry impulses aroused b> tactile stimuli to

the cortex of the paramedian lobule of the po^

Icaor lobe and to the lobuhis simplex of the an

tenor lobe

(3) VesUbulocerelellar tract Srom the vestibular

nuclei of the same side and also directly from the

vestibular nerve Thej pass to the three cerebellar

nuclei (nucleus globosus nucleus embolifomus

and mainly to nuclei fastigii) and are relayed to

the cortex of the flocculonodular lobe and of the

uvula

(4)

Oluocerebellar tract arising in the inferior

olive of the opposite side and to some extent in

the nucleus of the same side the fibers of this tract

end in the cortex of tho«e portions of the vermis

and hemi'pheres constituting the posterior lobe

(5)

rubers of the fifth nerve and possibly of the

ninth and tenth nerves which terminate m the

pyrramid uvula and parafiocculus

Teetocerebellar, from the colliculi of the mid
brain to the cerebellum, the exact course and
termination of this tract is unknown
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fio 60 5 Diagram of chief cerebellar ronneelions Afferent filers black efferent fibers red R V
red ! uciciis D N dentate nucleus t fastigisl nucleus N P pontine nuclei \ N vestibular
nucleus N C ( nuclei cuneatus and Rracilis SG cell of Scarpa s ganglion CC Clarke a column
fjorsal nucleus) 1 dentato nibro tbaJaniic trad J* dentatotbalamic fibers nhich pass through the red
nucleus 2 cerebellorubral tract 3 frontopontine tract 4 rubrospinal tract 5 ventral (ind rect) spino
cerebellar tract 6 faatigiovestibular tract 6* fastigiobuibar tract 7, external arcuate fibers passing
fromN CG tocerebclum fi fasciculi gracilis and cuneatus 9 vestibulospinal tract 10 dorsal (direct)

spinocerebellar tract

B Efferent (Leaving) Fibers

(1) Fasligidiulbar (or cerebelloiestibular) (rad

Tlus is a pathway from the flocculonodular lobe

and the roof nucleus to the vestibular nuclei

and tbe reticular formation of the medulla Im
pulses are related from tbe medulla no (i) the

reticulospinal and the vestibulospinal traets to

the spinal centers and (ii) the medial longitudinal

fasciculus to the nuclei of the ocular nerves and

into the anterior ground bundle of the cord

O Cerebello oliiary tract to the inferior olives

of both aides The latter may be connected with

the spinal cente« through the olivospinal tracts

(p 1196)

Toe utDDLE PEDUNCLES (BfucHiA poNTis) are

also mainly afferent Each contains
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(a) fibers -ahich arise from cells of the pontino

ouclci and end in the cortex of the posterior cere

bcllar lobe (declive, tuber, and the aoMforro and
paramedian lobules) of the opposite side, but also

ID smaller numbers jn the homolatcral hemisphere

and \ermi« These fibers constitute the secondary

neurons of the eorheopontine tract*, particularly

the /roniaponljne-cerelcllar tracts (b) fibers which

pass from the cerebellar nuclei to the hemisphere

of the opposite side (see fig 69 5)

The sm'FmoB peduncles (BiiAcmA comunc
Wae) enter into tlie formation of the upper part

of the roof of the fourth ^ cntricle and plunge into

the midbram just beneath the infcnor eolhculi

The supenor cerebelLir peduncle contains both

efferent and afferent fibers but is compo*^ pre

dommanth of the former It is through tlie eu

penor peduncle that the ccrcbellurn exerts its

mam influence upon the cerebral cortex and upon

voluntarj mosement

A The ejfcrcftl fiherf ari'c chiefly from the

dentate nucleus but a few are also denved from the

nuclei gIobo*us and emboliformis The Purkioje

cells of the cerebellar cortex constitute the pn
tnarj neurons of them paths Tho fibers decussate

in the nudbrain with those of the opposite side

and then divide into an ascending and a descend

ing group

(f) The ofeendtngfibera pa<s (a] directly to the

lateral ventral nucleus of the thalamus where the

impulses are related to areas 4 and 6 of the cere

bral cortex, (b) from the dentate nucleus to the
email celled nucleus (n partoeellutam) of (he red

nucleus, and from the globo«e and emboliform
nuclei to the large-celled nucleus (n majpioccffu

farts) The impulses reaching the email celled

nucleus (from dentate nucleus) are relayed eta the

rubrothalamic tract to areas 4 and 6 of (be cere

bral cortex

It will be noted that the ascending fibers coq
nect one cerebellar hemisphere with the red nu
cleu<s thalamus and cerebral cortex of the opposite

side but as a result of the crossing of the nibro
spinal and corticospinal and corticobulbar tracts

each cerebellar hemisphere is ultimately connected

with the same side of the brain stem and spinal

cord

(S) The descending fibers terminate around cells

of the reticular formation of the pons, medulla
and cervical cord

B The afferent fliers of the supenor cerebellar

penduncle ore

(1) The ventral (indirect) spinocerebellar tract

This ascends through the spinal cord the medulla

oblongata and pons and, reaching the upper level

of the latter turns backwards, arches over the

pBuhnroV, emVnr t'Ar mriWrui" anjidsdlny' stahur.

and pa««c* within this to the cerebellum The
fibers cnil m the cortex of the anterior lobe mainly
of the same side

(f) The leetocereheilar tract compo''cd of fibers

which originate in the superior colliculus It prob
ably conveys retinal impulses and so constitutes a

pathway for visnoccrcbcllar reflexes

Afferent-efferent (eerehro cerehtUo-cerchrat) ctr

euit Tins consisU of fibers (frontopontine) from

firc3s4 node of Ihp precentral motor cortex to the

pontine nuclei, and from the latter through the

opposite nudillc ecrcbelhr peduncle to the cere

bcllar cortex Tlie activity of the ccrebcii ir cortex

la finalK renterc*! in the. Piitlmie cells Tlicir im

from this nuclcvia (de«cnbed on p 1278) lofljlic

superior po«liincle_to thcjiraja-giem. vOieyo they

cross to the red nucleus of th^ pppfwiti -side

thuico to the laternl vmtral flieJhal

amus, w)mnce they return to 4-anfLG-Af the

fortex . flirough these patJw a steadying

action IS exerted upon voluntary movements m
itrntod through the precentral motor cortex.

Tlic fillers reaching the cerebellar cortex no the

peduncles ire of two mam types (a) mosafibert’

which end m mosslike appendages around the

ccUs of the granular by cr (fig C9 3) and (b) cfirnt*

tng fibera, which pass outward to the molecubr

by er, here they p\ c off collatcrab resembling the

tendrils of a vine which appear to cling to the

arboniations of the Purkinje cells According to

Cajal the chmbing fibers arc denved from the

vesljbubr and pontine nuclei, whereas the direct

epinoccrebeliar sad oUv ocerebcUar tracts are eon

stitutcdof moss fibers Through their connections

wiOi the cells of the granubr by er each mo«s fiber

IS connected mdiroctly with a brge number of

Purkinje cells, whereas a chmbmg fiber is m com
mumcalion with only one or two Purkinje cells

In the foregoing paragraphs the anatomical

coimections of the cerebellum have lieen outlined

as far as they are known at the present time Over

these many pathway's a multitude of afferent im

pulses bnng information to the cerebellum These

different typfs of afferent impulses are distributed

vanously to the different lobes of the cerebellum

Thus the vestibubr impulses concerned with the

portion of the body in sjiace jmas brgely to the

flocculonodular Jobe, with some going to other

parts of the cerebellum

The impulses from the spinal cord pass over the

dcH^l and ventral spinocerebellar pathways and

the posterior columns (fasciculi gracilis and eu

aestas) pscticr^iis Ah? sstentrr
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bear proprioceptive impulses from muscles joints

and tendons to the cerebellum and in vnew of this

organs predominant preoccupation mth the re

gulation of reflex muscular activitj this is as one

would anticipate But in addition impulses of

tactile ongin arrive in large numbers in both the

antenor lobe and in the cortex of the ncoccre

bcllum or postenor lobe Furtliermore there is a
strict topographic locahzation of the termination

of these impulses The tactile area of the ante

nor lobe lies near the midline with each side of

the bod\ represented ipsilaterallv The impulses

from the lower extremitj arc received more ante

riorlj those from the upper extremitj farther

back and those from the face most postenorly

Tactile impulses are received in the neocerebellum

on either "ide of the vermis Here the face is rep

resented most anteriorly then the upper e\

tremitj and finallj the loner extremitj just the

reverse of the representation in the antenor lobe

It IS doubtless significant that there are both af

ft rent and efferent connections between these

same areas of the neocerebellum and the pre and

postcentral gjn of the cerebral cortex Although

there is no evidence that the cerebellum is in any
waj concerned with the consnoas perception of

tactile or other external stimuli such a possibility

cannot be excluded The significance of the amv al

of these tactile impulses in the cerebellum and of

the connection of the same areas of the cerebellum

with the sensory areas (postcentral) of the cere

bral cortex are not understood at the present time

The cerebellum al«o receives afferent impulses

produced bj visual and auditory stimuli and is

connected with the cortical centers nib«crviDg

niditorj and VTSual functions The auditoiy ain|

nstial center of the cerebellum occupies the mid

lino at the junction of the anterior and posterior

lobes Thus auchtorj visual area overlaps the

face area of the tactile center in the cortex of

the antenor lobe Again the significance of the«c

connections is not fully understood

As w c hav c indicated abov e there arc manj af

fermt connections from the cerebral cortex to the

cerebellum Those from the precentral motor cor

tex which are verj numerous are easilj under

stood Thev are c«senttal for the cerebellums

prominent role in the regulation of mov ement and

thej pass predommantlj' to the neocerebellum

Tie other tonnectioas arc with the postcentral

gjTUs the auditorv cortex in Heschl s gjnis ami

the visual cortex along the calcarine fi«sure It is

also interesting and doultlc^-s verj significant

that the connections between all of the«t areas of

the cerebral and cerebellar cortices are circular

ones I e each areji of the cerebral cortex projects

to a localised area of cerebellar cortex and the

latter jn turn projects back to the same cerebral

area

In adihtion to tlie prominent v estibular connec

tions from the brain stem the cerebellum also has

extea«ive connections with other nuclear struc

tures m the midbrain pons and bulb Probably

thcmostimportantof these otherthanthevestib

olar nuclei is the reticular formation This im
portant part of the brain «tem has both afferent

and efferent connections with all lobes of the cere

bcllum There are also cxtcnsiv e connections w ith

the red nucleus the nuclei of the fifth cranial

nerve and with the inferior olive Through the«c

the certbcllum is able to exert its great influence

over the control of muscular tone postural re

flexes righting reflexes and even over the y fibers

and the innervation of the intrafusal fibers of the

skeletal muscles It has been demonstrated that

the cerebellum is also capable of exerting a con

trolling influence over various visceral and vaso-

motor phenomenon as well

The ExpeTimentsl St«d>

of the Cerebellum

Effects, of Excisjox of toe Cerebellvu a?>d

OF Sectiov of the Pemptclfs

The earliest experiments upon the cerebellum

were performed by Rolando (1809) and the

French neurologist Flourcns (1822) The latter

removed the cerebellum of pigeons in which he

observed as a result of the ablation grave dis

turbances of eqmhbrium and abnormal jwstiircs

of the wings neck and limbs bucjanr rnthelatw

part of the 19th centurj, carried out cerebellar

ablations upon dogs and observed three cardinal

effects (a) mu'cular weakne.'S or a«</enta (b) a

reduction in muscle tone, which he called atonia

(really hypotonia) and (c) unsteafhness of vol

untarj movement to which he gave the name

astana These defects which uppcarwl about a

month after the operation gave rise to a coarse

jerky tremor when an attempt was made to jier

form anv voluntarj act

Disequilibrium due to the removal of the ves

tibularimpubes which is readilv demonstrated in

monkejs causes a staggering reeling drunken

like gait The animal—dog or roonkej—stands

With bmbs spreail in order to provide a broad

base swajs from side to 'idt with oscillations of

tbe bead
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Another chanctcnstic s^Tiiptom of cerebellar

ablation, and which is al«o seen with lesions of the

cerebcUum m man, is (fj/fmclno—the mabihlj to

pugc the strength or duration of the muscular

contraction required to execute a certain \olun

tary act For example, if the arm reaches for an

object it ma) overshoot the mark (fci/permc/no)

or fall short of it {hypometrxa)

The effect of the cerebellum upon muscular

tone and muscular reflexes \ arica wnth the ammal
concerned In the cat and dog the anterior lol)C

forms a Urge part of the cerebellum In these an

imaU excision of the anterior lobe gives n^o to a
state of increaseti mu«cuUr tone similar to de

cerebrate rigiditj and if decerebrate ngiditj lias

already been produced abbtion of this portion of

the cerebellum will increase the alreaclj existing

ngiditj On the other hand stimulation of the an
tenor lobe of the cerebellum will cause the ngid

itj characteristic of the decerebrate state to relax

From this tvadence it lias been concludeil that

the antenor lobe of the ecrebellum is concerned

wath the inhibition of the stretch reflexes and the

postural reflexes of the skeletal musculature Ccr
tamlj this 13 an important part of the function

of this part of tlic cerebellum ui the«o amnuls
hut it has now been shown that stimulation of

the cortex of the anterior lobe and of the fastigial

nuclei to which it projects can produce both m
lubition and enhanecineat of niuecular ngidilj

It thus appears that the antenor lobe of the

cerebellum is an organ for the regtclaltejn of mus
eular tone rather than raerel} an inhibitor of

reflexmuscularactivjt} It«>bouId bcDoted.how
ever, that these effects upon muscubr tone and
muscular reflexes are most marked m the carm
vores They are much less pronounced in sub-

human primates and still less so in man In fact,

nothing resembUng decerebrate ngidit} or en
hancement of pre-existing ngidity has ever been

reported as the result of a cerebellar lesion in man
In human beings if there is any alteration in mus
cular tone as the result of a cerebellar lesion it is

in the direction of a decrease The involved ex

tremities tend to become flaccid or hypotonic and
tendon reflexes may become pendular

Unxlaieral destruction or damage of the cere

helium causes a reduction m tone of the muscles

of the same side and a tendency to fall to that

side

Section of the pedunclee Section of all six pe-

duncles causes effects identical with those of com
plete decerebellation, and division of the three of

one side results in effects described for unilateral

ablution In the chimpanzee, asrjnergia, hypo

tonia, eoiif faltgabthlj and a coarse tremor appear

on the same side as the section ‘^cicrance of one

supenor pciluncle causes at first defects some
what Similar although less sev ere tlian tho«e fol

lowing unilateral section of all three jjeiluncles

and 18 bter compensated for through those which

have been left intact Little is known with resjject

to Uic disabilities followmg section of one or both

middle pcdunclts A lesion inteniptmg the fibers

of the inferior peduncles cau'ps mamlj equibbra

tor> disturbances (due to division of vestibular

coonecltons), and ataxia as a result of the inter

ruption of spinocLrcbcllar fibers Compensation

through the intact corebollum tends to occur

later, "o tliat the effects become progrcssiv elj less

‘severe

Even after unilateral section of the three pe

dunclos compcn>5ation is brought about after a

time through the remaining half of the cerebellum

and through the frontal lolxjs (Botteroll and Ful

ton)

Tlie oxpcnmtnt? of Anng and Fulton indicate

that the nervous mcciiaDism involved m the pro

duction of cercbelbr tremor lies in the excitable

part of the cerebral cortex (area 4 and the upper

part of area 6) remov al of thc<« areas after con

tralaCcraJ section of the cerebellar peduncles abol

ishexi the tremor Large parts of the cortex of the

cerebellum can be removed with little permanent

neurologic deficit so long as all of the cortex of

one hemisphere is not remoicd On the other

hand damage to the central nuclei or the cere

belbr pciluncles produces much more severe and

lasting disturbances

STIUOL.XTION OF THE CeUESELLUM

EIcctncal stimulation of the cerebellum, both

of the cortex and of the central nuclei, has sup

phed rclativ eb httle information concerning the

functions of this important structure Tlie results

are far less than those produced bj stimulation

of the precentral motor cortex of the cerebral

hemispheres This is rather surpnsmg in vaew of

the fact that the Cerebellum is pnmanly con

cemed with muscular activities In general the

responses to stimulation of both the cerebellar

cortex and the nuclei are slow and tome m char

acter Thej are also diffuse and complex m con

trast with the well localized discrete mov ements

which can be obtained bj stimulating the pre*

centralgyrus Itisalsocommontoobtaindiphasic

re^ionses, i e one tjTie of re<pon‘=e dunog stimu

latiOQ wluch IS followed b> an opposite tvjie of
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response after the stimulation has ceased Man}
of the responses concern movements of the eyes

toward the same side as that to which the stimu

lus IS applied, or a movement of the eyes to a
position in which they gaze forward If there is a
“rebound” response following the terminabon of

stimulation the e> es turn toward the side opposite

that on which the stimulus is apphed Such move-

ments of the eyes may or may not be associated

with similar movements of the head either to Uie

side or straight ahead Stimulation may give nse

to movements involving tlie head, extremitica,

trunk and tail in the long axis of the body pro

ducing a concavity of the body on the side stimu-

lated Stimulation of the cortex of the anterior

lobe and of the fastigial and globose nuclei some

times causes flexion of the ipsilateral limbs and

extension of the contralateral ones It is mterest

ing to note that most responses are obtained by
stimulating the anterior lobe and the fastigial and

globose nuclei Stimulation of the postenor lobe

or neoccrebellum or of the dentate or emboliform

nuclei la far lees effects e Tins is surprising m
view of the fact that the«e latter structures are the

ones connected with the precentral motor cortex

and primarily concerned with the regulation and

integration of voluntarj muscular actmty

Localualion in Cerebellar Cortex

In recent jears representation m the cerebel

lum, afferent and efferent, hai e been shown to be

much more circutnscnbcd than had been sup

po«ed Yet, even so, localiration has not been

found to be as precisely discrete as m certain

regions of the cerebral cortex, e g ,
in the motor

area Owing to the double crossing of the pathway

for impulses from the cerebellum, as they ascend

in the midbram (dentatorubml tract) and as they

descend to the spinal cord (nibro^inal tract),

each half of the cerebellum exerts its influence

mamly on the musculature of the same side of

the body

Fiq 69 6 Spinocerebellar receiving areas for

hind limb, fore limb and fare (vibnssae) in the
cat as determined by the method of evoked poten
tials (From Adrian)

Representation m the cerebellar cortex of so

matic reccpti\'e areas has been studied by Dow,
by Snider and his associates, and by Adrian by

means of the method of evokeil potentials Adnan
recorded the potentials evoked in the cortex of the

antenoT lobe of cats and monkeys by means of a

fine wire electrode inserted beneath the surface

Various areas over the limbs and face w ere stimu

lated by touch, pressure, joint moiement, or

stretching of muscles (fig 69 6)

The representation in the anterior lobe of the

different somatic areas is m rexerse order Tliat

it to say, the hindlimb area is placed anteriorly

to the areas for the /orehmbs and face Thus,

stimulation of the hindlimb evoked potentials

from the lohulus centralis and an anterior stnp

of the culmen, stimulation of the forelimb induced

responses from the remainder of the culmen, and

stimulation of the face (vibnssae in cat) from the

lobulus simplex The spinocerebellar impulses

from the tail are probably received by the most

anteriorly situated part of the antenor lobe,

namely, in the hngula ’ An even, more precise

localization was mapped out within these areas,

in the area for the bindlimh, the foot is in front

of the knee and the kneem front of the thigh
,
in

the forehrab representation the shoulder is in

front of the wrist, with the wrist and hand fol

lowing in corresponding order

Potentials were also evoked from the antenor

lobe by stimulation (electncal or local appUcation

of strychnine) of the motor area of the cerebral

cortex, 1 c , by causmg a discharge over cortico-

poutine and pontocerebellar pathways The an

tenor part of tlie precentral motor cortex (area 6)

pixyects to the lateral .nart of the neocerebellum,

where the postenor part (area 4) projects to more

medial structures in both the antenor and poa

tenor lobes Most of this cerebro cerebellar pro-

jection IS crossed but some of it is to the ipsilateral

cerebellar hemisphere The projections of area 4

to the cerebellar cortex correspond closely with

Uie termination of tactile impulses The topo-

graphic representation of the face, arm and leg of

impulses from the precentral motor cortex fol

lowed the same pattern as that for tactile im

pulses In the antenor lobe the “leg” area lies

most anteriorly and the “face” area most pos

tcnorly In the postenor lobe the reverse is

true Stimulation of the caudate nucleus will

evoke alterations in electncal potentials m the

posterior lobe

* In the giraffe the lobulus simplex is greatly

enlarged, and in monkeys with a prehensile tad

the lingula is elongated
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Impiil'ts from the luuhtorj •xml msu iIb^ stems,

from till, olfiictorj bulbs and from the \ »gj sre

al«o ion\ ej ed to the ccrclxllum bound, or fUslies

of light, c\ohe potentnU from an arc'x co\enug

the lobulus simple\, dcclixe and tuber, and e\

tending latcrnllj mto the ansiform lolmle Tlic

xnsu-il impulses are rclaj ed to the cerebellum from

the superior colliculus, the nuditor> from Iht

inferior colliculus Tlie tcctocerihollar tracts prob

abli proxide the pathwat'a for these impulses

The auditorj and \ i«u xl cortices project to the

same anas

From ablation e\pcnmcnts topographical 1o

caluation similar m character to that desenbeel

above for the Bpinorcrcbcllar and corticopontine

cerebellar sj-stems has boon demonstrated for tlie

efferent side The tail muscles are represented in

the Imguh, the muscles for the limdhmbs in the

lobulus centralis, the forclimb mu'^clcs in the cul

men, and tlie ccmcal and facial muscles m the

lobulus simpIcN Rcprc«entation of the hnib^ m
the middle lobe of Ingvar (ansiform lobule, dechx c

and tuber) has not been demonstrated, but from
tlie nhtivelj enormous sire of this part of the

circbellum in higher mammals and from the fact

that it (ansiform lobule) is the chief rcccmng
station for corticopontocerebcllinmpulses, it can

not bo doubted that it is of paramount importance
m volitional moacment
The fiocatlonodular lobe, through its \eslibular

connections is concerned wath cquihbratory func

tion, sexere disturbances of balance resulting from
Its ablation Ablation of thenodulc m dogs confers

complete imrauiul> to motion sickness (Bard and
associates Removal of no other part of the

cerebellum or of the cerebral cortex has this

protectixe action (ch 64) Ablation of the nodu/e

and jToccufus (flocculonodular lobe, p 1276

1277) in monkejs or of the iiodule and part of

the uvula (Dow) wlucli causes injury to vestibular

paths, IS followed by pronounced disturbances of

balance In man a lesion of this part of the xennis
15 also associated mth disturbances of equilibrium

Removal of tlie nodule alone in monkeys js fol

lowed bj ostilUtiOD of the head and neck (and,
in some instances of the whole trunk) falling

backwards and an unsteady gait with the ex
tremities spread widely apart to provide a broader
and thus more certain base

The functions of the uvula are largely obscure,
its destruction alone is follow ed by some transient

disturbance of equilibrium Very bttle is known
of the function of the pyramid, although it apiieare

to be concerned in some w ay « ith vision or eje
moxement Its excision causes no defect of ba!

Tin CO 7 Subdivisions of pontocerebellar re

cetving area in the monke> showing their eon
nection with different parN of the motor cortex
(From Adrian

)

ance Ablation of the pjramid in the monkej

results m an mabihtx to halt its forward progres

Sion m time to prex cut it from crashing mto «omc

olistaclc Faradic stimulation of the pyramid

elicits an upw ord movcmi nt of the e> cs and Ful

ton suggests from this fact and tlic preceding ob

scrxation tlie possibiht> of the pjramid being

concemwl m some waj with the integration of

propnoccptixc impulses essential m judging dis

tance

Summary of Functional Locah^ahon

(1) All cerebellar activities afferent and effer

ent, are earned out beneath consciousness

(2) In Die antenor lobe are represented in regu

lar order Uic various receptive and muscular re

gions of the bodj It is concerned mainly with

the adjustments of muscle tone and synergic ac

tion necessary for posture in subpnmate mam
mals, but appears to be much less important in

pneuates

(3) The posterior lobe (middle lobe of Ingx ar)

(neoccrebellum) is the chief receptne region for

corticopontocerebellar tracts It is roost bighlj

dex^elopcd in the primates It is concerned with

the int^ration and regulation of well coordi

nated muscular activities

(4) The flocculonodular lobe, the most ancient

part of the cerebellum, is intimatelj connected

with the xestibular apparatus both through the

vestibular nuclei and directly by fibers from the

vratibular nerxe and therefore constitutes an im
portant part of the neural mechanisms underijmg
equilibrator^ function

(5) The functions of the uvula and pj ramid are

little knowTi, although the latter prolxiblj has to
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do with eve movements and the former, to a
minor degree, with equihbnum

Geveral SmiitARY of Cerebellar FxrscnoN

The cerebellum is concerned primarily with the

regulation of muscular activity It does not imti

ate movement and its removal docs not result m
paraljsis but it does coordinate the various mus
cles concerned in anj given act to produce

smooth, efficient moiement I^Tien the precentral

motor cortex mitntes a loluntary movement it

simultaneously ‘ informs” the cerebellum over

the frontopontocercbellar pathway The cerebel

lura has also been ‘ informed ’ regarding the posi

tion of the body in space over the vestibuloccre

bellar connections, of the position of the muscles

and of the trunk and extremities over the spioo-

cerebelhr pathwajs and of the contact of the body
with other structures by means of tactile impulses

The cerebellum is then able to regulate reflexes

and the contraction or relaxation of the various

muscles concerned by means of its connections

with the precentral motor cortex, the reticular

formation the vestibular nuclei and perhaps the

inferior olive Beevor has classified the muscles

concerned in voluntary muscular activity as fol

lows

(a) Prime movers or aoovists, those whose

contraction is essentiallj responsible for the move
ment of the part

(b) Avtagovists, those which oppose the prime

movers

(c) Stnergists, those which assist the prime

movers and reduce unnecessarj movements to a

minimum
(d) Fixation muscles, those whose contrac

tion causes the fixation of the neighbonog joints

and maintains the lunb or body in a position sp
propnate for carrying out the particular move
ment

Normall} these muscle groups act as a umt
The contraction of the prime mover, e g , the

biceps, 13 accompanied by inhibition of Uie con

traction of its antagonist, i e
,
the triceps The

reciprocal inhibition however, is not absolute,

the antagonistic muscle as shown by Tilnej and

Pike, giv'es a cotnadent but weaker contraction,

and thus serves the function of a ‘ brake” or

“snubber” to check the action of the agomst At

the same time the fixation muscles of the neigh

bormg joint contract, thus enabling the agonist

to exert its force with a mimmum of waste effort

Anj increase in the force of contraction of the

agonist IS accompanied bj a corresponding rise in

tone of its opponent (antagonist) Also, tlie mus
ides of fixation and the synergists contract more
povverfuliy as the contraction of the prime

movers increases, whereas groups of fixation mus
acles and synergists, w hich in a weaker mox ement
rcmam quiescent, may be called into play To
give an example, when the fingers are closed with

moderate force the only fixation muscles which

show activnty are the extensors of the wnst

When, however, the fist is clenched forcibly, mus
cles of the elbow and even those of the shoulder

4N>ntract to fix these joints Through such action

between the various muscles taking part in a

gixen act, smoothness and steadiness of moxe
moot are ensured and muscular force thereby

economized After destruction of the cerebellum

these nice cooperative actions are lost Tlie a«j

ne^ia results in jerkiness, overaction and imper

feet muscular control (ataxia) * The force of a

given muscular movement is not graded with

precision for the work to be done, but* ovcrelioots

the mark ” This led Babinski to suggest origi-

nally, that cerebellar activity (through the cer

ebral cortex) served as a * brake" to check, such

a tendency, that is to overcome the inertia of

the moving part

It has also been shown that the cerebellum

exerts some controlling or regulatory influence

over various visceral and v’asomotor phenomena

This influence does not appear to be great The
possibilitj exists that the cerebellum ma> exert

some control over the perception of stimuli but

this has never been conclusively demonstrated

There is evidence that the cerebellum like the

reticular formation, exerts some influence over

the y motomeurons and thus over the mu«cle

spmdlcs which are propnoceptive end organs

The Manifestations of

Cerebellar Disease

The signs of cerebellar disease are much more

pronounced in acute lesions, e g ,
abscess, hemor

rhsge or trauma, than in those, e g ,
tumor, w hich

develop more graduallj In slowly developing

leaioDS or after the subsidence of acute cerebellar

disease a certain degree of compensation for the

cerebellar defect alwaj-s occurs The majority of

the signs of cerebellar disease are the result funda

mcntali^ of asjmergia of the voluntarj muscles

* Holmes denies that the cerebellum exerts any
specific function in respect to the distribution of

tone among various muscles acting sjnergically

Xbe steadjing action which tonic muscles nor

isalfy exert over then aniagoaista >s absent in

cerebellar disease but Holmes maintains that tbis

IS due merely to the general hypotonicity
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\ccorthog to Holmes the chief fnturrs of tea*-

bellar lesions are (1) Aypo^ania, (2) asthenia, Ja

i\qahiliiij and tloxcness of movement, (3) tremor,

(4) ojyncTffio, (5) tfccompost/ion of tnoremcnf, (6)

(?i/»mcfna, (7) refeonnd p/imomcnon, (8) adxodo

dwhnesis, (0) icrtifloandpcst poiniinj, (10) dmo
Uon of the eyes and nystagmus, (1 1) attitude and

gait, (12) disturbances of speech, (13) refiezes

HrpoTOMA Tills 13 usuaHj a prominent fea

turc m acute cerebellar lesions The muscles arc

flabbj The limbs for this reason assume unnat

Ural attitudes and can be mQ\cd passu cl^ into

positions of CNlremc flexion or extension The cx

treraities flop about nhen shaken ^ugorouslj and,

if Uio patient issuddenlj rotated when standing,

the arms swing loo'clj from the shoulders

AsTHEVIA, TATIGAniUTT A^D BtowNrss or
MOVEMEXT The muscles on the affected side are

defimteU weakened and tire easili The com
mcneement of anj \oluntarj EDO\emfnt is dc

lajed, and both contraction and relaxation pliases

are abnorraallj slow Neither hypotonia nor as

theuia are notable features in chronic lesions

Some also question whether weakness vs a mam
Testation of cerebellar deficit, but Holmes con

siders it to be due to m\ oU oment of the cerebellar

nudcL

Tnaion This is a coanc im oluntarj rfij^him

cal oscillation which supen enes upon ani attempt

at voluntary movement (infenfion tremor), or

nhen the muscles are engaged in maintaining a
steady posture (static tremor), as in holding the

head erect on the arms outstretched Removal of

the precentral gyrus will abolish euch a tremor
This probably js due to the destruction of the

corticospiaal fibers which anse there

Astneroia It should bo pomted out that this

term os used b> Holmes has a much more re

stneted meamng than that which is usuallj gi>cn

to it This observer applied the term espeaally

to the asjTichronism obserxed between the nc

tions of the fixation muscles and the prune

mol ers, as well as to the lack of cooperation which

normally exists between the muscles of the limbs,

trunk and neck during walking and standing, and
other acts necessitating jiostural adjustments of

the various members of the body against gravitj

Tor example, when the patient is asked to clench

his fist, the extensors w'hich normallj fix the wnst
as the fingers are flexed, either contract to earlj

,

and so o\er-extcnd the joint, or too late In the

latter event the wrist is flexed as the fist clo^
Also, the patient maj fall when he throws his

head back owing to his failure to flex his knees,

and so mamtam his center of grant} o>er his

base Similar!} when he attempts to sit upon a
low stool he ma} fall backwards because he can
not at the same time flex his trunk at tiie hips

Dccoiiposmos of stomsiEvr The patient

“breaks down” a gi\en moxeraent into its parts

When, for example, he is asked, as he lies m bed,

to extend his arm xcrticall}, and then to touch

his nose mth his forefinger, the latter movement
IS not performed natural!} by simultaneous!}

lowering the arm and bending the elbow Tlie ex

tended arm is first lowered to the side, not until

this position is reached is the elbow flexed and

the finger brought to the no«e

DYssiETniA IS the lack of abibt) to adjust the

force of the contraction neces«ary for the aecom
plishmcnt of a gi\ en act For example, w hen asked

to touch a point with his finger the patient over-

shoots the mark or, less commonly, fails to reach

it D}smetna m a lower hmb may be demon
stmted b} Uie heel to knee test, when tlic patient,

while recumbent, js directed to rest the heel of

the affected side upon the opposite knee he brings

it in contact with the thigh or with the leg below

the knee D} smetna is another manifestation of

the goneml lack of sjuergic muscular control

Reboitsd ?^ESOME^o^ If the patient is asked

toattempl a mov cmrnt against aresistanre which
JS then sudden!} remoi ed, thehmb moi ea forcibl}

m the direction towards which the effort was

made For example, if the observer holds the

wnst of the patient, then asks hun to bend the

elbow, and, while he is making the effort, the

forearm is suddcnl} released, flexion, of the arm

occurs with an unusual degree of force This re

bound phenomenon can be attributed to the ab

scDce of the ‘ braking ’ action (p 12S6) of the

antagonistic muscles

AdiadOchoeikesis (a » privative, diadocho

*• succession, kinesis = movement) is the name
given by Babinski to the inabihtj to execute al

temating movements rapidly, e g , pronation and

supination of the forearm, or flexion and exten

Sion of the fingers

Past PoivnxoArfDVEBTico(p 1181) tVbenthe

patient with his e} es closed is asked to raise the

arm of the affected side and to touch a presenbed

mark, the arm deviates outwards, rarely inwards

When directed to mov e the fingerm the horizontal

plane and touch the mark the arm in some cases,

deviates upwards, m others downwards Vertigo,

the sensation that the envnronment is rotating, is

not a symptom of cerebellar disease but of in

xolvement of the vestibular nuclei or of the laby

noth in the inner ear

DEVIATIOV of the ETES AVU VrsTAGilES. In
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in aputo unilateral Ic«ion there maj be conjugate

litmtion of the etes to the uninjured side In all

probjbihtj this is the result of involvement of

or pressure on the brain stem and not of the cere-

bellar jDvohcment per se \M)cn the patient is

asked to look at an object m front of him the

ejes move into position but then slonlj deviate

again to the uninjured side, after full deviation

the ejes may return again to the central position

with a sharp jerk The'^e alternate honzontat

movements occur ripcatcdlj and are known as

njstagmus (p 1179) Althoughnodeviationofthe

ejes is evident, njstagmus can somebmes be

demonstrated in a patient with a cerebellar lesion

when he is asked to turn his ejes towards either

the injured or the uninjured side, the ejes are

mov ed m the direction indicated and then deviate

slowlj towards the midlme, only to be returned

m a senes of jerks toward the point m which he

IS attempting to look The nj stagmus is due to

injurj of vcsbbulocerebeUar paths {«ce also p
1279)

Skew deviation of the eves is sometimes ob
served with acute cerebellar disease but is prob

ably the result of involvement of the brain stem

ArniuDE AND QviT Cerebellar disease some

times results in abnormal attitudes Tlie trunk

maj be concave towards the affected side and

sometimes rotated with the affected shoulder ad
vanced Rotation of the head with the chin to-

wards the sound side, and flexed towards the

shoulder of the affected side is not uncommonly

seen in unilateral cerebellar disease (This attitude

IS probablj due to an associated lesion of the

vestibular paths in the brain stem ) In standing

the body is inclined towards the side of the lesion

and tends to fall to that side Falling backwards

or forwards maj occur (espcciallj in lesions of

the vermis) The abnormal attitudes of the bmbs
resulting from the muscular hjpotonicity when

this IS present, have been mentioned

ITie gait IS often staggenng, reehng or lurching

m character The patient's line of travel is not

straight but tends to be curved, the deviation is

towards the affected side ^tTien he is able to see

his waj he attempts to correct Ins tendency to

deviate to one side by bnnging himself back from

tune to tune to his intended line of travel Thus

he follows a zig zag course to his objective The

movements of the lower limbs are ataxic, thej

are often thrown about m an awkward, uncon-

trolled manner Tlie upper extremitj on the

affected side does not swing as the patient walks

as does the normal one

Disturb VNCFs of spelch are due to osjuergia

of the muscles of phonation and articulation It is

seen most freqnentlv with diffuse degenerative

lesions rather than w ith localized ones TTie speech

inaj be drawling, scanning, singsong or explo«ive

in type

Tiie reflexes The cutaneous reflexes are

norma! and the deep reflexes, with the exception

of the knee jerk, show as a rule no marked depar

turc from the normal The knee jerk is not un
commonly pendular in character That is to saj

,

when the leg is hanging free a tap on the patellar

tendon causes a slower, less brisk response tlian

normal, but one of greater amplitude Also, un
like the response of the sound side, the return

excursion of the leg is not arrested when, as a

result of the influence of gravitj, it reaches the

resting position, but swings bejond Several to

and fro movements follow before the hmb finallj

comes to rest This behavior is evidentlj due to

the hjpotonicitj of the flexor and extcn«or mus
clos and thus to a bek of the restraining effect

which they normallj exert upon one another to

prevent exaggerated excursions of the limb in

either direction

Muscle sense and other forms of sensation are

unaffected in cerebelbr disease The following arc

the pnncipal tj pes of cercljclbr lesion (1) tumor,

(2) <Asct$s, (3) tnjury e g ,
gunshot wounds, (4)

degenerahons of (a) the cerebellar cortex, (b) the

middle and inferior peduncles, (c) more rarelj

,

of the cerebelbr nuclei and superior peduncles,

(d) of the spinocerebellar tracts, e g ,
Fncdrcich’s

ataxia, a hereditary condition

A lesion involving the neocerebcllum (superior

vermis and hemispheres) is associated with hvpo-

tonia, dj'smetna, weakness, slowness and irregu

lanlj of voluntary mov ement, tremor and nj stag

mus Id disease of the flocculonodular lobe, there

arc marked disturbances of babnee with a swav

ing, staggenng gait and a tendenej to fall back

wards Tbere is no sjmdromc of the antenor lobe

in man
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water content of a unit weight of spinal fluid is

somewhat greater than that of blood

The question anses, bow is the fluid forrood?

It wiU be apparent from the table that if certain

constituents arc m\e3tigated, diffusion from the

blood plasma will be sufficient to account for the

findings Howe\cr, before a decision can be
reached as to whether the process is one of simple

diffusion or of secretion, the concentrations of ail

the substances on both sides of the semipenneable

memlirane (the choroid plexus) mu«t be ileter-

mincd This was done by FlcxDer whose findings

indicate that work must he done to form this

fluid, i c ,
tliat It IS not merely a filtrate from

blood plasma Smee the hjdrostatK; prcfisure of

the capillar} blood is believed to be greater than

that of the spinal fluid, escept under grossly ab-

normal conditions, this factor and the secrctorj

power of the cells of the plexus arc the two forces

to be considered Thermodynamic considerations

indicstt that the hydrostatic pressure difference

would proMde onij a small fraction (about one-

thirteenth) of the oncrej necessary This lesda to

the conclusion that ultrafiltration w ill not account

for the formation of the cerebrospinal fluid and
that the cells of the choroid plexus perform work

in this process

The Amount and Pressure

Accurate figures for the volume of the fluid m
tlic %-Bnous age groups are not available The
methods used to investigate the problem involve

a change of conditions which mvaUdate the re-

sults secured The total Nolume in health} adults

has been given as approximate!} 200 cc The nor

mal rate of formation has not been establistied

Wien artificial drainage is provided very large

volumes, sei era! liters per da} ma} dram away

The results of the urinary excretion of d}c in-

jected into the cerebrospinal space suf^cst that

the volume of fluid is renewed eier} three or four

hours but this rate of formation is probabl} too

high In experiments in which precautions were

taken to interfere as iittle as possible with normal

pressure conditions, Flexncr and \N inters found

in experiments with adult cats, that approxi-

mate!} 12 cc of fluid per day could be collected

from a cannula fixed in the aqueduct Of course,

this figure bears no nlationship to the amount

formed m man The pressure of the cerebrospinal

fluid ma} be taken as 110 to 175 mm of cerebro

spinal fluid for mm in the acumbcnl position

Pressun on the internal jugular vein or tlic nsc

of xenous pressure produced b} cr}ing or cough-

ing causes an increase in pressure of the fluid

because of the direct transmission of the xenous

pressure to the cerebrospinal fluid

Effect of fluid a\d salt ivjections ox
raessuRE (weed and huohson) IVhen large

volumes of isotonic solutions are injected intra-

venousl} there is a transient rise m venous and

cerebrospinal pressure Hypotonic solutions cause

a prolonged rise in fluid pressure due presumabl}

to the passage of fluid into the brain There is a

less marked and more transient rise of xenous

pressure

Hypertonic solutions (30 per cent NaCI) ad-

ministered intravenously, produce a fall in cere-

brospinal pressure which msy persist for a con-

siderable penod Fluid is attracted by the raised

osiwolvt pressure of the blood from the bram sub-

stence, perivascular spaces, etc , into the blood

stream Such a dehydration is not limited to the

brain other tissues react similarl} As the blood

volume 13 thus increased unnary output is al«o

increased and the patient is soon deh}drsted

AcfonJingly, the use of hypertonic solution? or of

urea inject«l intravenous)} is xery limited Such

treatment ma} be useful as an emergenc} meas-

ure m preparing a patient for operation or in

tiding him over until a surgical decompression

con be made or m rexerstng a xncious circle of

cerebral edema and venous congestion

Effect of cjiaxoe of position ov phessube

It IS important to realue that the fluid in the sub-

araihnoid space of the brain and spinal cord ma}

be regarded as a «ingle column (approximate!}

(>00 mm long in the man of medium height)

There ate no structures to act as xalxc? and re-

strictions of flow arc not sufficient to interfere ap-

preciably with this relationship The change m
pressure produced b} a change of piositioa can

largely be predicted by h}drostatic considera-

tions The pressures in the lumbar and occipital

regions are identical when tiie subject is honzon

tal MTien the patient is Bitting the pressure of

the fluid m the lumbar ngion will vary with the

length of his back and his postaro Using a water

manometer the upper level of the fluid wall reach

to the raidcervical region According!}, with the

patient Bitting tlie intracranial prwsurc and the

pressure in the cistema magna will be below at^

mosphenc pressure under normal conditions

Function of the Cerebrospinal Fluid

The fluid w ithin the elastic meningeal sac serves

as a protective covering for the cintral nervous

system B} change in its volume, compensation
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for change in tlie nmount of blood is effected,

and the contents of the cnnnim thus tend to

remain of constant \olumc It is doubtful if there

IS an> considerable exchange of metabolic mate-

nals between the iicr\c ciUs and the fluid

VcnlriCHlograms and Fnceplialograms

The location of air injected into the cerebral

ventricles (\ entnculographj ) or through a hira-

bar puncture (pnciimocncephalograph} ) can be

visuahzwl bj the X-rais Bj thus outlining the

icntncular system alterations in the sue and

position of the ventricles can be detected Tins is

often of great \ alue in neurological di igno«i3

Radio-opaque oils (pantopaqiit) maj l>c in-

jected into the ventricles of the brain or into the

spinal subarachnoid spaces In this wav tbe^
spaces ma> lie visualized rocntgenograplnc iH>

This IS particiilarlj useful in the diagnosis of

spacc-occupjing intraspmal !c«ions

llvdroccplialiis

A con-idcntion of the foiroalion, cirtuLabon

and ftlisorption of the spina) Jluic! leads to the

assumption that hjdroceplialus might be pro

duced bj (1) Increased rate of formation of fluid

A verj definite increase can be produced bj the

administration of hjTwtonic solutions (\\c«l),

but the decreased tonicitj of the blood cannot be

mamtamed long enough to r^rmit the dcvelop-

jnent of hjdroccphalus C]inicall> papillomas of

the choroid plexuses might produce this condition

and 8U05osti\ c cases hav e \>oen reported (Dav is)

Olistruction to the passage of the fluid An
obstruction bj tumor or inflammationm the right

foramen of Monro for example, would produce a

nght internal hydrocephalus Blockage of the

aqueduct of Svlvms would produce a bilateral

internal hydrocephalus as would an obstniction

in the fourth ventricle or at the foramina of

Mflgcndfcand Lusclika (3) Iiiterfertnce with the

alisojption of fluid by way of the arachnoid villi

Blockage of manv of these villi or intcrforence

with tlicir function by other means may load to

an external hydroccplulus Intrra«ed intracere-

bral venous pressure may produce a temporary

dccnasc in absorption of fluid
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THE AUTONOMIC NERVOUS SYSTEM

(Sjnonjms—imoluntary nervous system,

\ cgctative nervous system)

Tlie autonomic nenoiis system has been

touched upon in many of its aspects m other sec-

tions of this book There remains to be given an

account of the structural plan of this system as a
whole, a general summary of its functions and of

the structures which it innet\ ates From anatomi-

cal, physiological and pharmacological \ien points

the autonomic system fills naturally into two

mim divisions—the sympatktlic or thoracKolum-

bnr outflexo and the partMympathetic or crantosac-

ral ouljloie (see fig 71 1)

Tlie Sympathetic Division

The cells of origin of the sympathetic division

arc situated in the lateral horns of the spina! cord

(intermediolatcral cell column) from the 8th

cervical or Ist thoracic to the 2nd or 3rd lumbar

segments The axons of these cells leave the cord

by the corresponding anterior nerve roots and
synapse with nerve cells m one or another of the

outly mg ganglia The fibers arising from the spi-

nal coril arc medullated and are called prcjwn-

tha*v acKtng /rom ce/Js of ths gsa^ts ace

nonmtdullatcd, and are called poslynnglxomc

Evidence for the existence of a higher center m
the posterior region of the hypothalamus has

Wen con'udcrcA in diapter fifi, andm ttie ccrebra)

cortex in chapter G7

The ganglion cells art all motor or secretory in

function (p 1301) They have no afferent connet

tions from the periphery How ever, many afferent

fibers from the various visceral and blood vessels

pa«s through the sympithetic nervous system

'lliey have their ganglion eeJJs zn the posienor

root ginglia as have the somatic afferent fibers

The ganglia are arranged in three systems or

groups (A) paratirtebral, (B) pmcrUbral (or cot

lateral) and (C) temiirtaf (or pertpheral)

A TnF Paravfrtbbkal Gavclm and the

Gangluted Cord

The panverttbrn! group lies m close nlation

to the vertebral bodies and consists, on each side.

of a senes of some 22 gangha connected together

by intervening fiber tracts to form a nodular cord

extending from the base of the skull to the front

of the cocej'x This is known as the sympathetic

ehatn or the gangliaied cord of Ike sympalkeiic

nervous system It will be desenbed in sections

The Cervical Part of the Sympathetic Cham

The cervical part of the sympathetic chain

possesses three ganglia—the superior, middle and

inferior cervical ganglia Tlicy are relatively large

and arc believed to result from the fusion of two

or more smaller ganglia

The surERioR cervical gvvglion, situated

below the bate of the skull, is the largest of the

three It receives preganglionic fibers from the

upper thoracic segments of the spinal cord, and

Its cells supply fibers (postganglionic) to the ves

sels, glands and cutaneous muscle of the head It

js probably formed by the fusion of the uppermost

three or four cervical ganglias Its branches are

<1) The intersal carotid nerve This nerve

composed of postganglionic fibers, arises from the

upper pole of the supenor ee/vicaJ gaoghoD and,

passing into the cranium with the artery of the

same name forms the internal carotid and cavern

oua plexuses

(i) The internal carotid plexus situated on the

lateral side of the internal carotid artery sends

branches to the following

(a) The abducent nerve

fb) The tympanic branch of the glossopharyn

gcal nerve

(c) The sphenopalatine ganglion These fibers

pass by way of the deep petrosal nerve and the

nerve to the pterygoid canal which is formed by

the union of the former nerve with the great super

ficial petrosal nerve Orbital branches of the sphe

nopalatin ganglion convey sympathetic fibers to

the lacrymal gland, the soft palate, nasopharynx

and pharynx receive filwra through the palatine

and pharyngeal branehea of the ganglion

(d) The semilunar (tngeminal) ganglion

The sympathetic fil>ers pass through the sphe

nopalatine and semilunar gangha without inter

niption

1291
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plies fibers to the vessels, svieat glands and cuts

neous muscles of the face, and to the thyroid gland

Filaments from the plexus investing the facial

artery pass to the submaxillary ganglion The
plexus on (he middle meningeal artery sends fibers

to the otic ganglion, these pass without intermp

tion into the auriculotemporal nerve through

which they reach the parotid gland

Thf middle cERViciAL OASGLiov IS formed pre-

sumabb by the coalescence of the 5th and Clh

ccr\ icol gangba Its branches are as follows

(1) Branches to the Sth and 6th eertxtol nene$
and thence to the blood vea<els sweat glands and
cutaneous muscle within the area of diatnbution

of these nerves

(2) The middle eardtae nerte to cardiac plexuses

(3) Branches which extend along the inferior

thjTOid artery to the thyroid and parathyroid

glands

The IVFERIOR cervical GAsattos probably

represents the union of the 7th and Sth cortical

ganglia tn the dog and cat, and in most human
subjects, it IS usually fused with the first thoracic

ganglion, and occasionally tvith the second as

well, to form the •so-called sUllaU gauglum It

gives off the following branches

(1) Branches to the 7th and jiA centcai and (he

1st ikoraete nertes sometimes also to the 6th cer

vieal and the 2nd thoracic

(2) The inferior cardiac nene to cardiac plet

ti«e«

(3) Branches which form plexuses upon the aub

clavian artery and its branche* Sympathetic fi

hers are thus earned into the cranial cavity along

the vertebral artery, and over the axillary and

commencement of the brachial

T'xi TfeorocA, Lwffyix Sacso/.G-w.^.va-

Thc thoracte ganglia are 10 or 12 in number on

each side They are evenly spaced, one to each

spinal ‘cgment As mentioned above the first

thoracic and inferior cervical ganglia are com-

monly p irtially or completely fused to form an

irregularly shaped mass, called the stellate gan-

glion Tlicre are usually 4 lumbar and 4 or 5 aocral

ganglia ‘ The sacral portions of the two sympa-

* Small accessory ganglia, called tnlermedtaie
ganglia, are found outside the eympathetic chain
proper, attached to the rami comreunicsnles close

to the spinal nerve roots in the cervicothoracic
and lumbar regions From these ganglia sympa
thetic postganthonic fillers proceed for distnbu
lion by the brachial and lumbar plexuses to the
limb vessels Preganglionic fibers leaving the cord
hv the anterior roots and entenng the intenne
diate ganglia without passing through tbe sym
pathetic chain offer a possible aflernative pathway

thetic trunks converge below and fu«e upon the

antenor surface of the coccyx to form a terminal

Swelling—the coccygeal ganglion or ganglion im-

par

B The Prevertebral (or Coll.\teral)

Galglia

These he in the thorax, abdomen and pelvis m
relation to the aorta and its branches The larger

of the prev crtcbral ganglia are (a) the celiac («olar

or semilunar) ganglion, lying in relation to the

ongm of the celiac artery, (b) the stipewr mesen-

teric ganglion, situated below tbe origin of the

supenor me<entenc artery, and (c) the inferior

mesenteric ganglion, which bears a corresponding

relation to the inferior mesenteric artery
,
this

ganglion is rarely present in man (see also p
1300)

C The Terminal Gaxglu

Tlicse consist of email collections of ganglion

cells situated m close relation to the innervated

organs, especially tho«c of the pelvis, eg, the

bladder and rectum

The Outflow of Syupatiietio Fibers

FROlf THE C£VTR.4t VeRVOUS StSTEU

It has alrcQiIv been stated that the cells givmg

nse to the syTnpathetic fibers (p 1294) are «itu

ated ID the thoracic and upper lumbar segments

of the cord It is from this limited region (8tli C
or let T to 2nd or 3rd L inclusive) that the

sympathetie (preganglionic) fibers emerge This

region «wi«tilutes the only outlet for sympathetic

impulses So the term thoracicolumbar outflow

sunply means the svmpathctic division of the

autonomic nervous system The fibers emerge

from the spinal cord through the anterior root of

the spinal segment in winch their cel! Ixwhes are

placed In a cross •section of the anterior root they

appear as fine medullated fibers (2 bp or lc«s in

diameter) intermingled wath the larger, medul

lated, somatic (motor) fibers They separate al-

most immediatelv, however, from the motor

fibers of the anterior root—which are concerned

with movement of the skeletal musculature—and

enter the corresponding ganglion of the sympa-

tlietic chain Thus, the spinal nerv es from the Sth

cervical or 1st thoracic to the 2nd or 3rd lumbar,

for sy mpathetic impulses to the limbs Such fibers

would remain intact though the sympathetic
chain were excised, their presence would, thus,

offer an explanation lu some instances for the fail

ureofaympithcticectomy tocorapletely denervate

(he vessels of (he limbs
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but not othpn, are connected oaclt to a jnr
bral gangbon by a ddjcato « lute «tfan<I compovd
of prcganglionjc fibers and kno«a as the tehuc

ramus eomftif/nKrflna (plural, rowu rommitmeanfM,
fig 71 2anc|fig "1 l,p 1293) AproKangItomcfiljcr
after entenng the ganglion maj pursue one of
throe courses (a) form sj napsea n itli cells in the
ganglion nlneh it first enter', (b) pa^supor do\%n
the sympatlietic trunk for some ilistamc to ter-

minate in a ganglion at a le\el higher or loner
than that of the segment from nlmli it ongmalei!
It may gi\ e off collateral branches to ganglion
cells along its course In anj c% ent, the pregan-

glionic fibers issuing from a given segment con-

nect with seieral ganglia (from five to nine)

Furthermore, each preganglionic fiber may fohn
a large number of synapses nithin a given gan-
glion Ranson and Billingsley found that in tfce

ease of the supenor cervical ganglion each fiber

communicated wath some thirtj-two ganglion

cells, this accounts for the diffuse nature of the

sjTTipathetic discharge (c) Tra\er«e the gan
gliated cord wathout interruption to find a Cell

ta eitliers prei€rt^’^}<N-s tA'-i’mas} ff»a-

glion

Plan of DisraiBunos of SnrpATHFTic

FiBFRS to TI/F PfiRtPItERT

To Oie Lxmbs and Trunk

Tlic ganglia of the sympathetic chain are con-

necto<l with the spmal nerv cs supply mg the limbs

anil trunk b> delicate filaments called gmy rann

commimteantes Thej nre composed of the avons

of the ginghon celh in the paraiertebral ganglu,

and nre tlierefori. c illod po^lganghonic The graj

rami in the thoracic and upper lumbar regions

jointlic spinal utiwes cfo«e to the points at which

the white rami arise Their coiistitutent fibers are

continued m the peripheral neries for the sup

ply of the blood \ essels, sweat glands and «mooth

muscle of the skin Wiercns, as already men
tioned, only a limited number of spmal tieryes

possess wlutc rami, ctery spinal nene recexies o

gray ramus It therefore follows that syrapa

thetic impulses going to parts supplied by up

per cemtal, lower lumbar or sacral somatic

nerves, must tra\el considerable distances up or

down the svmpathctic trunk before reaching an

outlet through a gray ramus The preganghonic

Sbers to the upper hmh «/?«? trom the Sail to the

7th thoracic spinal segments, most of these fibers
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are contained m the white rairn of the 2nd and

Srd thoracic antenor roots The po«tganglionic

fibers to the upper limb maj ari'e from the upper

Ist to 4th thoracic, and the inferior and middle

cenical ganglia (see al«o ch 21), those for the

lower limb from the lumbar and sacral ganglia

Fxcision of the inferior cerMcal or the stellate

ganglion when pre‘!ent and the upper three or

four thoracic ganglia provides as complete a sym-
pathottomj as it is possible to make of the upper

limb, as well as the head and neck It also will

destrox most of the sympathetic nerves to the

heart This operation may fail, howexer, to re

moxe completely the sympathetic supply to the

arm since there may lie 'intermediate ’ ganglia

which are not removed in such an operation

To the Head and Neek

Sympathetic impulses to the structures of the

neck, face, scalp and intracranial caxity arc ton-

xeyed from the spinal cord m the white rami of

the upper two thoracic nerxes They ascend to

connect with cells in the middle and superior

itrvical ganglia From the latter postganglionic

fibers are distributed through the internal carotid

caxcrnous and external carotid plexuses as de-

scribed on page 1293 The sympathetic norxous

system as well as supplying the blood xessels

sweat glands and pilomotor muscles of the head

and neck also inntrxates the salixary glands the

dilstor pupiltae mascles Mueller s muscle and the

smooth muscle component of the lexator palpe

brae supc rioris 1 he spinal center for the dilator

jWip 11 gituate\} (in mjn) m tho 8th ten iral

or Ist thoracic segment Tlie preganglionic fibers

arc found in the white rami of tlie first thoracic

nerxe, and an distributed as already stated

through the internal cirotid and ciliary nerxes

To Uie ThoTacic I tscera

The sympathetic po«tganglionic fibers join

with the branches from the xagus to form the

cardiac pulmonary and esophageal plexuses

The cardiac plexus lic^ m relation to the origins

of the aorta and pulmonary artery It consists of

a superficial and a deep portion, and is formed by

the interlacement of fibers from the cardiac

branches of the xagus (parasympathetic) and

sympathetic nerxes The vagus filxrs are pre-

ganglionic They termmatc around ganglion cells

m the walls of the heart (p 302) The sympathetic

fibers denx eel from the superior, middle and in-

ferior cardiac nerxes arc postganglionic, their cell

stations ly mg in the corresponding cen wal gan

glia (fig 71 1, p 129o) Tlic preganglionic fibers

arise from the upper four or fixe thoracic seg-

ments of the spinal cord

The pulmonary plexuses anterior and posterior,

he m relation to the corresponding aspects of the
root of the lung They are formed from post-

ganglionic fibers of the sympatlietic (T 2, 3 and
4) and preganglionie filKn of the xagus Tlie

latter connect with ganglion cells m the walls of

the bronchi Ilorem is situated an intnn«it nerx-

ous plexus consLsting of the«c ganglion cells and
mcdulhted and nonmcdullatcd fiber*:

The esophageal plexus embraces the lower half

of tlic esophagus Vagal and sympathetic fibers

(from the upper thoracic ganglu and from the

thoracic portion of the great splanchnic nerve)

enter into its formation The xagal fibers end
around ganglion cells of the intrinsic plexus of

Auerliach in the esophageal wall

To the Aldominol and Peliac I tscera

Tlie greater, lesser nnd least splanchnic nenes

These arc composed of pregangliomc fillers and
may be looked upon as elongated wliite rami

They connect with cells m the prevertebral (col

lateral) ganglia The postganglionic filx’rs after

emerging from the 1 itter join the neighboring

plexuses The greater splanchnic nerve arises from

the spinal cord from as lugh as the 4th or Sth

thoracic segment, and as low as the 9th or 10th

Its fibers end in the upper part of the celiac gan

glion from here postganglionic fibers are < ontin

ued into the cehne plexus The lesser splanchnic

and the (east (or foiresf) splancAnie nerxes arc

much smaller The former nri'^s from the 9th

and loth or the 10th and llth thoracic sc-gments

and its fibers after passing without mtcrniption

through the vertebral ganglia at these levels end

in tlie lower portion of the celiac (or aorfiiorenal)

ganglion The least splanchnic nerxp an-es from

the last one or two thoracic spgruents and first

lumbar segment it joins tlie renal plexus (fig

71 3) Postganglionic fibers arising from small

ganglia within the plexus are distributed to the

kidney and ureter

The lumbar splanchnic nenes are three or four

strands whicli arise from the second and thinl

lumbar segments Their fibers pa“s through the

lumbar portion of the sympathetic chain and en-

ter the mfenor mesenteric ganglion here some are

relayed others are continued without mterrup-

ticm and find their cell stations in penpheral gan

glia

Ttar PLEWSES OF TIIF ABDOXlLN XNT) PELVUS
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the testes and ovary mth autonomic fibers It is

connected below with the tnjenor mesenfenc plexut

ishich invests the arter> of the same name The
inferior meeenteric gonglton, a collection of gan
glioD cells lying witlun the latter plesus, receives

the lumbar splanchnics, this ganglion is not pres

ent, as a rule, in the human subject (Learmonth),

but a number of smaller ganglia are found scat

tered through the plexus The plexus is formed of

fibers derived from the aortic plexus from the in

fenor mesenteric ganglion when this is present

From it secondary plexuses arne which invest the

branches of the inferior mesenteric artery and
carry sympathetic impulses to the descending

colon, ihac colon, pelvic colon and rectum

The superior kypogaslrie plezus is the downward
extension of the aortic plexus It lies over the lower

end of the aorta, and in the angle formed by tbe

aortic bifurcation Though rarely condensed into

a single bundle it is sometimes referred to as the

hypogastric nerre or the presacral neru It Irnna

mits inhibitory impulses to the pelvic colon and
via the pelvic plexuses to the rectum, bladder and
other pelvic viscera It divides below mtothenght
and left pelvic or inferior hypogaslric plexuses

These lie one on either side of the rectum and are

eompo«cd of medullated and non medullated fi

tiers among which are scattered numerous small

ganglia which are sometimes referred to collec

tively as the hypogaeine ganglion Parasympa
thetic fibers enter the inferior hypogastric plex

uses through the pelvic nerve (<acrat outflow)

The sympathetic fibers contributing to the

pelvic plexu«es have their ultimate source in the

lumbar segments of the cord They reach the plex

uses via the hypogastric plexu<es as well as more
directly from the sacral part of the sympathetic

chain Through subsidiary plexu«ca—AmerrHei
dal, resicaf, ulerine, vaginal and proslcfic—fibers

(sympathetic and parasympathetic) are conveyed

from ihe ppjyjcplexuffs to the pelvic vjfcera

The Parasthpathetic or Crakiosxcral

Dlvisiov OF THE ATJTO^OMlC

Nervous System

The cells giving n«e to parasympathetic fibers

are situated at three different levels of the central

nervous system—the mtdbrain, the neduUa o6-

longaUi and the sacral region of the spinal cord

The axons of thc®e cells leav e the central nervous

system to connect iv ith ganglion cells lying withm

or m close relation to the innervated organ (see

fig 71 1) As in the ca«e of the sympathetic divi-

sion the axons of the central cells are called pre-

ganglionic, tho«e of the ganglion cells, postgan-

glionic The former are naedullated, the latter

nonmcdullated The three levels from winch

parasympathetic fibers emerge will be referred to

as the ieetal (or mtdbrain), the bulbar and the

sacral outflows, respectively

A The Tectal or Mipbrain Outflow

The group of cells composing the Edmger-
Westphal nucleus of the oculomotor nerve (p

1416), in the floor of the cerebral aqueduct, arc

believeil to give nse to the tcctal fibers

The autonomic fibers are conveyed in the third

nerve as far as the ciliary ganglion where they

find their cell stations Postganglionic fibers

eme^e from the ganglion in the short ciliary

nerves, and terminate in the sphincter pupillae

and the ciliary muscles (p 1410)

B The Bulbar Outflow

These fibers leav e the brainm ibefacial, glosso-

pharyngeal and tagus nenes

(1) The parasympathetic fibers (secretory and

vasodilator) enfenng the facial nerve arise from
Ibe superior salitater{r {salnary) nucleus which

lies dorsal and lateral to the low er end of the motor
nucleus of the facial * These fibers emerge from
the brain in tbe sensory root of the facial nerve

(nereus intermedius, cb 65) and travel vitb the

latter to the facial canal of tbe temnoral bone

Here they leave tbe facial, (i) m its chorda tym

pant branch which later joins the lingual to be

conveyed to tbe floor of the mouth At this point

some of the chorda fibers (secretory and vasodda

tor tu function) separate from the lingual again to

enter the submaztUary (su&mandibular) ganglion

from where they are relayed, the postganglionic

fibers pa's to the submaxillary and submaxillary

glands, and the mucous membrane of the mouth

(ii) In tbe great superficial petrosal nerve and

nerve of the pterygoid canal (Vitlian nerve) to the

epbenopalatiae ganghon From here postgangli

onie fibers pass via orbital brancbca of the gan

glion to the lacrymal gland, and to the mucous

membrane of the soft palate, nasopharynx and

pharynx via the palatine nerves Vasodilator fi

tiers also leave the facial by the great superficial

petrosal nerve, and entering the cranium are con

veyed along the middle meningeal artery and its

branches

(2) The parasympathetic fibers («ecretory and

vasodilator) of the glossopharyngeal nene an'c

from cells of the inferior eahtalory (sofirarji) nu

clews This nucleus lies in the uppermost part of

the medulla oblongata immediately below the

supenor sahvntory nucleus, and lateral to the

motor nucleus of the glossopharyngeal nerve The

autonomic fibers leave the brain with the latter

nerve but separate from it again m its tympanic

*This nucleus is actually id the lowest part of

tbe pons
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branch (Jiicobeon's nerve) ^\hlch joins a twig from

the gcnicuJafc ganglion (g of facial nerve) and
hJaments from the internnl carotid plcxu** to form

the tympanic plexus From this plexus emerges the

jmall superjfcifll petrosal nene through which para

sjTnpathetic fibers are contmued to the otic gan
glion From (his ganglion poitganglionic fibers arc

eonveied to the parotid phnd \in the aunculo

tempornl nerve (p ^D) The tympanic plexus it

fcU sends filaments to the mucous memhrane of

the tjTnpamc cavity, the mastoid air cells au

ditorj (Cu«tachian) tube and the internal car

(i) The nerre contains the greater propor

tion of the filK?rs of the bulbar oulfloir They ari»e

from the dorsal nucleus of the vagus and are dis

tnbuted through the latter’s numerous branches

to the thoracic and abdominal viscera (ch (>5)

Unlike tho'c in the other two cranial nerves, tho

preganglionic fibers of the vagus connect with

ganglion cells situated nithin the inneraaled or

gans Thus the vagal fibers to the heart connect

with ganglion cells m the cardiac walls lho«c to

the bronchi with the nersc cells of the mlnnsic
plexus ID the bronchial walls, tho«e to the esopha

gus, stomach and intestine form ay nap«cs with the

gangboa cells of the my entenc plexus of Auerbach
and the submucous plexus of Mdssner The pro

ganglionic fibers are therefore quite long, tho post

ganghome very short Tho colls of origin of most
of (he cardiac fibers of (he vagus form a discrete

group ftfsrdio /fthrbtfory ccat«e) Isittg ulorrginde

the dorsal nucleus of the vagus

C The Sacrvl Outflow

The cells of ongin lie m the anterior horns of

the 2nd, 3rd and 4th and somctuncs the 1st sacral

segments of the spinal cord The preganglionic

fibCTs cmei^ in the antenor roots of the rorre

spending sacral nen es The fibers leave the spina)

nerves again and, proceeding peripherally as the

pelvic nme (or nmnis engens), on each side, enter

into the formation of the pelvic plexus The fibers

terminate around ganglion cells lying m close re

lation to the pelvic organs They carry motor

impulses to the walls of the descending colon, rec-

tum and bladder
,
mhibitory impulses to the inter-

nal anal and x esical sphincters and to the uterus,

and dilator impulses to the blood ves«cU of the

bladder, rectum and genitalia

The Afferent Visceral Nerxes

Impulses are transmitted from the viscera by
afferent fibers which pass through the various

plexuses and reach the central nervous^stem xia

the vagus, pehic, splanchnics and other auto-

nomic nen es

The a^crentfibers of the sgmpallielie divmon are

the peripheral processes of ganglion cells in the

posterior spinal root ganglia from the 1st thoracic

to the 3rd lumbar segments Vone arise /ro?n

Sffmpal/iclic ganglia Tlicy rcacli the sj mpathetie

trunk m the uhitc rami conimunicantcs and are

distnbutetl to the iisctra along with the corre-

sponding efferent fibers (fig 712) TJiough some
of those afferent fibers are nonmcdullated the

majority arc medulhted, and of larger size than

the efferent fibers The ganglion cells of the pos-

terior roots w hich giv e ongm to the afferent fibers

of the sympathetic (or of the peUic nerve) have
not been shown definitely to differ from those

gixingnsc to tiic ordinary somatic sensory fibers

For this reason the sympathetic system proper is

fiomctimcs regarded, though perhaps irrationally
,

as consisting solely of efferent neurons The affer-

ent fibers pass to their destmations without inter-

ruption m any of tlie sympathetic ganglia pass-

ing directly to the x isccra in tho splanchnics or

the other xisccral nerxes A certain proportion

also enter the spinal nerxes for distnbution to the

limbs \ la the gray rami

The afferent fibers of Ihe tagus ore the pcnpheral

processes of cells in the ganglion jugularc and the

ganglion nodosum The central processes of these

neurons (ermmatc m the dorsal nucleus of the

xogus (ch 05) Therein connections are made
wjtJj rffexent parasyTopatbetir neurons to com-
plete the reflex arc The afferent fibers of ihe pehte

nerre arise from cells m the posterior root ganglia

of the 2nd, 3rd and 4th sacral nerves They pass

peripherally with the efferent autonomic fibers

Thensceral reflex are, as pointed out by Gaskcll,

IS formwl upon a plan similar to that upon w hich

somatic reflexes are based The afferent fiber m
the latter instance is connected to tJic antenor

horn cell through the interxnedjary of an intra-

spmal (mternuncial) neuron or a senes of such

neurons These arc spoken of as connector neu-

rons In the case of visceral reflexes, the afferent

fiber makes contact with a cell m the lateral horn

of gray matter The axon of tins coll connects

with a ganglion cell of the sympathetic ‘^\5tcm

Tins ganglion cell and its postganglionic fiber

corresponds to the motor neuron of tlie ‘•omatic

reflex arc

A certain degree of mdependent reflex actix ity

can be earned out through the intrinsic plexuses,

e B . of the intestine, when these are separated

from the central nervous system by division of

the mam autonomic nerves It h abo tnie that

some independent actnity can be earned out

through axon reflexes or possibly Ihrouglj «ome of

themore peripherally placed ganglion cells Other

parts of the autonomic «ystem, however, cannot
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function apart from the central nervous ^stem
The larger ganglia of the parasympathetic or

sympathetic, for instance, do not serve as leflex

centers It is clear from the description of the

ongm and course of the visceral afferent nervea

giicn above that no anatomical basis for such

action exists

The Functions of the Autonomic
Nervous Sjstem

The autonomic nervous svatem goiems the

activities of cardiac and smooth muscle, of the

digestive glands and sneat glands of the adrenal

medulla and po'sibly of certain endocrine organs

It is concerned v-nth those processes vthich nor

tnally are bc)ond voluntary control and arc for

the most part beneath consciousness The term

autonomic as applied to this sj’stem is not alto-

gether suitable since, as ne have seen, it is under

the control of centers mthm the central nervous

system, and cannot function as an independent

umt
Through its various activities the autonomic

sj'stem exercises the important function of mam*
taming the constancy of the fiuid cm ironment of

the body’s cells it serves to combat forces, actmg
either from mthm or mthout r'hich tend to cause

variations in this enruonment Regulation of the

composition of the bod> fluids, of their tem-

perature, quantity and distribution, is effected

through the actions of the autonomic nerves upon

circulatory
,
respiratory excretory and glandular

organs For example, of glandular structures un-

der autonomic influence, the hier, pancreas and

adrenal medulla are of especial importance in the

regulation of blood sugar, the sucat glands aid id

the control of body temperature The neural lobe

of the pituitary is partially under autonomic nerv-

ous control The thyroid gland, adrenal cortex,

adenohypophysis and probably also the parathy-

roid glands are goiemcd by hormones liberated

by the pituitary (ch 50), though it is not improb-

able that they may be inlluencwl also by impulses

received through autonomic paths The stability

of the internal environment (the milieu interne

of Claude Bernard) which is so charactcnstic of

the healthy body, is spioken of by Cannon as

korneoilasis According to Cannon, the essential

and particular function of the autonomic system

IS to bring about the internal adjustments upon

which this constant state depends He therefore

refers to the autonomic nerves as the interofechre

sy stem He speaks of the v oluntary Q-stem fi e

,

the central nervous system and the somatic

nerves) as the exlcrofcchvc system, since through

its exteroceptors and effectors a direct relation-

ship is established with the external environment

The great majority of the effector oi^ans of the

autonomic aystem are innervated by both sym-
pathetic and parasympathetic divisions (see table

7l 1), and the effects exerted by the two types of

fiber going to a given organ arc antagonistic

Thus the heart’s action is mhibited by the voigus

hut augmented by the syunpathetic In the intes-

tine the effects of the two nerves are reversed,

the parasympathetic (vagus nerve to the small

bone! and upper half of the colon, and the pelvic

nerve to the loner half of the latter) are augmen
tor, the sympathetic is inhibitory The removal

of the effects of one set of fibers, as by section,

results, as a rule, in the effects of the other set

becoming more prominent This fact indicates

that each type of fiber exerts a constant or tonic

action and suggests that the two effects are deh-

cately balanced one agamst the other Tlius sec-

tion of the vagus nerves causes an increase m the

cardiac rale, and section of the parasympathetic

or of the sympathetic fibers to the ins causes, re

spectively, dilation or constriction of the pupiL

See pupillary reactions, (p 1409)

Taken as a whole the actions of the sympathetic

division and its ally the medulla of the adrenal

gland (sympathoadrenal system, cb 58) are di-

rected towards strengthening an animal’s defenses

against the various dangers which beset it, e g ,

extremes of temperature, deprivation of water or

the attacks of its enemies It has been shown by

Cannon, however, that the sympathetic system

13 not indispensable both ganghated cords may
be completely removed yet the ammal remains m
good health provnded it is kept in the sheltered

environment of the laboratory Sympathecto-

mueJ cats if kept warm and carefully tended will

live indefinitely Kittens deprived of their sym-

pathetic trunks grow normally, female cats be-

come pregnant and give birth to yuung, though

the mammary glands do not function normally

and the maternal instinct is lacking Sympathcc-

tomized animals arc, however, incapable of ardu-

ous work, sugar is not mobilized from the liver

on demand, an increase of circulating red blood

cells do« not occur during excitement or exercise

(p C8, 69), the usual reactions to cold (elevation of

the hairs and vasoeon«tnction) fail and adrenal

me 13 notlibcrated in an emei^ency They are also

less able to withstand oxygen lack or hemorrhage

than arc normal animals It is evudent that the

sympathcctomizcd animal could not fend for it-
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1

0„.n raraiirinnaihcbc FSects Oiigm of Sympalf el c

roiigingl on c tibers
Sjrrapathet c Efftcls

Heart (p 302) Inhibition Superior middle and
inferior cervical

ganglia

Acceleration

1 essels

Cutaneous (ch 21 and 2o) Various paravertebral

ganglia

Constriction

Mu«euljr (see pp 252 7 and
351)

Coronary (see p 329)

Salivary glands (ch 3G) Dilation Superior cervical gan

gllOti

Constriction

Buccal muco« i
1

— Superior cervical gan

ghon
Dilation

Pulmonary (see p 29S)

Cerebral (see p 31-1)
1

Abdominal and pelvic viscera - Prcvertebral ganglia Con«triction

External gcmlatia (pp 110'^
1

Dilation Prcvertcbral ganglia Constriction

1301)

Eye

Ins (ch 75) Constriction Superior cervical gan

gbon
Dilation

Ciliary muscle (ch 7S) Contraction Superior cervical gan

glion

Hclaxation

Smooth mu'cle of orbit and
upper Jid (ch 75)

Superior cervical gan

glion

Contraction

Nictitating membrane (cat and
dog)

1

~ Superior cervical gan

glion

Retraction

Bronchi i Constnction Thoracic ganglia Dilation

Olands
,

Sweat (eh 62) _ Paravertebral ganglia Secretion

Salivary (ch 36) Secretion Superior cervical gan

glia

Secretion

Ga«tnc (p 599)

Pancreas (p 629)

Secretion Cehac ganglion Inhibition^

Secretion of mucus
Acim Secretion Celiac ganglion —
I«leta Secretion 1 Celiac ganglion —

Liver — Celiac ganglion Gtycogenolysis

Adrenal (pp 1030-31) medulla — No podtganghonic £
bere

Secretion

Smooth mitsele '

Of skin — Paravertebral ganglia > Contraction

Of stomach irall (pp 717-18) Contraction or in

hibition

Celiac ganglion
1

Contraction or in

hibition

Of small intestine (pp 717-19) Increased tone and
motility

Celiac and superior

mesenteric ganglia

Inhibition

Of large intestine (pp 717-19) Increased tone and
motility

Inferior me'^enteric and

hmocastnc vanclia

Inhibition

Ofbladderwall (ch 35) (detrusor

muscle)

Contraction Inferior mesenteric and
hvDOcastric Eanelia

Inhibition

Of tngone and sphincter Inhibition Inferior mesenteric and
hvnoeastric eanaha

Contraction

Of uterus pregnant il
1

Inferior mesenteric and
favnoeastne vancha

Contraction

Of uterus nonpregnant ml 1 Inhibition

• ^ ith certain evceptions, e g ,
tho«e supplying the suhlingual and parotid glandi and the sphincter

piipdlae the postganglionic fibers of the parasj mpathctte arise from cells situated in, or m clo'e pro’c

•itiity to, the innervated organ itself

1303
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self, and, in the struggle for existence, nould booh

succumb to the hazards of the environment The
sjTnpathctic gangtionated chain has also been

completely remo\ ed in man, thus abolishing all

connection of tlie penpheral sjTnpathetic system

\nth the central nervous sj-stem mthout produo

jng anj «enous consequences

Parasympathetic effects, rather than being

characterized by a diffuse outburst of activity, as

may re«u\t from S3Tnpalhetic stimulation, are

more localized in character It has also been sug-

gested that they are concerned uath conservative

and restorative processes, and the sympathetic

mth processes involving the expenditure of

energy Inhibition of the heart, contraction of the

pupil for the protection of the eje from intense

light and the activities of the digestive tract

through winch the energy stores of the body are

replenished, are frequently gn en as examples of

acts of conservation presided ov er b^ the para-

sympathetic These apparent differences m the

activities of the two divisions have led some

(follow mg Gaskell) to speak of the functions of

the sympathetic and parasympathetic divisions

as cotabobe and andbalie, respectively It is an
interesting but perhaps a too speculative generah-

zation

A summary of the actions of the autonemic

system upon venous structures is giien ut table

71

1

Chemical (Humoral) Transmission of

Nervous Impulses*

Transmission of impulses from neuron to neu-

ron and from neuron to effector cell is accom
plished by the elaboration of chemical substances

by tfie nerves The classical experiments of Otto

Loewi, in 1921, first clearly demonstrated the

existence of humoral mediators Two frog hearts

arranged jn standard fashion for recording con-

tractions were prepared so that the fluid perfgs

ing one heart could come in contact with the sec

ond Upon stimulation of the vagus nerve to the

first heart, its rate of contraction was reduced

MTien the fluid perfusing this heart came in con-

tact vnth the second it also slowed in rate al-

though its vagus had not been stimulated Some
‘tiib«tance had obviously been released m the

first heart which could be earned by the perfus

ing fluid to the second Loewi termed thisnoaleml
‘ Uapussfu^e ” By the same technique stunulatum

of the cardiac accelerator nerve to the first heart

• We are indebted to Dr William C Norlb of
the Department of Anesthesiotogy of Duke Urn
vorsitj for the preparation of this section

increased its rate and also the rate of the second

heart when the perfusmg fluid reached the latter

This response Loewi attributed to the release of

"Aeuleranssluffe "

By vnnous techniques, described below,

'‘Vflgusstuife' has beenshoivn tobeacetylcholine,

and “Acceleransstuffe” is identical mth or related

to epinephnne (adrenaline) In 1933, Sir Henry

Dale proposed the terms cJtohnerffK and adrener-

gic to describe the nerves which liberated acetyl

cholme or epinephnne (or related “ubstanccs)

The adjectives are also used to desenbe agents

which cause effects sunilar to those produced by
acetylcholme and epinephnne Dale has al«o pro-

posed that cells stimulated by cholinergic or

adrenergic nerves be termed cholmoceptiv e and

adfcnoceptivc respectively

Aceiylchohne is now recognized as the mediator

of impulses at all autonomic ganglia, all parasy m-
pathetic po«tgangbonic terminations, «yinpa-

thetic postgangliomc endings at sweat glands, and

motor nerve endings at skeletal muscle In the«e

cholinergic nerve fibers acetylcholine is present

in an inactive form (probably bound loosely with

a prolem or a hpoproteui) Upon stimulation of

the nerve the acety Icholme is set free and diffuses

down the nerve fiber and from the terminations

These same nerve fibers contain an enzyme,

choline acelylase, which is capable of sycthe^umg

acetylcholine mth great rapidity * UTiieh of the«e

two mechanisms is the more important in releas-

ing free aeetylcholine remains unsolved

Free acetylcholme is unstable, it is readily hy-

drolyzed to cholme and acetic acid This hydroly-

sis occurs almost instantaneously m the prc'cnce

of acetjlchohnesterase, an enzyme present at the

termination of cholmcrgic nerves * The enzyme

IS one of a group of hydrolytic enzymes, often

referred to as cholinesterases, found in the body

AcctyJcbolmesteHuse, or true or specific ehohnes-

krase, has acety Icboline as its preferred or only

substrate, and is roost effectiv e when the amount

of acetylcholme is small The other (pseud<>- or

nonspecific) cholmesteraves will utilize acetyl-

cbolme and other cholme and non-cholme esters

• Chrome acetylasc is very widely distributed

in the nervous tissues being found m brain gan

glia and penpheral nerves it is aHo present in

the placenta, but is absent from liver and J^jnej

For Mtimal activity this enzj me requires Mg ^
and Ca ions Tlie concentration of cholme acetyl

ase in nerve fibers declines during Ibeir degenera

tion, but some still remains even after the nerve

has ceased to conduct
,

* Aceljlcholinesterase is also present m larg

amounts in erythrocytes, the chief source of tne

enzyme for expenmental studies
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ns a s\ibstratc and arc mo«t cffcctwc in the pres>

cnco of largo quantities of acetjlcholmo

Cliolmcstcrascs may Iw inhibited by a vanety

of 5ul)stancc“« Much of tho knouJedge about

fleet} leholine nnd nerve impul«e tMnsmi«<'ion lias

been obtained onl} Uirugh tlie abihti of these

agents to inliibit acetj Icholincsterasc Physostig-

minc (c'onno), an alkaloid extracted from the

Calabar beau {Physo^tigma icncnosum) was the

first substance shonn to inliihit these onajmes

Subsequent!} maaj sintfietic inhibitors haia;

been prepared, among them neostigmine (Pro*-

tigmin), di isopropjlfluorophosphatc (DFP) and

tetraclh}lp}TO])hosphatc (TEPP) Physosliginme

and neostignune arc reacr&iblc inhibitors, the cn-

zj me IS inactivated onl} so long as it is in combi-

nation vsitli the inhibitor As the latter is elimi

nated by the bod}, the cnz}mc once more

becomes active DFP and TEPP combine lire-

veraibly n ith the ena} me, permanontU mactivat-

ing it Henre, for cholinesterase activity to be

restored new enzj-mc mu't be e}-nthe<t2ed

Such minute amounts of the cholinergic media-

tor are liberated during impul c transmission, and
the mediator is so rapidly broken <lo\vn by acetyl-

cholinesterase, tliat tho identification of the

mediator as acetylcholine is still brgely indirect

The experimental metho<ls u«ed to identify ace-

tyfehoime arc, however, sufficiently instructive

to consider briefly First, the effects of nerve

stimulation may be compared with tho'm of ace-

tylcholine administration Second, a modification

of Loewa’a original exporiment, i e ,
stimulation of

the autonomic nerve to an organ or ganglion and
testing the venous blood leaving it, or the fluid

perfusing it for acety Ichoiine activity on a suit-

able tc«t preparation In order to prevent hydrol-

ysis of the acetylcholine after its hberation from

the nerve terminals the animal roust be given

physostigmine or some other inhibitor, or the

perfusing fluid must contain it Five common
qualitative tests for the detection of the mediator

may be mentioned

(1) Blood pressure of the cat Dilation of the

arterioles and a fall m blood pressure The effect

should be annulled by atropme (2) Inhibition of

the perfused frog’s heart or rabbit’s auncle an-

nulled by atropme (3) Contraction of the volun

tary muscle (rectus abdominis) of the frog (4)

Contraction of the mu«o!e m body wall of the

eserinizod leech This test is sensitive to 2 pg
(gamma) of acety Icholme per liter (5) The active

substance should be inactn ated by alkah or by
blood (which contains choUnestcra«e) Compar-
ison of the response of the test system (i c , the

bjood pressure fall in the cat) to the perfusi

with the response to known amounts of ace

choline makes it possible to quantitatively (

mate tho amount of acetylcholine actuall} hi

filed Results of such studies coupled with

knowledge that acetylcholine is actually foi

in cliolincrgic ncr\ es leav cs little doubt that

:

tyltholinc is the mediator

Summarp ofExperimental IJ ork Relating to the 1

Played by AeetylehoUne ttt the Transmission <

EfeeIs

1 SUmulation of the chorda tympani mru
taliiary glands Babkin and his associates foi

that when the chorda of one side w as stimulati

substance entered the blood which caused a
in blood pressure and secretion from the dei

vated salivary gland of the oppo«ite side The'f

fects were abolished by atropme Similar resi

have been obtained by others During stimulal

of the chorda of a perfumed salivary gland for

ample, a substance identical m action with ace

choline was found by Henderson and Roepkt
the perfuiion fluid

S The liberation of acetylcholine from paras

pathetic endings tn (he tns ^hen a strong li

was thrown into one eye, the other eye be

shaded an acetyichohnehke substance was
tamed from the aqueous humor of the illumina

eye hut not from the darkened eve (Engeibart

5 Acetylcholine as on intermediary of parasi

palhtltc effects to the ohmentary tract and bladt

It has been shown that Ringer a solution in wh
a beating loop of intc^Uae ts immersed is capa

of augmenting the activity of another similar 1<

01 edand) It has also been found that if the vai

nervre to the intestine is <ctimulated and a Ic

then removed and suspended in Ringer s eoluti

the contractions of this loop arc greater than th

of a similar one which had not been previou

excited in this manner The^e experiments s'

gest that during intestinal activity a substance

liberated by the vagal endings which has an ai

mentiDg effect upon the contractions Evidei

for the liberation of acetylcholine by the gast

vagus has been obtained by Dale and Feldberg

substance identical in action with aeetylcholi

was detected m the venous blood leaving the re

mg stomach or m the e'ennized fluid perfuming

wall During vagal stimulation the quantity

the active material was increased fourfold

An acetjlcholinehke substance has also be

identiGed by Henderson and Roepke in the fli

perfuming the bladder during stimulation of

parasympathetic nerves In the case of the int

tine and bladder as in the case of vasodilai

nerves, the same discrepancy exists between t

action of atropine upon the effects of nerve sti

ulation and the action of the drug upon the effei
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of acetylcholine administration Atropine abo

lisbes the action of acetylcholine vhen applied

artificially to these organs but does not depress

the contractions set up by parasympathetic atim

ulatioQ Henderson and Roepke conclude from the

results of their expenments that, whereas the tone

of the intestine and of the bladder is dependent

upon the liberation of a choline ester, another

mechanism is responsible for the phasic contrac-

tions Atropine, as IS well known depresses the tone

of the intestinal and vesical musculatures but ex

erts no direct elTect upon the contractile mecha
nism

4 The liberation of aceli/lchohne from aympa
thelic preganglionic fibers Feldberg and Qaddum
perfused the superior cervical ganglion with eseri

nized fluid The inQow cannula was inserted into

the common carotid artery, all branches of which

had been tied except the one to the ganglion The
fluid was collected from the internal jugular vein,

all its tributaries except that from the ganglion

having been occluded During stimulation of the

cervical sympathetic trunk below the ganglion the

fluid issuing from the vein was found to possess an
action identical with that of scetyleholioe When
the collected fluid was passed through the gan

gliOQ of theoppositeside its stimulant action upon
this structure was evidenced by a contraction of

the nictitating membrane Fluid collected before

or after the period of stimulation showed no such

activity

5 Acetlyeholine libeTahon during the dtaeharge

of adrenaline Stimulation of the sympathetic fibers

supplying the adrenal medulla causes an acetyl

cholinelike substance to appear in the blood of tbe

adrenal vein It has therefore been concluded that

acetylcholine acts as a chemical transmitter from

the nerve terminals to the medullary cell# It will

be recalled that the sympathetic fibers eirdiog in

the adrenal are preganglionic, the adrenal cell

itself taking tbe place of the ganglion ce{{

6 Acetylcholine as Ifts Iransmtllsr of effects to

the sweat glands Although the human sweat glands

arc innervated by tbe sympathetic, their behavior

to drugs IS similar to that of structures supplied by

the parasympathetic, they are unaffected by ad

renaline, stimulated by pilocarpine, and paralyzed

by atropine An experiment by Dale and Feldberg

gives an explanation of the«e discrepancies, or at

any rate brings the mechanism of sweat secretion

into the general scheme Excitation of the synipa

thetio fibers to the foot pads of the cat was fol

lowed by sweating and the appearance of acetyl

choline in the esenmzed fluid perfusing tbe paw

The chemical identity of the adrenergic media-

tor 13 not 80 well characterized as that of the

chohnorgic mediator Cannon and Bacej, in 1931,

demonstrated that stimulation of adrenergic

nerves hberated a substance into the circulation

which they called “sympathm ” Although many
of the effects of sympathetic stimulation could be
produced by the administration of epmephrme,
Cannon and Rosenblueth were unable to demon-
strate complete quahtativ e and quantitative iden-

tity between the two types of stimulation They
proposed the “sympathm theory” which is dis-

cussed elsewhere (ch 58) Subsequent work has

confirmed their idea that there is more than one

type of adrenergic effector However, it has been

shown that epmephrme is not the only mediator

released on sympathetic Btimulation

Epmephnne was crystahzed from adrenal me-
dullary extracts by Abel m 1901 Sinee then it

has been identified in other nervous tissue and
found to be secreted at adrenoceptive effector

cells In 1946, Euler reported that adrenergic

fibers contamed another catechol amine, leiar

lereno) (oorephinephnne, noradrenaline), the

foilow'ing year Bacq and Fischer found that some
adrenergic fibers liberate only epmephnne others

only levarterenol, and still others both epmeph-
nne and levarterenol Isoproterenol (isopropyl

Dorepmephnne isopropylnoradrenalme) was

found by Lockett, m 1956, m pulmonary venous

blood following stimulation of the upper thoracic

sympathetic chain

The properties of the first two of these sub

stances, found in the adrenal medulla, are de

senbed in chapter 58 The response of the effector

cells IS the same whether the mediators arrive by
way of tbe circulation or whether they are re-

leased by nerve termmal endings on the cells

The mechanisms whereby the adrenergic me-
diators are formed, or by which they are released

are not knowm However, once released upon

sfunufat'ion of adrenergic neurons, the merfiafors

are, compared to acetylchohne slowly inacti

vated At least four possible pathways of epi-

nephrme metabolism have been described (1)

An enzyme, monoamine oxidase, is present

throughout the body which is capable of oxida-

tively deammating primary amines Epmephrme
and artcrcnol are substrates for this enzyme, al

though the reaction proceeds rather slowly (2)

Conjugation of epmephnne with glucuronic or

sulfunc acid at the hydroxyl groups occurs, pri-

manly m the hver and intestines (3) The phe-

nolic hydroxyl groups of epmephrme are readily

oxidized forming a qumone which m turn forms

a eyehc structure adrenochrome (4) Recently

Axelrod has demonstrated that the phenolic

group m the meta position is methylated to a

considerable extent in the body There is as yet,



Chapter 71 AUTONOMIC NERVOUS SYSTEM 1307

howe\ cr, no cv idencc that any of the«c inactivat-

ing mechanisms la the one pnmanly responsible

for terminating adrenergic effects

The concept of specific receptors, first proposed

by Dale in lOOfl, atda m understanding the rather

complex responses to sjTnpathotic stimulation or

cpinephnne adminustration Noting that epineph-

rine caused some smooth muscle to contract, ntulc

It rclaved others, ho proposed that the former had
‘ motor” tjjic receptors while the latter had “in-

hibitorj” type receptors Ahlqutst has duidcd

the adrenergic receptors into two types Alpha

receptors arc those associated with aasoconstne-

tion, myocardial ectopic excitation, mjomclnal
contraction, nictitating membrane contraction,

intestmal relaxation, ina dilator muscle contrac-

tion, pilomotor contraction, and gly cogenolj'sis

Beta receptors arc those concerned with vasodila-

tion, cardioacccleration, myocardial augmenta-

tion, myometrial relaxation and bronctnal relax-

ation FurchgoU has presented e\idcnce which

indicates that with \ascular smooth mu«cle, at

least, mdividual cells may contain both a and

receptors

Lci arterenol appears to stimulate only alpha

receptors, isoproterenol only beta receptors, and
epmephrine w capable of stmiulatmg both Epi-

nephrine IS 2 to 10 tunes more potent than lc\ar-

tcrcnol in stimulating the alpha receptors Iso-

proterenol la 2 to 10 tunes more potent than

epinephrine m stimulating the beta receptors and

100 or more times more active than Icvartcrenol

Therefore, although cpinephnne is the more po-

tent agent as a xasoconstnclor, le\ arterenol may
produce a greater rise in blood pressure for a gi\cn

do<e, euice it has no or little effect on vasodilator

fibers

Euler claims that le^ arterenol is most com-
monly found as the mediatorm adrenergic nera es

If this is true it readily explains the observed <li3-

crepancies between the effects of epinephnnc ad-

ministration and sympathetic nerve stimulatiOQ

Proin the information now aiailable it is pos-

sible to construct the mechanism by which the

autonomically innervated effectors are stimulated

(fig 71 4) Impulses leave the central nervous

system by way of cholinergic preganglionic fibers

whicli terminate at ganglionic cells In the sym-

pathetic division tliese neurons are collected jb an-

atomically discrete bodies Tlie parasympathetic

ganglion cells are rarely discrete, being located

usually within the organ innervated In either

case, acetylcholme is liberated from the pregan-

glionic terminals where it is free to act upon the

receptor sites of the ganghon cell This combma-
twn of acetylcholine with receptor results in a
lo^ts of membrane mlegnty and the potential

difference between the interior and extenor

of the cell disappears The electrical activ-

ity associated with this “depolanzation” is of

sufficient intensity to disrupt the continuity of

the adjacent membrane, and the impulse is prop-

agated along the postganglionic fiber As long as

the acctylcliolme is bound to the receptor site,

the merabmne at that pomt remains deplonzed

Honeicr, the acetylcholinesterase present at the

By napse immediately (less than 1 msec ) destroys

the acetylcholine and the polanty of the neuronal

membrane is restored By this mechanism each

preganglionic impulse hberates acetylcholme

which in turn initiates a postganglionic impulse

The limiting factor m rate of transmission seems

to be the refractory period of the nerx e fiber

Obviously, substances which wiU prevent ac-

cess of acety Icholme to the ganghon cell receptors,

or which will cause prolonged depolarization of

the nerve membrane will block ganglionic synap-

tic transmission

A

..^Vasoconstriction

*.«— Pileerectfon

^...tris dilation

rt^Vosoddotion

CordiQC acceterotion

Bronchioi relaxation

Adrenal

medulla

Cordioc Inhibition,

digestive glonds

etc

Fro 714 Djagram showing the distribution of

cholinergic and adrenergic fibers A parasympa
thetic, B, sympathetic, I, pregangiiontc 2, post
gangbonic heavy lines, cholinergic, light lines,

adrenergic
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The impulse travels down the postganghonic

fiber as described and releases a humoral agent

at Its terminal If the fiber is parasympathetic or

sympathetic to the sweat glands, acetylcholine is

the mediator released This substance then com-
bines with specific receptors on the effector cell

to produce the characteristic response of tbatceU

If the postganghonic fiber supphes other sym-
pathetically innenated structures, epinephnne,

levarlerenol or isoproterenol is liberated from
the terminals The agent liberated is apparently

characteristic for a specific neuron In the case of

the adrenal medulla which rnaj be considered

to be composed of ganglion cells without axons,

the adrenergic mediators arc liberated into the

blood The other postganglionic sympathetic

neurons liberate the mediator in close proximity

to the effector cell The mechanism whereby epi-

nephrine levarterenol or isoproterenol stimulate

the effector is unknonn Since there is apparently

no specific instantaneous mechanism for destroy-

ing the substance its action is probably somewhat
different from that suggested for acetylcholine

Drugs Acting on the Autonomic
Ncr*'OHs System

Many agents are capable of elicitmg or modify
ing responses of the autonomic nervous system
A brief survey of the types of drugs uxed for these

effects may help further to understand the fune

tion of the autonomic nervous system

Droos Acting at the Qanolion

The alkaloid nicottne was the first compound
found to stimulate postganglionic fibers The de
lineation of this effect led to the term nicotinic

uoed to describe the effect of acetylcholine on the

ganglion cell In recent years a number of syn

thetic compounds have been found to possess gan
glion stimulating properties including rorhamino

ylcholine, dccamttkmmm and Utrameikylammo

mum bromide Obviously little therapeutic advan

tage would be obtained from the stimulatioii of all

postganglionic fibers which would result from the

administration of such an agent However, tbe«e

substances are useful as experimental tools

The blockade of ganglionic transmission is a

more desirable therapeutic end Again meoUne was
the first substance known to cause such on effect

The paradox of the same substance causing two
oppo'-ing effects is resolved when it is understood

that far larger quantities of the drug are necessary

to block than to stimulate The mechanism of ac

tion m both ca®es seems to be that nicotine, like

acetylcholine, imtiafe? a response in the po«tgan

glionic fibers by depolarizing the nerve membrane

With large amounts of the alkaloid the depolari

zation IS prolonged, preventing repolanzation of

the neuron and hence preventing subsequent

discharges Even though acetylcholine is released

by the preganglionic ternunation, it cannot initi

ate transmission in the postganglionic fiber The
dual nature of the action of nicotine, as well as

Its effect on skeletal muscle, makes it of little

elinical usefulness Its ganglionic actions are re

sponsible for many of the side effects of the u=e

of tobacco

Tcfraeffij/fammeniMin chloride (TEA) blocks gan
glionte transmission by combining with the acetyl

cliofine receptors of the posIgaDgfionic neuron
without depolarizing the cell membrane In this

instance the liberated acetylcholine cannot gam
access to the receptor site to initiate depolariza

(ion Other ganglionic blocking agents hexameth
ODium pentamcthonuim pentohnmm (Ansoly

sen), mecamylamtne (Inversinc), trimethaphan

(Arfonad) and others produce effects similar to

those of TEA There may be minor differences in

mechanisms of action, and they may vary in the

duration of their action, however, the qualitative

nature of their responses is similar

The effects of ganglionic blockade can be pre

dieted readily Depending upon the degree of

blockage there will be depression to complete ps

ralysis of autonomic function This will result in

such effects as interference with vision (accomo

dation and pupillary size), postural hypotensioR

etc U must be remembered that the autonomic

system is composed of two functional units which

frequently antagonize each other to vary ing extent

depending upon the demands made upon Che body

No response to the administration of a ganghomc
blocker may be observed until some demand is

placed upon the autonomic system (e g hypo

tension following change from a recumbent to a

standing position) On the other hand where there

IS a great deal of autonomic activity (as in hyper

tension of sympathetic origin) the administration

of a drug such as tetraethylammomum may pro

duce a dramatic and immediate re«poB‘<e (m this

ca'eadecreasein blood pressure) This is not the

result of the drug initiating a response but rather

of blocking existing physiological activity

Drugs Acting at Cholisoceptive Effectors

There are relatively few substances which will

mimic the effects of acetylcholine liberation at

autonomic effectors The alkaloid miiscorine from

the poisonous mushroom Amnnifo muscana was

the first such substance isolated From its effect

came the adjective muscarinic which has been

u«ed to describe the actions of acetylcholine at the

effector cells It is now of only toxicological im

portance Acetyl 0 mrfliacftolirte (Methacholine,

Afeehofyi), possesses the actions of acetylcholine

It 19 destroyed by acetylcholinesterase but not by
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the nonspecific cholinesterase \\ hen given in euflli

cientl} Hrge amounts its effects are, therefore,

somenhat more prolonged than those of aeet}!

choline Carbaminogl 0 methylcholine (bcthanecol,

Urecboljne) is similar to methachohne in its ac
lions (at cholmoccptive effector cells) with the

exception that it is not destroyed by cholinester

a<sc Con«equentIy its actions may persist for

hours Carhammoylcholine (Carbachol, Dory!) also

stimulates cholinergically innervated eBcctors

In addition, as mentioned above, it ol^osUmuIatca

ganglionic cells Like bctbanecol, it is not subject

to hydrolysis by cholinesterase Pilocarjnne, a
naturally occurnng alkaloid, was at one time an
important therapeutic agent that stimulates cho
Jinoceptive effectors directly Like nj«*e3rine, it

was of great help in elucidating the dynamics of

autonomic function Despite its long history rcla

tively little is known of its mechanism of action,

and its u<c today is limited chiefly to its local

effects upon the ey es

Many drugs block the stimulation of effector

cells by cholinergic agents The prototype of the

group IS alrapine an alkaloid found in several

species of the potato family The classical source

liAtrepaMladonna (tieailli nightshade} Achemt
cal i«omer, scopolamine, also occurs naturally and
has the same effect upon cholinergic transmission

These two agents are essentially interchangeable

both quantitatively and qualitatively in their

effects upon the autonomic nervous system Dos
ens of synthetic compounds, similar to atropine

in action, are available None is as potent (m
terms of amount required to produce a given ef

tecl) as the natural alkaloids, and they vary one
from another in their duration of action and af&n

ity for certain typos of effectors This permits some
selectivity in blocking cholinergic responses

Atropine and its congeners combine reversibly

with the receptor site to prevent access of cho
linergic substances to the effector cell As with the

ganglionic blockers, acetylcholine is released from
their nerve endings, but no response is elicited

The effects produced by atropine are those of in

terference with parasympathetic function and
sweating Consequently apatientwbo has received

atropine shows exaggerated sympathetic effects,

such as tachycardia, decreased intestinal motility,

mydirasis, etc Tbe^e are not direct respon'es to

atropine but rather the result of blockade of nor

mal physiological antagonism to sympathetic
functions

Drugs AemvG at Adrenoceptive Effectors

The effects of epmephnne and levarterenol (nor

epinephnne) have already been di«cu«sed (ch 58)

Unlike acetylcholine, these substances are inacti

vated relatively slowly and hence may be adminis

tered exogenously to produce iheir characteristic

responses However, the administration of a single

im

dose of one of the^c drugs produces, therapeu

(leally speaking a transient response Other drugs

are available which produce various adrenergic

responses for longer duration

Cphednne is an alkaloid from the Asiatic plant

ma huanff It causes many of the cardiovascular

effects of sympathetic stimulation, apparently

affecting both alpha and beta receptors for it will

increase blood pre««ure, dilate the pupil, relax the

bronchioles etc Enough differences exist between
the actions of ephedrme and epinephrine to <>ug

gest that ephcdrinc may act by eome mechanism
different from that of epmephnne, but no defini

live statement can be made on the basis of infor

Toalioa now available It also produces central

nervous system excitation, and is at times u<cd to

counteract central depression

Many other adrenergic compounds have been
eymthesizcd Minor chemical variations in some
cases cause marked changes m the nature of the re

eponsc produced By making appropnate chemical

modifications drugs have been prepared which

have primarily only one or two of the actions of

epmephnne The variety of drugs employed and
the relationships involved m their actions is prop

erly the scope of pharmacology and is too exten

sive a subject for review here

Certain alkaloids (ergotamine, ergocnstino,

etc ) found ID ergot were found by Dole early in

this century to block the pre<8or effects of epi

aephrine In recent years a number of synthetic

cholinergic blocking agents have been prepared

Most widely used of this group are pxperoxan

(Bcnodaine) pfitnoxybemamine (Dibensvline)

pkenMamtne (Rcgitene), and arapeltne (Ilidar) *

Not all adrenergic effects are blocked by these

agents Va^oroDHtnctiDa is most readily inhibited

by these blockers On the other hand no known
drug will lohibit sympathetic cardioacceleration

As with atropinelike drugs the adrenergic block

era do not of them«elvea initiate respon‘=es, but

effects are seen following their administration

which are the result of disrupting the balance be

tween the two divisions of the autonomic system

or reducing excesuve syiapalbetic aetivilv

Transmission at the Mvoncural Junction

The (ransmission of impulses at the my oneural

junction IS accomplished in much the same fash-

ion as synaptic transmission Acety Icholine, hber-

ated from the nerve ending, reacts with the

muscle end plate to depolarize it and initiate

contraction of the actomyosm fibers (fig 71 5)

Acety Ichohnesterase immediately macU\ates the

acetylcholine, the innsde end plate repobnzes,

•Many other compounds recently introduced
into therapeutics produced limited adrenergic
blockade which causes “undesirable side effects ’

at times
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Fio 71 5 Diagram of the regioa of the musele
end pJate (from Acbeson after Couteaux)

and the situation la fa\orabIe for reception of

another nerve impulse and initiation of another

muscular contraction (p 1304 I30o)

Evidence that acetylcholine is liberated from

the ternuoaU of motor nerves and serves as a

transmitter of impulses to the mu'cle fibers has

bees obtained by Dale and his associates

1 Upon rhythmical stimulation of the hypo
glossal nerve ot the perfused tongue of the eat

acetylcholine appeared consistently lo the venous

fluid Similar results were secured with the per

fused leg muscles of the dog during stimulation of

the ventral spinal roots after excision of the turn

bar sympathetic chain

2 The suddea iniection of a small dose (2 to

10|ig ) of acetylcholine into the artery supplying

the gastrocnemius of the cat during circulatory

arrest caused a sharp contraction of the muscle

It IS annulled by curanne but not b> atropine

The direct application of a minuteamount (5X10^
ng ) of acetylcholine to the motor end plate of

the muscle fiber causes a short sharp tetanic con

traelion Ten tunes this quantity applied else

where to the fiber is ineffective (Bucbtbal and
Lindbard)

3 The intravenous administration of esenne

(0 2 to 0 3 mg per kg ) to a spinal cat caused an

increase of 130 per cent in tension of a gaslroc

ncmius twitch provoked by stimulation of the

motor nerve Esenne had no such cfleel upon the

response of denervated muscle to direct stimuls

tion

Dhogs Acma at the AItoneural Junction

AUbougb acetylcholine is the humoral mediator

at the junction of motor nerves with skeletal m«s
cle the other choline esters mentioned above

muscanne and pilocarpine have no effect at this

site Nicotine is capable of both stimulatiog and
paral) ring the motor end plate in amanner similar

to Its action at the ganglia Neostigmine and edro

s, pAonium (Tensilon) are capable of poleDtiating

^ muscular activity and in larger do«es will produce

fasciculations as a result of direct stimulation
{depo1anzation)oft)en]otorend plate Obviously
direct chemical stimulation of muscle fibers is not
of therapeutic but only of toxicologic import

The inhibitors of myoneural conduction are of
more importance The inhibition may be of two
types d Tubo-curarine and its derivatives as well

as the synthetic drugs paUamine (PlaAedi!) and
AfytoloQ paralyze skeletal muscle bj blocking ac

cess of acetylcholine to the motor endplate De
polanzation cannot occur and contraction cannot
be initiated This blockage is reversible and to a
limited extent paralysis with these agents can be
overcome by the administration of a cholinestera‘‘e

inhibitor (such as physestigmine or neostigmine)

which will permit the released acetylcholine to in

crease to the point that it will dnve the curare

molecules from the receptors l^eostigmine and
edrophonium in addition to their choline«tera«e

inhibiting action are direct stimulants to the«e

ehohaergic receptora and mil reier«e curare ps

ralysis directly A second type of inhibitor or

mii«rle relaxant is exemplified by compounds such

as auecxnflcholine (Aneetine) or deeamelhonium
(Syncunne) Tbe»e agents combine with the recep

tor sile and cause depolanzotion Since the com
pounds are relatively slowly inactivated the mem
brane does not rppolarize so that impulses cannot
be transmitted from the nerve ending even though
acetylcholine is being released There la no way
>0 which this blockade may be reversed other than

permitting the drug to be inactivated Both sue

cinylcbohne and decamethonium are rather

promptly inactivated by the tis<ues

tfyastAcnio (rraiie This condition as its name
iiDjilies IS a condition of profound weakness of the

muscles tho*e of the eyes face and throat being

as a rule involved first Collections of lympho

cj tea Gymphorrhages) and degenerative changes

occur m the muscles The disease is accompanied

by a high degree of creatinuna and a reduction in

the excretion of creatinine The tbymo® is fre

quently enlarged and myaathema gravis is a fre

quent aceompaniment of thymic tumors Admmis

tered creatine is practically all excreted a» « leh

Death results from involvement of the respiraton

muscles hly asthenia gravis is a-’aociated some

times with thyrotoxicosis in which enlargement of

the thymus la al'o commonly seen

la 1934 llalkcr described a dramatic improve

meat in a ca^e of myasthenia gravis folloaing the

administration of esenne later prostigmme was

found to confer even greater benefit The elleet

unfortunately is transient la"ting for no longer

tbao3or4hour3 Other anticholinesterases like di

laopropylfiuorophosphate (DFP) have «incebeen

employed the latter agent though it has a more

lasting effect is otberwi«»c inferior to prostigmine

or neostigmine The first drug to be used with
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benefit i^as ephcdnne, introduced bj EdgcpioKh
in 1930, who was beraoU n victim of the tliwase

The musculnr wcaVnc8« is ro^aslhenift grivis is

not due to an) di«ea«c of the central nervous ays

tem, nerve trunks, or muscles but, ns shown by
Harvc) and his associates, to some defect at the

mjonetira! junction With regard to the nature of

the junctional di'ordcr, the ictioa of cbolioester

a«e8 suggests three possibilities, nameh (ft) defi

ciency of acctjlcholine production, (b) the pres

ence of excessive amounts of cholinesterase or (c)

the production of a substance with a curarefike

action The investigations of IVilson and Stoner

point to the last mentioned ns the most likely

factor They found no increase in the eholineatcr

asc content of the blood m subjects of the disease,

nor any evidence of a fiulure in acetylcholine s) n

thesis, but the scrum of patients suffering from the

disease, but not under treatment with prostig

nunc, caused neuromuscular block in the nerve

nui«cle preparation of the frog Scrum from pa
tients receiving prostigminc treatment exerted no
curarelike action V ith the idea that the primary

fault originates in the thymus thymectomy has

been resorted to in some instances, with appar

entl) beneficial results

Tlie Role of Humoral Transmission in the

Central Ncraous System

There is currently much controversy over the

nature of synaptic transmission m the central

nervous system Acctylcholme is maolved, but is

apparently not the onlj transmitter The prevail-

ing concept IS that n here acotj Icholinc is imolvcd

its mechanism of action » similar to that at the

autonomic ganglia Where acetylcholine is not the

irsnssait^?, i>iher sub$tsBce9 .have hew
gested, mcluding levartcrenol (or "sjmpathm”),

5-hydroxytryptamine, histamme and adenosme

triphosphate (ATP)

The role of acetylcholine is suggested by the

following observations

1 Feldberg and Vogt found varying coneentrs

tions of choline acetylaoe in different regions of

the central nervous system belonging to the same
afferent or efferent pathway They attributed this

variation to alternate distribution of cholinergic

and noncholmergic neurons For example, the

retina of the dog contains large amounts of cho

line acetylase, the optic nerve very little, and tbe

lateral geniculate body (where next neuron in tbe

pathway begins) again large amounts
2 Acetylcholine content of the brain vanes

with the degree of functional activity Richter and
CrosMand have shown that during deep anesthesia

the concentration of acetylcholine in rat brains is

three times as great as during convulsions The

concentration returned to normal in 10 seconds

after ce8*ation of the convulsions

3 Acetylcholine has been found in the csen
mzed venous outflow of the isolated cat’s bram
and mesennized Ringer’s solution which was per

fused through the lower end of the spinal cord of

(he dog In the latter instance stimulation of the

central end of the divided sciatic nerve increased

the concentration of acetylcholine during the

penod of reflex actuity (BQlbnng and Burn)
4 Acetylcholine is found in cerebrospinal fluid

by a variety of techniques and it has been ob
served to transude from the cerebral cortex This
transudation decreases concomitantly with a de
crease in electrical activity of the cortex as the

depth of anesthesia is increased Undercutting of

the cortex (leading to a ’’silent cortex’ ) stops tbe

production of acetylcholine (Rfaclntooh and Obo
rin)

The evidence for the existence of noncholmergic

chemical transmissiOD is more tenuous

1 Eccles has demonstrated by intracellular re

cording, that the electrical activity at synapses

can be accounted for only on tbe basis of a media

tor and that this mediator at certain synapses is

not aeetylehohne

2 As mentioned Feldberg and Vogt have dem
oQstrated uneven distribution of acetylcholine in

(be central nervous system The ecrebellum is

notably deficient in both ocetylcholine and cho

line acetylase Yet extracts of cerebellum injected

into the carotid artery have been found to increase

electrical activity of the cerebellum No claim is

made that this substance, as yet unideatified is a

mediator, but it seemingly would fulfill the re

quirements of a central transmitter

3 5 Hydroxytryptamine (serotonin) is irregu

larly distributed in the brain This agent, as well

as drugs which will liberate it and drugs which

antagonize its actions peripherally, can elicit pro

nounced central effects The objections to its role

as a mediator result first from the fact that it is

found ID those areas also high in acetylcholine

coDcentraCiOQ, where presumably acetylcholine is

functioning as a mediator Second drugs which
have opposing central effects (such as amphet
amine which is a stimulant and reserpine which

IS a depressant) produce identical quantitative

changes id 5 hydroxytryptamiDe concentrations

ID tbe brain

4 Levarterenol is also irregularly distnbuted

in the brain Like 5 hydroxytryptamine it is found

in highest concentrations in those areas nch in

acetylcholine It has been demonstrated to modify

aynaptic transmission, but there is little evidence

to justify assigning it a primary role in noncho

Imergic transmission

No unifymg statement may be made of the

mechanism of humoral transmission within the
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central nenous sjstem That such transmission

must exist seems assured Likeinse, it must in

part be cholinergic The identity of other media-

tors, or what functions are served by the sub-

stances found m the bram which are active else-

nbere in the body, remains to be elucidated
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mccham«m for blue light of the particular wave
length u^cd to illiiminalc the background AVhen
tbia IS tloTiL g>«teTnatica\\> tbrougbouv Ibe fpec
trum «i(h different ^ra\e lengths m the baefc

ground the fensitivit) of this pari of the red

mechanism to all other fta\e length** can he plot

fed J/ the ml mechint^m depends on tno or more
receptors or pathwajs then a further nae jn the

blue background intcn«it> maj produce another

break in tbc regular increment threshold curve lor

a red te«t lla«h at the point where the recond

mechanism begins to he affected lij the blue (or

other colored) stimulus

As a result of ii detailed analysis made in this

manner, in Vilucli numerous wave lengths have
been u»ed both for the test fla«h and for the back
ground, Stiles has obtained c\ idence for five sepa
rate mechanisms la addition to the rods Theesti
mated spectral sensitiMties of the three main ones

(vi
, »« , T») nrc plotted m figure 73 18 The> pro

iide a very important body of concrete mforma
tion With regard to the color mechanisms in the

normal eje The problem hon over, remains as to

hon the«e curves should be interpreted and bon
the) can be integrated into the other data on color

V3«jon

Stiles IS cautious on ttus subject and prefers to

lalicl the curves Ti to ** and to use the word
mechanism rather than receptor or even psibwa>
The point that has been determined m each ca«e

IS the mtensitj v,liicb is required at each wave
length for some process miohed in the perception
of the test flash to be effected by the conditioning

stimulus On structural and phjsiologieal grounds
this nen proce«s which becomes affected could lie

(a) the threshold of a new t)pe of receptor, (b)

the threshold of a bipolar cell, (c) the threshold

of a ganglioD cell, or (d) the threihold at which
some inhibitor) process came into action There
IS nothing as )et to indicate which if an) of the«e

processes is the effective one in anj of the iri to

r. mecbBai'=nss When more information is avail

able, this analysis of increment thresholds will

undoubtedly prove of tlie utmost value ftfean

while n (blue mechanism) *•, (green mechanism)
and *-j (red meebamsm) agree very well with

estimates which have been made of the sensitivity

of the^e color mechanisms from the data obtained

by color mixture v, and tj are clo'eJy similar

to the curves obtained from the foveal center and
described above Thus there now seems to be ap
proaching some certainty that the sensitivity of

the two mechanisms of the central fovea is very
much as has been suggested, but there is still

doubt as to what physiological characters deter

mine the sensitivities of theee two mechamsms
Among the various possibilities the following may
be mentioned (a) Single pigments in single cones

(b) mixed pigments in “ingle cones, (e) single pig

ments in single cones, but relaying on to combined

Pio 7318 ScDSitivil) curves for the Ti r 4 and
ri mechanisms The dotted lines represent the P
and tbo Deurves from figure 73 17 Scetext (After
Stiles and Willmer

)

pathways, or (d) mixed pigments in single cones
relaying on to mixed pathways (see figure 73 19)

In addition to this simple pattern it could be
postulated that other retinal nerve cells could also

send information about the difference in responses

between the receptors and the^e nerve cells might
have very different thresholds from the receptors

themselves Figure 73 20 indicates one such po®si

bihty The thresholds of cells 1, 2, 3 and 4 might
be reij different and ve/) dilferentty affected by

adaptation and so show up by the increment
threshold technique which after all depends on
infonnatiOQ supplied to the brain by the optic

nerve and not nece^sanlj only on the degree of

etimulatioa of the receptors themeelves This
by potheois should be regarded as only a suggestion

regarding the manner in which it is now becoming
possible to think about retinal physiology

, how
ever, eince retinal physiology is m a sen«e, the
physiology of the central nervous system its im
plications are far reaching

The blue uccbamsm and » 1 Although some
finality appears to be approaching m relation to

the identification of the red and green mechanisms,
the nature of the blue mechanism remains an un
solved problem From color mixture data obtained
from both normal and color blind subjects and
from the increment threshold data of Stiles (the



1362 THE SPCCIAt SENSES Section IX

Fio 73 19 Some possible arrangements for the
use of two types of pigment and two types of cone
and for the transmission of their photochemical
responses to the brain See text

n curve) it appears to have its maximum seosi

tivity at about 450 nifi In several ways, it appears

to differ ID kind from the other two mechanisms

Some of these differences are listed below

1 Blue contributes very fittle to the luminosity

of any color mixture, and the responses from (he

green and red mechanisms (r« and rt) account

for nearly all the luminosity of the spectrum

2 The blue mechanism does not operate with

very small fields, and it may actually be absent

from the central fovea

3 The receptive field of the blue mecbanism

is about 13' in diameter, whereas for (he red and

the green mechanisms it is of the order of 1’

4 Extrafoveally, a fairly large field has to be

stimulated (or eye movements allowed) in order

to allow the mechanism full play

5 The normal eye can be reduced to a state of

moaochromatism by sufficient adaptation to nolet

and blue green, or to violet and When tbia n

done, the eye yields only colorless or very dc
saturated sensations in response to subsequent
test fields over a large part of the spectrum If, on
the other hand, it is reduced to monocbromatism
by intense stimulation by yellow light (which,

incidentally, has very little influence on color

sensations in the central fovea, other than raising

their threshold) then all wave lengths from 400-

SOO ns^ subsequently appear as a very saturated

violet (which can be matched with 447 ma) Under
these conditions of ‘‘violet roonochromatism” in

duced by intense adaptation to yellow light, as

distinct from the more usual colorless monochro
m&Usms, intensity discrimination becomes very
bad and the visual acuity (see p 1304) becomes
very low, black bars on a uniform field have to be

separated by more than 7 5' before they can be

resolved whereas m comparable “red" and “green"

monocfaromatisnis visual acuity is little impaired

from Ibe normal (bars can be seen as separate

entities when only about 1' apart) This low visual

acuity of the blue mechanism is comparable with

the low acuity of the rod mechanism, although it

is definitely somewhat higher

6 When the eye ii adapted to various colored

lights, the effect of the adaptations on subsequent

color matches can be recorded and the rate of the

recovery of the different mechanisms from the

T C 3T

a a b b-a b

Fia 73 20 Some possible ways in which re

ceptors could be linked to optic serve fabers

1 transmits a which is some function oi A i

transmits o fb, where /6 is some function of B, but

iM>t necessarily equal to b, ahich is the response

transmitted by cell 4 Cell 3 transmits 6 /o, where
similarly, /a is some function of A but not neces

sanly equal to a
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Fia 73 21 Fields for blue, red and green for a normal ngbt eye (From nartndge )

adaptation can be id\ eatigated It is nearly always

found that although the red and the green eompo
nents m the mixture tend to follow similar and
rapid recovery curves, the recovery of the blue

mechamam is definitely slower and follows a differ

cQt time course

7 The estimated spectral senavtmtj curve for

the blue mechamam (vi) has an unique Link m
it between about £50 m/i and 600 in<u which is not

found in other scnsitmtj curves nor in the absorp
tion spectrum of carotenoid protein pigments

S Tritanopia (blue blindness) is inherited sepa
lately from the other forms of color hlindness

Several features of the blue mechamam suggest
that it may be associated in some way with the

function of the rods

1 Neither the blue meehamszn nor the rods are

present m the foveal center, whereas the blue

mechanism, unlike the red and green mechanisms,
18 m operation almost to the extreme periphery of

the eye ("ee p 1323), or at least as far out as color

IS recognized at all (fig 73 21)

2 The blue mechanism is often the first of the

color mechanisms to be affected in cases of retimtis

pigmentosa Tritanopia or failure of the blue

mechanism often follows any retinal damage or

degeneration which Involves the destruction of the
rods

3 When light of any wave length from 400 to

S"0 nin ilJuminates one half of a divided field

(about 4® m diameter) at such a low level of m

tensity that no sensation of color is aroused, one
presumes that only rods are being stimulated

However, the illumination of the other half of the

field with light of any wave length between 670

and 700 mii, of sufficient intensity to arou<e a sen

aatiooofcolorio that half, i e
,
to stimulate cones,

immediately causes the first half of the field to

darken and to appear blue If the divided field la

viewed monocuJarly, the blue can be matched
by a spectral wave band centered on 464 viewed

by the unstimulated eye The suggestion is very

Btrong (hat rods are involved in this blue sensa

tiOD

4

Twilight vision often has a subjective quality

of blueness

There are, equally, several features which ar

gue against the blue mecbaniom being depend
ent upon the rods

1 The spectral sensitivity of the blue mecha
msm IS not that of rhodopsin, it is more nearly

that of indicator yellow, although this is not a

photosensitive pigment id the ordinary sen^e

2 Thecolor mixture data are incompatible with

rbodopstn as one of the pnmary pigments used for

color wion if the curves for the other (r, and vi)

mechanisms are valid

3 The visual acuity m violet monochromatism,
although low, is higher than that with ordinary

rod vision

4 Tnrfiromatic matches made at phofopic

levels should not break down at scotopic levels if
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rods are involved m both In practice such mitehes
do sometimes break down

It IS clear from these summaries that, if rods

are involved in the blue mechanism, they are act

ing in some rather difTerent way frorn their more
clearly recognized action Although man has de

veloped from nocturnal ancestors in who'e eyes

rods undoubtedly preponderated, it is rather et
traordinary that his retina should still possess

some twenty rods to every cone if they are of no
Bignidcanee in his apparatus for viuon under or

dinarydaylight conditions, for he has now become
such a deBmtely diurnal animal

Jtloreover, there is something lery attractive

about the 'opponent color theories that have
been developed in various torms by Bering, Hous
toun, Ladd Franklin Gothlin and more recently,

by Hurvich and j8mie«oD some of which could

well be reconciled with an antagonism between
rods and cones The essence of these theories, all

of which vary in detail is the idea of opposition

between blue and yellow, and between red and
green Indeed there are many arguments which
can be brought in support of such an interpreta

tion of color vision, particularly if the antagonisms

ere thought of as not necessarily anting at (he

receptor level but at some higher level in the

neural pathway
Some of the electrical potentials recorded by

Sraetiehin and Mac^lcbo] ({05S) in the horizontal

cells (?) of fish m response to stimulation of the

photopic receptors by di/Terent wave lengths of

light suggest that they result from mutually an
(agonistic events Negative potentials develop in

the blue green part of the spectrum positive po
(entials in the orange red

Ihe concept of one neural pathway or meeba
ni«m opposing another has much to recoouneod it

as a means of reducing the informatian entering

the centra] nervous system to manageable proper

tions and at the same tune insunng that tbe epeci

fic qualities of the stimulus are maintained Re
dundant information can be eliminated in this

manner For example and as a pure hypothesis,

if both rods and cones are being stimulated, tbe

complete rc«poB«e of the Jess strongly stimulated

together with the exee«s re8pon«e from the other

provide all the necessary information for record

mg both luminosity and a limited sen«ation of hue

The general hypothesis that the most pnmitive

form of color vision was based on some feature or

modification of rod function opposing cone func

tion (or rice rersa) and gmng nse to sensations of

blue when the rod function was dominant and to

yellow when the cones were in the ascendant is

certainly attractive in its simplicity It al«o sug

gests that the red green blind (protanopes and

deuteranopes) who have t be»e two sensations only,

may still possess something akm to this more

primitive evolutionary condition of the visual

^stem If some of the cones then acquired a sec

oad pigment, yust as, among tbe ehromatophores,

the xanthophores often acquire a red pigment in

addition to their normal xanthopbyJJ and become
erythrophores two groups of cones could then re

suit, and the responses from these two groups

could provide the means of subdividing the 8en=a

lioo of yellow into one of blue green and one of

orange red according to which type of cone gave

(he greater response This concept is consistent

with the restricted retinal fields over which the

red and green sensations are evoked in the normal

light adapted eye whereas the yellow sen=ation

can be evoked, either by green or red light, as far

out in the retinal periphery as any color sensations

can be recognited (fig 73 21) However in the

dark adapted eye, red is seen as red m the ex

tremc periphery
,
yellow and green then generally

appear as white because tbev excite the dark
adapted rods 7*hc physiological interpretation of

these receptive fields is presumably to be sought

partly in the distribution of the receptors them
selves and partly in the distribution of the various

bipolar cells and ganglion cells which integrate and
code tbe information provided by the receptors

Protanopia and deuteranopia may lo some cases

depend on defective transmitting systems rather

than defective receptor systems Two tentative

echemes for retinal function could be summarized
as follows («ee Diagrams I and II) Both have (heir

difhcuUies but they may help to provide lome

mental picture of present trends in color vision

theory Future research alone can clarify the

postdoo

Visual Acuity

niBBlESOL'VThOI'OWEROFTHEETE ThcaCute-

nesa of vision (or visual acuity ) 13 dependent upon

eeieral retinal functions, eg
,
the sensitmty to

light (intensity threshold), the minimum visible

and the ability to recognise the separateness of

two closely approximated or parallel bnes The

threshold of the latter faculty is commonly re-

ferred to as the minimum separalle' or the reso

lulim IhresheM Visual acuity is the basis of tbe

form sense, by which is meant the power of de

temiining by sight the shape, form, outline and

minute detail of our surroundings Visual acuity

IS customarily expressed m terms of the mmi
mum separable or, to be more explicit, as the

reciprocal of the angle subtended at the nodal

point of the ey e—the nsval angle—by the space

between two pomts situated at the mimmum dis

tance apart at which their duality can be recog-

Dued For example, if the usual angle is 1 321

• The minimum separable is analogous to two
point discnmmation lo cutaneous sensation (p
1140)
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DIAGRA&I I

Dari adaplalion X max 500 mp
(white)

Lrghl adaptation

(a) In primitive state and ^(Ilods), max -ISO tn^ Cones (unspecialized)

in retinal ponpliery (lilue) XmaNi 560 mu
(b) Normal vision in cen« i^dlods), max 450 mii (jellow)

tral area (Itliie) Chlorolabe cones Chlorolabe 4* er3rthrD

I

\ max 530 com labc cones

Xmax 560 mp
(bl(ie«grcen) (orange^red)

(yellow)

(white)

(c) Central foveal vision as above

(>eIIow = white)

Mole 1 The separation of chlorolabe from chlorolabe+ erj throlabe cones may have involved only a
separation of the neural path^ajs, the tno t>pcs of pigment being altrays present except in the pro

tanopes

2 4(RQds) indicates some, os } et undetermined, modification either of the photochemistry of rod

vision or in the spectral distribution of the rod response «hich remains cflectivc under pbotopio eondi

lions (i e
,
which survives inhibition by cones or other similer process)

Dark adaptation Hods X max. 500 mp
(white)

Lxgkt adaptation

(a) Retinal penph —
ery

(b) Normal vision —
in central area

(c) Central foveal

vision

DIAGRAAf II

Unspecialiscd cones, X max
(yellow)

"Blue” cones

X max 450 mp
(blue)

"Blue ’ cones

X max 450 mp
(blue)

Chlorolabe

X max 530 mp
(bliie-firecn)

Chlorolabe +
er>throIabe

X max 560 mp
(orange-red)

(j ellow)

(white)

Chlorolabe

max 530 mp
(blue-green)

Chlorolabe +
erythrolabe

X max 560 mp
(orange-red)

(yellow = while)
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Fig 73 22 See text

minute, then the visual acuity la (1/1 321 »»)

0 756 The average nonnal eje can resolve two

points when the visual angle is 1 minute (60 see

onds) The maximum acuity mea-mred with a

Lindolt C (see below) is about 21 As an object

IS moved away from the eje its xisual angle be-

comes progressu ely smaller Consequently, thew
details of form and structure which subtend an
angle of a minute or more at the nearer pomt and
are therefore insiblc, gradually become impercep-

tible with mcreasmg distance In other words, m
order to see an object at a distance as clearly as

when it is near the eje, it would need to be m
creased proportionately in size (see fig 73 22)

In determining the visual acuity, figures such

as the broken circle of Landolt or Snellen’s

pTODg, painted black on a white ground and

ID graded sizes are employed The subject is seated

at a distance of 6 meters (20 feet) and a figure is

placed with the gap of the Q or the prongs of

the ^ turned to the right or left, he is asked to

say in which position the figure is directed Tlie

width of the lines composing the figures and the

gap in the or the spaces between the prongs

of the subtend angles of various degrees, de

pending on the size of the figure, when placed at

a distance of fi meters The width of the whole

figure is five tunes the thickness of its parts By
finding the smallest figure who<e position can be

recogmzed the visual acuity of the subject (in

terms of the visual angle) is ascertained In testing

t'nevisaa'i acoi^y^lur t'ne fitting tA g'lassesftndfieu’ 8

test type IS most commocly employed This test is

devised upon the basis that two points or lines

separated by a space having a visual angle of I

minute can be resolved by the average normal eye

The test type compnses nine rows of block Ictteri

pnnted in black upon a white card The rows ate

arranged in descending order of size from above

down The width of the lines forming Ibc letters

of the first row subtends an angle of 1 minute at

60 meters from the eje, whereas that of the letters

in the other rows, two to nine, have a visual angle

of 1 minute at 36, 24, 18, 12, 9, 6, 5 and 4 meters,

respectively The card is placed in a good bgbt,

the patient is seated facing it at a distance of 6

meters and asked to read down as many rows as

he can The visual acuity is expressed as a frae

tion, the numerator being the distance at which

the subject is seated from the card and the de

Fig 73 23 See text

nonuoator the distance at which the letters could

be read by the normal eye Thu®, if be reads the

seventh row of letters, le
,
tho®e with a vi«ual

angle of 1 minute at 6 meters his vision is 6/6

or nornisl If, on the other hand, he can see dis

tiactly only as far as the fourth row, which the

nonnal eye can read at 18 meters, his vision is 6/18,

if as far as the third row his vision is 6/24, and so

on, for any other row which he is just nble to read

Knowing the distance of the nodal point of the

eye from the retina and the visual angle, the size

of the retinal image of an object can be calculated

(p 13S0, 13S1) With a visual angle of 1 minute the

space on the retina separating two point images is

4 4 The diameter of the space occupied by a

foxeal cone is given by different observers as be

tween 2 5 and 4 0 Even if tbe higher of these

figures 18 taken, then tbe image of two dots *ep

aroted by 4 4 j* would fall upon two cones 'ep

arated by a single unstimulated cone or by one

stimulated differently, i e
,
by the image of the

interspace (fig 73 23)

From such calculations it has been argued that

the distance between cone centers la the linuting

factor in discnnusating two points or thin lines,

for obviously with an interspace le*s than a cone

width the two dots would fall upon a single cell,

and from what is known of the nerve impulse it

cannot be admitted that two parts of a visual re

ccplor, upon receiving simultaneously different

ty^ies of stimulus, can give noe to dissimilar sensa

tions

DifficuUies stand in the way of so simple an

explanation The eyes, even with the most exact

fixation, are constantly executing fine movements
tsdoXenfiing as muc’n as Wj

,
and Vnis means Vifift.

the retinal image does not stimulate only one

group of cones, but must be constantly shiftmgits

position This theory must also make the assurop

lion that when the angular distance separating two

points is about the diameter of a cone the two

images must be dodged about with almost m
credible precision, so that they come to lie not on

adjacent cones (see fig 73 23) but on two cones

separated by an unstimulated cone or by one

stimulated differently Adler concluded from his

expenments, in which fixation as exact as possible

was secured, that a point image moves over from

2 to 4 cones at least Furthermore, the size of the

image on the retina cannot, owing to the diffusion

of light, be calculated with the precision implied

by the foregoing calculations (sec below) It is

true that the smallest visual angle recorded (28*)

lor the space between two visually discrete objects
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Fio 73 24 Dcscnption In text

would give a retinal image of the same order of

magnitude aa the diameter of a cone—a fact

which fits the theory that the latter is the limiting

factor Nevertheless, it is probable that the corre-

lation 13 little more than a comcidence
Wilcox and Purdj suggest that the esaential

factor IS the total lUumination of the central cone

aa compared with its fellow on either ride Thus,
in figure 73 24 A, cone 2 receives more light than
cones 1 and 3 There is no reason then theoretically

why the interspace separating two lines could not

be narrower than the width of a single cone anti

still be recognizable A limit would be reached,

however, when the white interspace was reduced
to about half the width of a cone, then all three

cones must be illuminated cquallj It may be
asked, what essential difference is there between
the miaimum vi«ib?e (p ISW) and the ouniraum
separable, that the minimum visual angle should
be so much greater in the one instance than m the
other? Two parallel black lines upon a white sur
face are recognized as separate bccau«e a third
white line is seen between them Why then, pro
vided It IS bright enough can it not be seen, even
though reduced to an almost infimtesimal width?
The difference m the two instances appears to be
a matter of the background and may be illustrated

by fig 73 24 B A bright light upon an extensive
background illuminates a single row of cones,

whereas all cones for a distance on either side are

unilluaunated According therefore to the concep
tion of Wilcox and Purdy, no difference exists, m
So far as the fundamental retinal process is con
cemed, between the irutumum visible and the
minimum separable

There is one aspect of visua] acuity which is

probably of far more importance than appears at

first Sight It might be supposed that the hipest
visual acuity would only be obtained if there

existed an exactly one to one relationship between
each receptor and its optic nerve fiber It roust be
remembered, however, that there are, m and
around the central fovea, not only midget bipolar

cells but numerous flat and brush and
that these presumably collect information from
numerous receptors Moreover, ganglion cells may
again collect mfonnation from seienil of these

bipolar cells The fields of these cells certainly

overlap, which incidentally may have consider

able advantaged m preventmg the development
of blind spots or scotomas when individual cells

dogenerofe Tlie situation is diagramraatically

rcpn?scnlod in figure 73 25 where the circles n?p

resent the o\erlapping fields of fi%e bipolar cells

A study of this figure shows that the field m
question must be covered by at least these five

fields, and that it can be cu^iided into Qumer

ous areasm which from one to fire of the receptiv e

fields m question may be affected For example, a

receptor situated at point A w ould affect four out

of the five bipolars, but one situated at point B
would affect only one Thus position on the retina

is specified by the particular pattern of bipolar

cells which are stimulated Moreover it has been

shown that within any one receptive field the

center is generally the most sensitive part and

that a greater stimulus becomes necc'isary to elicit

a response from the margins of the field, this

means that a still greater specificity can be

achieved m the pattern of response to stimulation

of any particular pomt in the retina The pomt A-
hes on the margins of fields 1, 3, 4, and 5 and

therefore stimulates them all rather weakly, but

pomt B affects field 3 maximally and the other

fields not at all Every pomt stimulated in the

area under discussion thus evokes a particular and

specific pattern of responses from the bipolar cells

both with respect to the grouping of cells affected

and abo with respect to the frequency of impulses

generated, since these depend on the intensity of

the stimulus and the position withm the receptiv e

field

As with other faculties of the eye, no absolute

and constant value can be giv en for (he minimum

sei^rable It vanes greatly with several factors,

TO , (a) the tnlenstly of xllumxnalion of the test
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Pig 73 26 Relatjon between viaual acuity and
illumination (After Hecht

)

object, (b) the fpectral character of the light, (c)

the region of the retina stimulated and (d) the

size of the pupil

The resolving pow or of the eje for two points

increases nith the illumination, as illustrated m
fig 73 26 This IS a fact diiiicult to explain It

might be thought that as long as the illummatioo

was aboie the threshold for a just perceptible sen

sation, increase in the intensity of the light would

be without influence upon the threshold for the

mmimum separable Two theories which base

been proposed to account for the phenomenon will

be mentioned, not because they gi\ e an> final an

swer to the problem, but because they bnng up
some interesting points

Hartnclge proposes a theory ba*ed upon the

aberrations of the optical ejstem of the eye and
the ability of the retina to discriminate between

small differences of light intenoity (p 13tl) The
retinal image is not clearly defined but is blurred

b> diffusion circles or bands, cau«cd by thedifirac

tion of light at thepupillarj margin and to colored

fringes (chromatic aberration, p 139t) Assuming

the pupil to be 3 mm in diameter and a foveal cone

3 2/1 across, he made the following calculations

of the light diotnbutioD on the retina caused by
a white line separating two dark areas The tllu

mination of the row of cones corresponding to the

center of the line image was taken as 100 The illn

imnation of the next row w as 31% of the next9%
The diffusion bands thus virtually increase the

width of the image of the white line beyond that

indicated by calculations from the visual angle,

and encroach upon the dark boundaries The fine

movements of the eyes are continually shifting the

image and even the slightest movement will cause

the line of junction between the outermost diffu

Sion band and the dark area to move from one tow

of cones to another A row of cones is therefore

BtiiDuIated at one instant at a different intensity

from that at the next If the difference in light in

tensity is greater than 10% it is appreciated, and
thus a gap between the two dark areas is detected
Nowthe threshold for discrimination of differences

in light intensity varies with the illumination (p

1342) Consequently, when the illumination is re

duced, the difference between the intenMty of the
outermost diffusion bands and of the dark areas is

not perceived, t e
,
the shift of the line of junction

from one cone to Ihe next causes no «en«ation The
difference between the illumination of the inner

and outer bands may be still detectable but the

w idth of the bright line w ill be reduced Wth fur

ther reduction in the illumination and the con

sequent raiding of the threshold for intensity

di«crimination the white image becomes still nar

rower and finally, when the angular width is about

1 ', the dark areas fu«e across it

Hecht’e theory postulates a change in the

“gram” of the retina as a remit of variations in

illumination The retina, according to Hecht, is

made up of sen'itive element* of different intensity

thresholds distributedm a statistical manner sum
lar to that of other populations At low levels of

illumination only a proportion of tbe*e elements

(i e , rod* With the lowest tbre*bold} are excited

The active elements are therefore farther opart

and the “gram of the sensitive surface is rsla

lively coar«e As the light intensity increase* the

thresholds of more and more elements ere ex

ceeded More rods function, that is, the number of

active elements is increased and the "gram 'of the

retina is finer As the illumination ri«cs further,

cones fir*t tbo<e with the lowest thresholds and

later less seD*]tive ones, become active The maxi

real effect of increa*mg the illumination upon the

re«olving power is reached when the entire rod and

cone population is re*ponding (see fig 73 26) Ob
jections to both of the theories just outlined could

be cited, several ob'ervations indicate that the

threshold for the minimum separable is not de

pendent entirely upon retinal factors but that

central processes play an important part

The influences of such proce«se3 as the lateral

inhibition already mentioned in sharpening up
edges and inerea«ing contrast betw een illuminated

and unilluminated areas mu*t al*o be important

in determining visual acuity at different bright

ne*s levels

The revolving power of the cj c is greater for

monochromatic light than for a mixed light source

such ai daylight when the two have equal lilumi

Dating values This fact is due to (he absence of

chromatic aberration in the former instance

Monochromatic yellow Lght (575 mp) gives the

highest value, next m order come green, red and

Uue
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Theorelicall> the resoUing power must be

limited bj half the \va\e length of the light and

should therefore be higher in the short-waxe end

of the spectrum nowe\ cr, the amount of light

risible in the short-wav c end falls off very rapidly

and as «hown on pp 1302 1363 the vnsual acuity

of the blue mechanism is conspicuoualj lower than

that of either the green or the red mechanisms

For thc*«e reasons, the middle region of the spec

trum in practice shows the highest acuitj Hart-

ndge lias suggested that the visual acuities in

white light and in monochromatic lights remain

appronmatclj the same, m «pitc of the fact that

there may be blue, green and red •sensitive eones,

because the cones of the different tj pes tnaj be

grouped together in clusters m a more or less

random way and the cj e tends to fixate the image

on the most appropriate duster

Three factors arc mv olved in the effect of pupil

larj «izc upon the rcsohing power of the retina

Increase m diameter allows more light toenter the

ej e and therefore uicrcasoa the illumination of the

retinal image and raises the visual acuitj Diffrac

tion IS also reduced bj widening the pupillary

aperture which will tend to improv c the dcfimtion

of the image On the other hand, narrowing the

pupil diminishes chromatic aberration The opti

mum pupiliaiy size lies betneen maxinium coo

stnction and full dilation, namely, at a diameter

of about 3 mm
Wth ordmarj illuminations the vnsual acuity

IS some twentj tunes greater at the fovea than m
anj outlying part of the retina In the dark

adapted ej e (p 1342) the pcnphcral retina has a
much higher value than the fovea

The illumination of the field surrounding the
test object (the surround) has an important in

fluence upon the re«olving power of the eye A
uniform incresoe in the illumination of the eur
round up to one tenth that of the test object pro

gressivcly increases vi<ual acuit> Ilatsiag the

illumination of the surround from this point to

equality with the te«t object causes a slight reduc
tion in visual acuity and when the surround be

comes brighter than the test object there is a de
cided depression A very bnght but small bght
source situated in the neighborhood of the iesl

object, eg a motor head light, causes a very

marked lowering of the visual acuity The effects

caused by such concentrated sources of li^t are

referred to as glare ’ If the small light source is

not too bnght and especially if the surround is

dark little depreo^mg effect upon the acuteness of

vision 18 produced, indeed there may be an im
provement due to the accompanying pupiflaiy

constnction

Fio 73 27 See text (After AdJer)

Toe DisputcEMEvr threshold or the ver
KiER ACTHTT Thcsc tcims are applied to the vts

ual faculty of recognizing a break m the contour

of a border, a variation m width of a line or the

Jack of alignment of two straight lines placed end

to end This power of the eye is some ten times

greater than its ability to resolve two points A
break m a line subtendmg an angle as small as

5' or even I' can be detected under optimal con

ditions It seems quite certain that this nsual

faculty is not limited by cone diameter, for the

break must lie on a smgle cone and the lines on

both sides of the break on the same row of cones

(fig 73 27) It is probable that the underlying

mechanism is different from that governing the

threshold for the discrimmation of two pomts For

example, its threshold is only slightly raised by

increasing the illumination (p 136S)

Ander*on and Weymouth offer an interesting

theory to account for the extraordinary accuracy

of the vernier acuity They suggest that the "light

but continuous e> c movements shift the line image

over the retina, causing successive stimulus pat

temf The averaging of the succc««iTe patteme

gives a EeD«e of position which they call retmol

focal sign The longer the lines the greater are the

Dumber of patterns presented to con"Ciou"ness

and consequently the more accurate is the aver

process For iletails oI the new of tie e

authors the reader is referred to their original

paper

Hubei and Wiesel have recently (1959) shown by
electrical recording from single cells in the visual

cortex of the cat that some of these cells respond

only to linear patterns of light on the retina and
that the onentation of these linear patterns may
determine whether a given cell will discharge

Some practical covsiderations with reo vhd

TOUGHTINC Besides reducing Tisiial acuity, gbre
causes discomfort and one mstmeUv ely attempts

to protect the ey es by closing the hds or raising

the hand as a shield, the pupil constricts A con

fitant source of glare, even of mild degree results

in Oj c stram Glare has been classified into three

types—veiling, dazzling and blinding Volin^r

glare is that due to strong hght which being uni

fonniy superimposed upon the retinal image, re-

duces contrast The light reflected from a printed
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page under a bright skj is an e\ample Dazzlinff

glare is due to scattered light m the ocular media

which does not form part of the retinal image

Such glare can be produced bj a strong light shm
mg mto the eye from an angle of about 45“ Blind

tng glare results when one looks directly at a very

bright light It 13 due to an actual reduction of

retma! sensitivity

For moderatclj fine work, such as reading

sewing, typesetting etc
,
the illuminahon of the

objects should not be less than from 10 to 20 foot

candles An illumination of 10 foot candles is sufii

cient for reading ordinary black type on good

paper, but the higher illumination is necessary if

the printing or the paper is of poor quality Tlie

effect of lighting upon the performance of type

setters, mail sorters and others engaged m fine

w oik has been the subject of a number of invcsti

gations Raising the illumination has been found

to increase the rapidity and accuracy of the work

by from 10 to 16 per cent and to reduce eye strain

and general fatigue The maximum efficiency ap

pears to be reached when the illumination is about

20 foot caudles The lighting should be diffuse

and naked bright light sources which could cause

glare eliminated The central field should receive

additional lighting so that its illumination will be

from 6 to 1 0 times that of the surround The con

slant use of the eyes in poor lighting leads to

ocular strain and fatigue with consequent head

ache It may cause increase in pul«e rate and even

nausea ultimately serious eye defects especially

m the young may result Tlie quality of the light

18 also an important factor The nitrc^n light,

being more liomogeneous gii’Cs a higher xisusi

acuity than the ordinary electric light bulb the

kerosene lamp lies between the two

The PERCEmo\ or moveuent This w the

most primitive of the visual functions m di'«a«e

it IS the last to fail and is the first to return should

any improvement in fusion occur The pcnphcral

(extrafoieal) retina is more specially differenti

ated for the perception of movement than for

other purposes It ]« a familiar fact that a slight

mo\ ement is readily detected even if the moving

object IS not in the direct line of vision, ic,

when its image falls upon the peripheral retina

and the eyes are not fixed upon it The most sen

sitive part of the retma is from lO^to 15“ from the

fovea, but sensitivity diminishes progressively to

wards the periphery In the region of maximum

sensitivity the angular \ elocity of a just percepti

hie movement is from one half to one minute per

second, provided that there are stationary ob

jecta in the v isual field to serv o as reference pomts

When such are absent the angular velocity must
be from 10 to 20 times as great in order for the

movement to be perceived On the other hand, if

the angular velocity is very great the movement
is not perceived, owmg to visual persistence a
very rapidly moving object appears as a station

ary streak The total distance travelled, i e the

displacement of the object as well as the angular

velocity IS, of course, a factor m movement per

ceptiOR The minunum displacement is about 17

seconds of arc, under optimal conditions The
sensitivity of the retina to movement is lower in

the dark adapted than m the light adapted eye

Barlow has suggested that the on-off fibers play

a large part in the detection of movement
IVhen the eyes are stationary but the body or

head is moved, an apparent movement is given to

objectsm the visual field To a subject travelling

in a train, near objects often appear to move
in the opposite direction to the direction of trav el

whereas those in the background appear to move
with the moving vehicle Apparent movements of

surrounding objects also occur when the eye is dis

placed slightly by pressure upon it with the finger

tip or as a result of involuntary contraction of the

eye muscles These apparent movements are at*

tnbuted to the successive stimulation of groups of

receptors as the images move over the retina

\\'hen the eyes are moved voluntarily from one

object to another m the visual field images must

sweep over the retina m a sunilar fashion, yet

there is no apparent movement of stationary ob-

jects An allied phenomenon and one which offers

a similar problem to be soh ed is seen in cutaneous

sensation lie are able for example, to distin

gui«h between the movement of the finger over a

stationary object and the movement of an object

over a motionlcai finger In both instances recep

tors are stimulated successively Conversely, the

movement of an object is perceived when it is

followed by the eyes although the position of its

retinal image docs not alter It is quite evident

that the perception of movement is very complex

and cannot yet be explained in all its aspects upon

physiological grounds It is suggested that the ab

sence of an apparent movement of stationary

objects when the eyes are turned from one part

of the VTSual field to another is to be explamed

upon the ba^is of attention The attention ever

cised by the observer in clianging the fixation of

his eyes from the one to the other point compen

sates, it 13 believed for the movements of the

images ov er the retina Inotherwords thesucces

sive stimulation of wsual receptors is ignored be

cause the pomt to w hich the eyes are to be turned
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engages the nttcntion at the moment that the cj e

movement takes place, or even before The per

ception of the movement of an object pursued bj

the ejes mu'^t also depend upon cerebral proc

e«ses

Apparent movement is al«o produced b> the

stimulation of clo«eIj approximated retinal areas

in rapid succc'^ion b> a senes of images of a sta

tionarj object The tvvo mam factors determining

this fo called s/rotoacopic iffusiwi of movement are

the time interval betneeo the stimuli and the

anpular separalton of the Buccc««iye retinal images

A visual ecncalioa of smooth motion is produced

vrhen the angular separation is about 1 degree or

Ie«s and the intervals between the stimuli about

Jfo 'econd At intervals of second or Je«s no
sen«ation of movement is produced The tliu«ion

of motion is aI*o lost if the tunc intervals arc

lengthened toH second or greater, the impre«sions

then becoming di«erGtc

/rrodiation Owing to chromatic and spherical

aberration the images on the retina arc not formed
of geometrical points of light, but rather of bright

points surrounded bj diffusion circles For this

reason and al«o probablj os a result of the spread

of tho effect of tho stimulus (trrodtahon) to neigh

bonng neural elements of the retina, or even
within the visual area in the brain, a bngbt area

on a dark ground appears larger than a dark one
of the same size upon a bngbt ground In either

instance the image of the bngbt area eneroachee

upon that of tbc black area («ce fig 73 1)

I^•TEBMrp^E^•TBEn^AL BTUrtriATION, FUCKm
IMien the retina is stimulated intenmtteotly by a
series of bght flashes as maj be produced bj inter

rupting a continuous light bj a rotating notched

disc or by reflecting light from a rotating disc

divided into alternate black and white sectors, a

characteristic flickering or unpleasant glittensg

sensation is evperienced when the penodic stimu

lation reaches a certain freciueQC3 This is due to

each light stimulus falling upon the retma during

the tune of the positive after image (p 1372) of

its predecessor The suppression of the after image

by the second stimulus causes the first sensation

to end more abruptlj
,
and, through contrast, to

render the succee^ng one more brilliant Upon
further mcreasmg the speed of rotation and, m
consequence, the frequenc> (number per second)

of the light stunub, fusion results and the flicker

disappears, to be replaced b> a continuous sensa

lion hanng a bnJbance equal to the mean of the

two (bright and dark) impressions, the frequenc>

at which this occurs is called the enheaJ Jn*ien

Jrequenaj (OFF) If at the mstant of fusion the

illummation of the bnght patch in milhlamberts

be designated a, its area designated h, and the

total area of the disc, c, then the “ensation pro

duced is equal to that which wouJd result from a
continuous stimulus having the value (o X b)/c

This IS known as the Talbot Plateau law It ac-

counts for tbe well known fact that a gray sensa-

tion of anj depth can be matched bj throwing

black anil v\ hitc images alternately and at a suit

able froquenej Upon the retina Sirmlarlj
,
at the

critical fusion frcquenc3 , white and red images

give a sensation of pink, blue and red, a «en«atton

of purple, jellow and green, j ellowish green, and

60 on Tbc«c effects arc sunplj e’qilauied bj nsuaZ

perstelfticc, that is, the sensation ev oked by one

stimulus lias not ceased before the next one is

produced, thus a blend of the two sensations m
consciousness results The law holds true onlj for

moderate light intenisities

The value of the C F F is variable, depending

upon several conditions the most influential of

which IS tbc mtonsit> of the light, the value rising

as the mtensit> mcrcascs That is, a higher rate

of stimulation is required for fusion as tbe inten

sity of the ilJurmnation is increased The mfluence

of light mtcnsitj is embodied in the Ferrj (IS92)

Porter (1906) law which states that the mtical

ftmon frequenaj w direcUi/ propcrlumat to the

logarithm of the hghi xniensxlg TTius, n » k log

I + F where n equals flashes per second at the

instant of fusion, and I the light intensit>
, k and

k' are constants mvolving the size of the stimu

latcd area and the sensitivity of tbc ob«erver*8

eje’

The Ferry Porter law la valid, however onlj

lUMter rerljfjj) rcisji/ijo:os jI bfOd? ovfs
moderate ranges of ilIummatioQ of tbe test object

when the image is restneted to the fovea Above
and below this imddle range the Lnear relationship

between the loganthm of tbe intensity and the

cntical fusion frequency does not hold When tbe

value of n is plotted against log I at low and at

bigh inten ities the points fall on two straight

bnes, one at low the other at high intensities It is

believed that the«e represent respectively rod and
cone function, a conception borne out by tbc re

cults of Hecht and associates and of Xy'thgoe sad
Tansley

Hecht found that with a stimulus restneted to

tbe fovea (cones) the relationship was linear for a

middle range of illumination, but above this the

curve flattened out, below
, it formed a very gentle

* Determination of the cntical fusion frequency
(CPF) offers an accurate and convenient method
for companog the bnghtness of differently colored

lights It IS especially valuable in this regard be
cause of our natural tendency to confuse tho

bn^tccas of a color with its hue or «atur>t»on.
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iop Rtfinol liiummohon-^ Photon*

Fia 73 28 Relation between critical frequency
and log / for white light with a 2* field in four
retinal locations, at the fovea, and at 5®, 15®, and
20* above the fovea (After Hecht from Hecht and
Vernjp )

curve nith (he image on CTtrafoveal regions (be

data form two intersecting straight lines, one at

lower the other at higher intensities, the former

presumably represents rod (unction, the latter

peripheral cone function (fig 73 23)

Lythgoe and Tansley observed that dunng dark

adaptation the C F F falls in both the fovea and

the peripheral parts of the retina when the inten*

sity of the test light was high (G 8 foot candles) At

lowr inten«itie8 (0 020 foot candles) (he CFF al«o

falls at the fot ea, but nses in the peripheral retina

Now, as judged other criteria, only cones are

functioning at high intensities whether the fovea

or the peripheral retina is being tested, at low

intensities only rods Also, it was found by Lvth

goe and Tan«ley that when red light was u^ed for

testing (rods insensitive), and m a ca<e of night

blindness (defective rods) a fall in the value of the

CFF occurs during dark adaptation The fall in

the value with high illuminations of the test object

IS due presumably to the cones, and the n«e with

low illuminations, to the rods At moderate illumi

nations of the test object a fall occurs dunng the

first 5 minutes of dark adaptation (due to cones),

(sec p 1142) followed by a n*e (due to rods) The
critical frequency due to the rods is highest with

dark surrounds, that due to cones is increased by
bright surrounds, the maximum being reached

when the brightness of the latter and of the test

object are equal

A etudy of the retinal potentials (ch 72) dunng
intermittent stimulation shows that when a light

fla"h falls upon the retina dunng the "off effect

'

of a preceding stimulus, the d wave is interrupted

and a pronounced negative dip occurs This is an

exaggerated a deflection The negative deflection

ta Mloaecl by a large po’itae aniBg which, jf the

second stimulus occurs soon after the first, is

simply the return of the momentanly interrupted

"off effect” of the fir«t If the interval between the

two is greater, the upswing is higher, and is then
due to the 6 deflection of the after coming stimulus

Thus, if the light flashes are so timed that each

interrupts the "off effect” of its predecessor, a

senes of regular npplea appears in the electro

retinogram which apparently are the cause of the

flickering sensation No negative dip occurs nor do

the charactenstic ripples appear if a flash falls

upon the retina before the “off effect” of the pre

ceding one—a continuous sensation should there

fore result

AfTCRiiCASSs If thegazeisdirected toebrigbt

white light for a moment and the eyes then closed

or turned tow ards a dark surface, an image of the

light slowly floats into view, becomes more dis

tinct for a time and then gradually fades Sum
larly, if the eyes are stimulated by a colored light

or a bnghtlj colored object of any sort, and then

darkened, an image of the same color appears

These are called positne after images Jf, instead

of closing the eyes or turning them to a dark sur

face after looking at a white light, the retinas are

stimulated a second tune and diffusely by white,

e g , by directuig the ey es to a sheet of paper, one

then sees a dark image against a white ground

This 13 called a ntgahie after mage If the first

stimulus was colored, then this after image is m
the complementary color Negative after images

of color^ objects are the cause of the phenome

non known as euccessite contrast

On the basis of Young’s theory of color wion,

the phenomenon of negative after images is due

to adaptation of one or other of the three ty pcs

of mcchani«m by the first stimulus A mechanism

w hich has responded to a gi\ en stimulus will not

for a time respond as strongly to one of the «ame

type WTiitc light stimulatesall three mechanisms

The negative after image which appears upon

applying a circumscnbed and then a diffuse white

stimulus to the retina is, therefore, a dark patch

against a white background AVhen the object

looked at is colored and the retma is then stunu

iated by dircctmg the ey cs to a white surface, the

image is in the complementary color because

tho«e mechanisms which had not been previously

stimulated respond more vngorously than the ones

stimulated by the colored object For example, if

the object looked at is red, the red mechanism is

less excited by a subsequent stimulus of white,

tho^ sensitive to green and to vnolet remain

relatively normal and so give a sensation which is

the complementary of red, namely’, a bluish green

IVitive after images are apparentlv due to
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Fio 73 29 Optical illusioD The distance from
AXo B appears to be greater than that from B to

C, they are the same

> ^
^

^

Fio 7330 Illusion of size The vertical lines

are the same length

Fio 73.31 Zollners lines The long diagonal
lines appear to converge, actual!) , they are paral
lei

chemicophj'sical changes m the receptors of the

retma causeti faj and outfastmg the stimulus—

n

form of visual persistence

OpncAL iLLtrerov The bram may be deceived

by imitations of certain effects upon which our

Visual judgments of the size, shape and distance

of objects arc based Visual errors of this nature

are called optical illusions or optical deceptions

Some mteresting examples are shown in 73 29
to 73 31
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u
THE DIOPTRIC MECHANISiHS OF THE EYE. CATARACT.

OPTICAL DEFECTS. INTRA-OCULAR FLUIDS

Principles of Reflcclian and Refraction.

DcHnitions and Tcrinmolog}

Light /aJIiHg upon a surface undergoes absorp-

tion and rejection, and, if the material is transpar

ent, the raj-s are transmitted through it, cither

with or without rcfUetion

The proportions of rajs failing upon an opaque
unpolished surface which undergo absorption and
diffuse reflection, rcspcctivelj

,
varj with the char

acter of the surface A large part of the ra> s sink
mg an unpolished white surface, c g , a sheet of

paper, are reflected but, being thrown off at dif

ferent angles to the perpendicular, thc> do not
meet at a focus in front of. or, if continued back
wards, behind the surface The light reflected from
such a surface is said to be diffuse

The greater proportion of the light striking a
polished surface fe g , 0Tnin0T) is reflected,but the

iwtdenl ond refteeUd rays are alicays m the same
plane and the anpleg (angles oj inadenee andof re

fieehon) vhieh they make trdh the perpendiciifor are

equal This statement is tme for nn> polished sur

face whatever its shape (fig 74 1)

Reflected rajs from a plane mirror are diver

gent, if continued backw ards they w ould meet at a
point situated at the same distance behind themir
ror as the object emitting the light lies in front of

It The eye placed in the path of the reflected rays

projects them to this point, where a full sized erect

image is formed (fig 74 2) Since the rays do not

actually meet at this point but only appear to do
so, the image is called iiftuaf

The FonMATioN of iuaces bt spherical uih
ROBS A spherical mirror is the segment of a
sphere, itg reflecting aiirf^e ma> De eontwe or
cmiex, its center of cunature is the centet of a
^ere of which the refleeting surface forms a part

i Le middle point of the curved surface is called the

pole of the mirror, and a line passing through the

pole and the center of curvature is termed the

principal oris The radius of the mirror is the dis

tance from the pole to the center of curvature

Since the latter may he on the same side as the

source of light (concave mirror) or on the opposite

Bide (convex mirror) the radius may be postiue or

negative, respectively

Rajs of light coming from a distant object, i e ,

from infinity, are parallel (1 and 2, fig 74 3), if

thej fall upon a concare mirror they are reflected

as converging raj a and meet in front of the mirror

at a point (F) on the pnncipal axis (p o) This

point (F) 13 the principal foeua and the distance

from it to the reflecting surface is the focal length

orfocal distance of the mirror It lies m the pnnci

pal axis, midwaj between the center of curvature

and the surface of the mirror A real inverted image

of the object and smaller than it, is formed m front

of the mirror at the principal focus, that is, in

space The rajs from a near object are divergent,

the reflected raj s are therefore less stronglj con
vergent than when the incident rajs are parallel

If the object is at the center of curvature (C) of

the mirror then the raj s are reflected back to this

point When the object is at o between the center

of curvature of the mirror and the pnncipal focus

the rays meet bej ond the center of curvature at A

,

when the object is at A the reflected raje meet at

a These two points are therefore reciprocallj re

lated and are called conjugate foci An object

placed between the mirror and its principal focus

emits rajs which upon reflection are widely dt

vergent and cannot be brought to a focus m front

of the mirror Projected backwards they meet at a

point behind the mirror where a itrlual erect and
grcatlj enlarged image is formed

Parallel rajs striking a contex mirror are re

fleeted as divergent rays which if continued back
wards would meet behind the mirror at the pnnci

pal focus To the BJ's they therefore appear to come
from this point Here a virtual erect image, smaller

than the object, is formed (fig 74 4)

The position of an image formed by a concave
mirror can be found from the construction in fig

ure 74 5 The object AB is situated bejond the

center of curvature C The rays AP and BO paral

lei to the principal axis MN after reflection meet

and cross at the principal focus F The images of

the pointsA and B, therefore, be somewhere on the

lines PQ and OL Now, if hues AD and BH lie

drawn to pass through C, these lines, known as

secondary axes, will cut lines PQ and Of, at a and

6 respectivelj Thus, a small inverted real image

1x6 IS formed The image is called real because the

rajs actuallj pass through a and b The construe

1375
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Fia 74 1

|M

Fio 74 2

Fio 74 4

by a convex mirror

tion of fin erect virtual image by a convex mirror

IS shown in figure 74 6 The rays from the object

AB diverge after reflection and appear to come
from F (dotted lines), the image ab is formed at

the intersection with the secondary axes AC and
BC
Refiuctiov Ba5'B of light in passing obliquely

from one transparent medium to another of a dif

fereot optical density (e g , from air to glass) are

bent or refracted If one medium is surrounded by
the other (e g > glass in air) the ray is refracted

twice In passing from the medium of lower to the

one of higher optical density the rays are bent to

wards the perpendicular, m the transition from

the denser to the rarer medium the bend is ana>

from the perpendicular With any two media the

greater the obliquity of the incident rays the

greater is the degree of refraction, rays perpen

dieular to the surface between the two media are

not refracted The ratio of the angle made by the

incident ray <i e
,
the ray falling upon the surface

of the aecond medium) with the perpendicular

(angle of tBCidssee} to that made b} the ezoergest

ray (angle of refraction) u termed the xndex of

re/rocfion The rtfractne xndez is the index of re

fraction «hen the incident rays enter a substance

from a vacuum In practice air is considered to be

of the same optical density as a vacuum The re

Tractive index is expressed as the ratio of the sine

of the angle of the incident ray (i) to the sine o!

A L

m-

Fia 74 6 Formation of a real inverted image

by a concave mirror

Fio 74 7 The oblique ray (A) is refracted upon
entering and leaving the block of glass The
emergent ray has the same direction as the en
tenng ray but is not m the same line P represents

Heodicular The ray B which stnkcs the glass

ace perpendicularly is not refracted
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6 C

Fio 74 8 ABC is a prism ivitfi the apex al A,
thebaseBC.and the sides AB and AC The angle of
thi^inam is BAG A ray of light DEFG is refracted
at E and F as in figure [74 7] The total amount of
refraction, that is the difference in direction be
tneen DE and FG, is represenfed by the angle
DKH (the angle of deviation) If the eye is at G.
the source of light, D, will appear to be at H When
the ray passing through the prism (LF) is parallel
to the base (BC), the ra> is said to traverse the
prism sjmmetncallj

the angle of refraction (r), thus, refractive in

dex « sine i/sine r The refractive index is a meas
ure of refractive power, it is 1 52 for croivn glass

and 1 €G for flint glass

Refraction by plane surfaces Oblique ra>s strik

mg a medium with plane parallel surfaces, such as

a sheet of glass, are refracted to an equal degree

upon entering and emerging, but m opposite dirce

tions, I e , towards and ana} from the perpcndicu
Ur, respectively The incident and emergent raya
are therefore parallel though not quite m the same
straight line (Hg 74 7) A prism has its sides in

clined towards one another Since a ray is refracted

upon entering at one surface of the prism and again

upon emerging at the other, and is bent so as to

run more nearly perpendicular to the glass surface

in the former instance and away from the per

pendjcuJar in the Utter, it wi/l be refracted each
time towards the base of the prism (fig 74 8)

Lenses are of two mam types spherical whose
surfaces are the segments of spheres and cyhn

A B C D E F

Fro 74 9 Cross sections of lenses A, piano
convex, B biconvex, C planoconcave, D, bicon
cave, E, convexoconcave, F, concavoconvex

FlQ 74 10 See text

drtcal There are six varieties of the former

—

planoconvex, biconvex, planoconcave, biconcave,

eonieroeoneave and concaioeoniex (see fig 74 9)

Many modern spectacle lenses are made m the

coDVexoconcave or concavoconvex form m order

to reduce distortion of the visual field when the

nearer looks through a peripheral portion of the

lena Lenses of these two forms which also include

a eylmdriea! element are described as hric leases

Convex lenses may be looked upon as a great

number of truncated prisms with their bases di

reeled towards the lens center Concave lenses, on
the other hand are as a number of prisms arranged

with their bases towards the periphery (fig 74 10)

It foltowB then (hat a symimctrical biconvex lens

will bend rays to the same degree at equal dis

tanccs from its center and bring them to a meeting

point or focus, whereas concave lenses will cause

divergence of the rays In cither instance the rays

are bent towards the bases of the constituent

pnsm
fic/raction by coniex tenses A line passing

through the centers of curvature of the lens is

termed the prtncipol axis of the lens Any other

line intersecting the principal axis within the leas

(le ,
a diagonal line) is called a secondary axis

The radius of curvature of the lens is the radius

of a sphere of which the refracting surface forms a

part Rays passing through the principal axis are

not refracted, for the incident and the emergent

ray strike each surface perpendicularly and the

two surfaces at these points are parallel (see

above) Moreover, rays m the secondary axes un

dergo only very slight refraction, and the incident

and emergent rays through not quite m a con

tinuous line are parallel, for again the surfaces

which they pierce are parallel The point where the

principal axis is intersected by the secondary axes

IS termed the optical center or nodal point of the

lens la a biconvex lens with synunetncal surfaces

the actual and the optical centers coincide but

in other biconvex lenses the nodal point may be

situated nearer to one or other surface

Light rays from a distant object, i e from in

finity, arc parallel (fig 74 11) The point P where

parallel rays meet after refraction is called the

principal focus The distance of this point from

the lens is called the focal length or focal distance

of the lens The rays of a light placed at the pnn

Fio 74 11 See text
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lio 74 12 See text

cipal focus traverse the same psth but in tbe op
posite direction, and emerge as parallel rajs

A near object emits divergent raja If the source

of light (fig 74 12, B) IS on the principal axis a
little hcjond the principal focus, an image is

formed at a distance on the other side of the lens

greater than ita focal length (at C), when the ob
ject IS placed in the second position (C) an image
IS formed at the firat (B) These points therefore,

tii fiT sn csbf^ct sad tt€ rmage are ro^er

changeable and are termed conjujote foei If the

object 13 situated at a distance exactly double the
focal length of the lens the conjugate foci are at

equal distances on the two sides of the lens In all

these instances a real tnierUd tmaje, emaller than
the object, is formed If the source of light (D)
lies betwocD the lens and its principal focus, the
rays after pamng through the lens aremdelydi
vergent To the ej e placed m the path of the emcr
gent ravs they appear to come from a point (V)

at a greater distance behind the lens than the

actual A ttrluol, erect and enlarged tmage is

formed

Light rajs in passing through a biconcave lens

are diverged (fig 74 13} therefore a true image is

not formed The eje m the path of the rajs takes

no account of refraction and the rays, in conse

quence are projected backwards as straight lines

which meeting at a point on the other side of the

Fic 74 13 See text

Fiq 74 14 Formation of an inverted image bj
a biconvex lens

Fio 74 15 Formation of a virtual erect image
by a concave lens

Fio 74 16 1, refraction by a convex cylinder
A point of light IS brought to a focus as a line after
refraction through a cylinder 2 refraction of light

by a concave cylinder Rays of light sinking the
cylinder perpendicularly to the axis A'A' are di

verged and appear to be brought to a virtual focal

lioeFF' (Alter Duke Elder )

lens, from a iirlual erect mage, smaller than the

object

ThefonDBlJon of an usage by a biconvex lens is

^bown in figure 74 14 AB is an object The rajs

AH and BE lying parallel to the axis MN meet

%od cross at the pnocipaJ focus F The image of

the point A will be at the intersection of the see

tindary axis AC with AHDF and that of B at the

tslersectios of BC with B£GF Thus, a small in

Verted image is formed at ah The formation of an

Image by a concave lens is shown in figure 74 15

Rays AHDK and BEGL from points A and B of

the object AB arc diverged in passing through the

lens and appear to come from the pnneipai focus

F, as flbowTj by dotted lines The image of A is

formed at a and of B at 6, where these lioes are in

tereected by the secondary axes

Cylindrical lenses (fig 74 16) have one plane sur

face the other may be conre* (conrex cylindrical

lem) orconcoie (concaie cylwdrtcal tens) A con

Vex cylindrical Jens may be regarded as a section

Uf a cylinder sliced dmrn its long axis, its horizon

tal mendian is convex Rays transmitted through

It at nght angles toils vertical axis arc converged

as they would be by a convex spherical Jens Light

traversing its long axis is not refracted the lens

Acting in this axis as a plate with parallel sides A
lens of this type may be looked upon as an infinite

Senes of pnsms arranged base to ba^e in tiers In

the other type of cylindrical lens the honzontal

Aiendian is concave, rajs passing at right angles

to the vertical axis are diverged

The diopter The converging or the diverging

Power of a lens depends upon the curvature of its

Surfaces (the greater the degree of curvature, the

greater the refracting power) as well as upon the
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retractive index of the matcnal of winch it is com
posed The focal length of a lens varies inversely

with the refractive power and is therefore a eon

venient measurement for expressing the strength

of a lens The standard focal length la taken as 1

meter The refracting power is expressed as the

reciprocal of the focal length (given in tnetcr9)i the

unit being the diopter (D) Thus, the strength of a

lens with a focal length of 1 meter is 1 diopter, of

one with a focal length of 2 meters, H a diopter,

of one having a focal length of a meter, 2 di

opters and so on The sj^nhola + or — (+1 D,
+2D, — 1 D, —2 D,etc ) arc u«ed respectiielj for

a converging and a diverging lens For example if

a concave lens has a refracting power of —1 D, a

small virtual image of a distant object will be
focussed 1 meterfrom the lens and on the same side

05 the object A convex lens of a corresponding

power (+1 D) will bnng parallel rajs to a true

focus 1 meter behind the lens Thepower of acjlin

dncal lens is expressed in a similar fashion

The HEtTuenNO jreou. op the ete Tlicsc

arc the cornea, the aqueous humor, the crj-stallmc

leas and the Mtrcoua bodj Tlie rcfractuc indices

are given m the following table

Cornea 1 37

Aqueous humor 1 33

Crystalline lens (whole) 1 42

Vitreous body 1 33

It will be noticed that tbc rcfracti\*e indices of the

cornea and of the aqueous humor and vitreous

are approximatclj the came, for practical pur

po«es they maj be taken as identical and the ej c

then taken as hanng two refracting surfaces, (a)

the anterior surface of the cornea in contact with

Fio 74 17 Showing structure of the crystalline
lens (diagrammatic)

air, and (li) the lens surrounded bj a common me
dium in 60 far as refraction is concerned The
greatest refraction occurs at the comeal surface

(42 diopters), of le«3 importance is refraction at

the surfaces of the lens (19 diopters vaih accom
modation relaxed and 36 diopters m full accom
modation) The whole ej c has a refracting power

of between approximatclj 60 and 65 diopters Tlie

value in the table above for the refractii'e index of

the lens is calculated from the refractive power of

of the lens as a whole, as though it were a homoge
nous structure, but such is not the case On the

contrary, the lens consists of an almost sphcncal

nueleu$ mth a high refractivitj (1 41) surrounded

bj a Eone called the cortex of low er optical density

(1 38) The surrounding cortex is composed of a

senes of coneax e mcm«cus lens, as shown in figure

74 17 The peculiar structure of the lens accounts

for the paradox tliat the mean value of the re

fractixc radices of its parts (1 39) is less than the

refracting power of the whole Several important

advantages are denved from this peculiar stmc

tore of the erj stalline lens, it dirmiushes spherical

aberration (p 1393), tends to prevent the «catter

ing of light within the eje and enhances the

power of the lens to alter its conv crging power

during accommodation (p 1356)

TUE COSSTASTS OFTHE EYE KnoWing the CUT

vatufcs of the refractive surfaces of the eje and

the distances betwreen them as well as the refrac

tive indices of the media, the path taken bj the

rays of light can be determined and the image

constructed The values of the consfantao/tAe eye

are given in the following table

Position of anterior surface of cor

nea 0

Positioa of posterior surface of cor

nea 0 6

Position of anterior surface of lens 3 6

Position of posterior surface of lens 7 2

Position of retina 24 1

Radius of anterior surface of cor

nea 7 7

Radius of posterior surface of cor

nea 6 8

Radius of anterior surface of lens

(distant vision) 12 0

Radius of posterior surface of lens 6 0

The refractive indices of the media have been

given above.

Construction of the image from the foregoing

data 13 a very laborious proceeding To start with,

the image formed by the first refracting surface is

constructed, this image now serves as the object
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Fro 74 18 The cardinal points of the eje The sntenor focus, 15 7 mm in front of the cornea
0', The posterior principal focus 24 13 mm behind the cornea—that is, upon the retina H, H', theprinci
gal points, in the anterior chamber the nodal points, in the posterior part of the lens {After Duke

for the neTt refracting surface, the second image
in turn is the object of the third surface and soon
The matter is verj much simplified, however, by
constructing the diagrammatic or scfeematie e>c by
the application of the theorem of Gauss This
states that every optical sjstcm composed of

spherical surfaces mth their centers on the pnn
cipal axis has three pairs of cardinal points These
are two pnnnpat points (K and H', fig 74 18),

an anterior and a posterior Joeal point and y')

and two nodal points (K and K')

The ;!rst and second principal posnu he close to

gether in the anterior chamber 2 mm behind
the cornea Planes passing through the principal

points and perpendicular to the axis are termed the

firit and second principal planes, an object id the

first principal plane forms an erect /uff stsedtmage

in the second and vice versa The first and second
pnncipal points correspond, therefore, to the con
jugate foci of a single lens

The anterior focal point (v) is situated 15 7 tnm
in front of the cornea Rays from this point in the

axis would, after passing through the system,

emerge as parallel rs>8 Parallel rajs entenng the

sysiem are fociissed at which is sttnated on the

retina ^ and v' therefore correspond to the pnn
cjpal foci of a single lens

The nodal points (K and I\') also he close to

gether on the axis and near the postenor surface

of the lens They correspond to the optical center

of a single lens Rajs passing through the nodal

points are not refracted A raj entering the system

and passing through Iv appears to come from K'
and emerges along a line parallel to that along

whicli It entered The follow mg table for the sche

matic eje gives the distances of the six cardinal

points from the antenor surface of the cornea

Antenor surface of cornea

First principal point, 11

Second principal point, H'

First nodal point, K
Second nodal point, K'
Postenor focal point, i?'

Antenor focal point, v

Fio 74 18 Illustrating the inversion of the ret

inal image (schematic eye), Fi^ first focal point,

Hi and Hi , first and second principal points, Mi
and Nt , first and second nodal points, AB, object,
ab, ima^

The two nodal points he so close together that

no significant error is entailed if they are taken as

one, the same may be said for the pnncipal points

Thus the compound optical sj stem of the eye can

be simplified to the so called reduced schematie eye

of Listing This has a single ideally refracting sur

face situated in the antenor chamber 1.35 mm
behind the cornea and with a radius of 5 7 nun

The nodal point or optical center of the reduced

eye hea 7 05 mm
,
the pnncipal point 2 3 mm and

the postenor focal point 24 13 mm behind the

antenor comeal surface The anterior focal point

IS 15 7 mm in front of the cornea The distance of

the nodal point from the retina, i e , the focal

length of the ev e, is (24 13 - 7 08 “) 17 05 mm
The refracting power is therefore (1000/17 05 =)

SS 65 diopters

Bj means of an X raj beam, which is not re

fracted projected into the eye Goldman and Ua
gen have measured the length of the globe in the

living human subject The value obtained (23 4

mm ) agrees closelj vnth that of the schematic

eye The value for the total refractive power of

the normal human eje, as determined by these

observers, la also in close agreement, namely,

S9 22 diopters

The FORiLvnoN or the diaoe ov the reti> t

Knowing the foregoing measurements, the paths

taken by the light raj's can be drawn and a con

stniction of the image upon the retina readily

earned out The formation of the retinal image is

illustrated in figure 74 19 The Urge arrow A-B

0

1 7

2 0
7 0

7 3

21 1

15 7
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represents an object emitting duergent raj's

nhich arc con\crgcd and brought to a focus to

form the image represented bj the small arrow

a-b The rctinil image, it %\in be ob«5er\cd, is

smaller than the object and in\ erted For the saVc

of simphcitj onlj a fen raj's are "homi, tno from

a point at either end of the object and one from

its center, but of course the surface of an object

consists of an infinite number of points, each of

iihich emits dirorgent raj-a One of each pair of

rajs in the figure (solid hnc) passes unrefractwl

through a sccondarj axis (i e
,
through the nodal

point N), the raj from tlie upper part of the ob

ject to the loner jiart of the retina and \icc vena

The other raj of each pair undci^ocs refraction

and meets the corrceponding unrcfracted rajr

Similarlj, raj? from a point on one side of (he

object will fall upon the retina as a point of light

in the opposite part of the image Thus, it is seen

how the image on the retina becomes mv erted Of
course we see objects in tlieir true position He
inversion is a cerebral function developed, prob

ablj , through the association of visual scn«ation3

with tho®e of touch If invertiog spectacles are

placed before the ejes, so as to produce an erect

image of the envuonment on the retina, the visual

world appears up«idc down for some time But
after a jicnod of confusion lasting several weeks
the visual eniTfonment appears the correct way
up On removing the spectacles only a short i>c

riod of confusion results.

The idea that the retinal image is inverted was

at first difficult to beheve Kepler (IG04) inferred

from his optical studies that this must be so, but

it was Schemer (1B25) who furnished theproolby

observing the back of an excised eje from which
the sclerotic and choroid coats had been removed
The inverted image of an object was clearly visi

ble upon the tran«Iucent retina The inversion of

the retinal image maj aUo be demonstrated dur

mg life in persons of blonde complexion because

their choroid contains little pigment The subject

is examined in a darkened room, the eje bemg
turned towards a lighted candle placed well to the

temporal side An mvertedimage of the flame maj
be seen showmg through the inner side of the wall

of the globe

The size of the retinal image is dependent upon
the angle a N b, (fig 74 19) this—the angle sub
tended at the nodal point of the eye by ao object

in the visual field

—

is called the usual angle The
size of the image can be calculated if one knows
the distance of the nodal point of the eye frcmi

the object and from the retina and the size of the

object Thus in the figure A B is the object and

a 6 its image The triangle A N B and a N 6 being

synunetneal then

a6AB»6NBN
o b » A B X b%7BV
5 >« =» 17 05 mm

» = 17 05 X 0/d

» 13 the sire of the image, 0 the size of the object

and d its distance from the nodal point of the eye

(1705 = distance of retina from nodal point see

p 13S0) An object which subtends one minute of

angle at the eye forms an image on the retina of

size approximately 4 5 microns The full moon
subtends about and its image on the retina

would therefore be about 0 135 mm diameter

TifE opaniAtxioscoprc E\A«i.\<Tro\ of the
EVE Under ordmarj circumstances we cannot see

within the ejD of anotlier person because only a

bmited quantity of light enters his eje through

the relatively small pupillary aperture It is like

trying to look through a small window into a

darkened room Furthermore of the light which

enters the ej e, a large part is absorbed by the

pigment by or of the retina Even when a light la

brought clo«c to the cj e under ol>er\ ation one is

unable to sec the retina l>ccau«B the pencil of

parallel rays which emerge do not enter the ex-

aminer’s pupil unless his ej e is ducctlj m its path,

and when he attempts to bring hjs eje into the

proper position either his bead comes between the

light and the subject s ej c or the bght (if between

himself and the subject) dazzles hts «ight

These difficulties are overcome by means of the

ophthalmoscope Tins instrument consists of a

csaAL w.TVix ’Kvth. cfteAvak ^xfox^Avoa

wluch the obrerver views the subject’s eye Light

furnished by an electric bmp pbced above the

head of the patient is reflected from the mirror

and the pencil of raj? emergmg from the subject s

eje passes through the aperture of the mirror to

the examiner’s eje

The inveatioD of the ophthalmoscope is com
monly attributed to Helmholtz (ISoI) but a crude

device based upon the same principle was used by
Babbage two years previously The modern oph

Fig 74 20 Showing {he two extreme pencils of
parallel rays arising from the edges of tne ilium
mated area of the fundus in ao emmetropic eye S
subject O, observer \erticaldottedlineindicates
the position in which the extreme ray pencils will
enter the ob'Crver’s eye (After Duke Elder )
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Fia 74 21 Emergent rajs from hypermetropic
eye A virtual erect image is formed at x'y' {After
Duke Elder)

Fio 74 22 Emergent rays from myopic eye
which cross at x'y' and then diverge, a real in
verted image is formed at x'y' (After Duke
Elder

)

thalmoscope consists of a small electric iungsleii

lamp associated switch and battery, an optical

system forms a beam of light which may ^ re

fleeted from a small mirror into the patient’s eye
The mirror has a small central aperture to permit

the exsfflicer to look through the mirror down the

beam of light Most ophthalmoscopes also have a
chain of small lenses ranging from +20 D to —20
D between the aperture and the examiner's eye
position, each of which may be brought into posi

tion to correct refractive errors both in the pa
tient and in the examiner The examiner seats

himself 1 meter from the subject, adjusts the col

hmating optical system so that a divergent beam
of light enters the subject’s eye and looks through

the sight hole m the mirror If the observed eye is

emmetropic (i e
,
of normal refraction) a uniform

red glow—the red reflex of Iht fundm—caused by
reflection from the retina is seen lighting up the

pupil No detail, e g , optic disc or retinal vessels,

IS visible This is because the rays emerge from
the subject's eye as diverging pencils of parallel

rays In order for an image of the subject’s fundus

to be formed upon the examiner's retina, rays

from many pencils must enter his eye simuliane

ously At a distance of 1 meter this is impossible,

but can be effected if the observer brings bis eye

quite close to the patient’s eye (see fig 74 20)

tVhen the subject’s eye is hypermetropic the rays

composing the emergent pencils are dnergent, itu

therefore possible at a distance of 1 meter formany

pencils to enter the observer’s eye The rays ap

pear to meet behind the subject’s eyes where a

Fio 74 23 Path of the light from the eye in the
lodirectmetbodof ophthalmoscopy in emmetropia,
^permetropia and myopia (After Duke Elder,

Text Book of Ophihalmologt/

)

mluat erect image IS formed (fig 74 21) When the

observer moves bis head the image moves in the

tame direction In myopia, the emergent rays

eonterge, tbev meet and cross la front of the eye

Again, diverging rays from several bundles enter

the observer s eye and form a real tnrerted image

ID front of the subject’a eye (fig 74 22), it moves

IQ a direction opposite to (bat of the eTamioers

head
After this preliminary examination one or other

of two methods of ophthalmoscopy—the indirect

or the direct—may be employed In the indirect

method a separate biconvex lens with a focal length

of 7 5 cm (about 13 D) is held in front of the eye

of the examinee The observer seats himself 1

meter away and holds the fens in the path of the

beam from the mirror and a short distance in

front of the eye under observation The subject

turns his eye a little inwards in order to bnng the

optic disc into view, being directed, for example,

to look at the observer s left ear if his left cj e is

being examined The rays from the ophthalmo

scope are converged upon the hand lens which

converges them to the eye They are more sharply

convened by the refracting media and come to a

focus in the vitreous The retina is diffusely illu

minated By moving the band lens toward or from

the patient's eye his retina is brought into focus

and the optic disc (Plate III) is clearly seen The

rays reflected from innumerable points of the

patient’s retina and after refraction emerge from

his eye to form an image, the position of which

differs according to the refractive state of the eye

The rays emerging from the emmetropic (normal)

eye are paraUel (fig 74 23) They are converged
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bi the hand lens and form n real, magnified and
inverted image m the air between the band lens

and the examiner This is focussed on the exam
iners retina In hypermeiropia the raj-s issuing

from the patient’s eje arc divergent, and appear

to come from a magnified erect image behind the

63 e The hand lens converts this into a small, in

verted image in front of its principal focas {fig

7-1 23) In myopia the emergent ra^'s converge and
form 0 large inverted real image, this is converted

by tbc lens into a smaller image between it and ita

principal focus

In the direct method a field of smaller area but

of higher magmGcatiDn is seen The examiner
brings the instrument as close as possible to the

subject’s eye, no band lens being tnterpoaed He
views the subject's fundus with his own right eje,

and the subject's left fundus with his left eye In

this position raj’s from both emergent pencils

enter the eje of the observer, and, therefore, ex

cept when the observed eje is highlj myopic, the

details of the fundus can be seen The image is al

waj-s erect The light, after coming to a focus on
the retina, emerges from the emmetropic eje as

parallel rays which ore brought to a focus upon
the observer’s retina If, however, the subjects
oje IS hjT>emietropic (as described above) the

emergent rajs will be divergent and can only be
focu'sed by tho examiner if he accommodates bis

eye or interposes a convex lens, if the observed

eye is myopic the refiected ray’s are convergent,

the examiner must then use a concave lens >o

order to focus the image upon his own retina By
the use of a eooeare or a convex lens which will

just bring the image of the fundus into clear focus,

and the refractive pow er of the lens required being

known, the refractive error of the patient can be
measured

ReTINOSCOPT, skiascopy OB THE SHADOW TEST
This is a reliable objective method for determin
iDg the refraction of the eye It is of special value

in children and others for whom the reading of

test type is impracticable, and for the detection

of malingerers The method depends upon the

fact discovered by Bowman (1S59) that the direc

tion of tho rays emerging from the eye vanes with

Its state of refraction Cuignet (1873) eiaboiated

upon this discovery and brought the method into

general use in the study of refractive errors A
retinoscope consists of a plane or concave mirror

with a central aperture through which the exam
iner can look and inspect the pupil of the subject

A light source is placed several feet away and the

mirror is used to reflect a beam of Lght into the

pupil of the subject Electric self luminous ver-

sions of the retinoscope are also available When
the rays are reflected from a plane mirror they

form a virtual image behind the reflecting surface

Tilting the mirror to one or the other side causes

this image to move in the opposite direction If a

Fio 74 24 Rctinoscopi shadow (After Duke-
Elder )

F/o 74 25 Jlluftratmg the movements of the
shadow m retinoscopv A in myopia \\heo the
mirror is m the position AB the image is at D in

the highly myopic eye, and at C m the less my opio
eye when the mirror is in the position A B’, the
respective images are in the positions d and e

Since Dd IS less than Cc, the lower the degree of
myopia, the larger (he excursion and the quicker
the movement of the shadow B in hypermetropia
IVben the mirror is in the position AB the image
IS at D, in the highly hypermetropic eye and at C
lit WSftv JAe m/rrm- iW

in the position A'B' the respective images are at
dandc (After Duke Elder, The Practice o/Be/rac-
Uon )

concave mirror were used the image, being formed

lo front of the mirror, would move in the same
direction as the tilt of the mirror Consequently

,

when a reflected light is thrown into the eye by
means of a plane mirror owing to a double rever

sal of (he movement taking place (i e , a move
ment of the mirror image which now serves as the

luminous object m one direction and of the retinal

image in the other), a change in the inclination of

the mirror causes the illuminated area upon the

retina to move lo the same direction as the tilt

This movement of the illuminated area on the

retina in relation to the tilt of the mirror is the

same whatever the refractive state of the eye But
the rays from the illuminated area on the retina

are directed back through the ey e and after under-

going refraction emerge througli the pupil, the

direction of the movement of the illuminated area

as it appears to an observer depends upon the
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direction of the emergent rays, that is, upon the

state of refraction of the eye The eye la examined

TTith the retinoacope at a distance of 1 meter, in a
darkroom amydnatic.eg atropine or homatro
pine IS usually employed

1/ the suh/ect is hypermetropie or myoptc a pink

glow fills his pupil except for a dark semilunar

shadow on one side (see fig 74 24) In the emme
tropic eye light reflected from the illuminated area

on the retina issues from ths pupil as diverging

pencils of parallel rays (p 1377) The rays meet
and cross at the far point (punctum remotum),

which for the normal eye is at infinity, that is,

behind the observer In a certain position of the

mirror one or other of the pencils of raje (see fig

74 25) enters the observer’s eye The eubject a eye

appears filled with a pink glare bounded on one

side b} a very faint shadow
,
when the mirror is

tilted so that the interval between the pencils is

in line with the observer s pupil, the subject's

pupil IS dark Thus in emmetropia the subject’s

pupil IS either nearly uniformly bright or entirely

dark A bright area and a pronounced shadow are

not seen together In myopia the rays leaving the

eye are convergent (fig 74 22) If the myopia is

greater than 1 O they meet and cross at the far

point which lies somewhere between the subject

and the observer Therefore when the mirror is

tilted, up or donn, or to one or other side, the

sbadowmoveso^atnsf It, I e
,
in the opposite diree

tion If the myopia is Use than 1 D the far point

18 behind the observer and as m emmetropia,

onl) a faint shadow is seen, it moves in(h the

mirror If the myopia is 1 D the far point is at the

surface of the observer s eye and the subject’s

pupif appears, according fo the tift of the mirror,

either completely dark or completely bright, that

is without any shadow In hypermelropta the

emergent rajs are divergent and the far point is

virtual , the raj s appear to come from a jxunt be

hind the mirror and therefore do not meet between

the subject and observer The shadow moves mth
the mirror

In applying these facts to the correction of re

fractive errors, the movement of the shadow is

noted and convex or concave glasses according to

whether the eye is hypermetropic or myopic, re

spectively, are placedm front of the subject’s eye

until the pupil as in a myopia of 1 D, appears

uniformly bright or dark This state when the

shadow disappears is called the point of reversal

If the refractive error is even slightly overcor

rected a shadow appears which moves m a direc

tion opposite to that of the original movement

Now, when the point of reversal is reached, the

far point of (he subject s eye is at the surface of

the observer’s ey e, i e , 1 meter away The subject

therefore, as mentioned above, has still a myopia

of 1 diopter This must be taken into account in

’ calculating the retractive power of the correcting

lenses required If the eye is hypermetropic and,

say +4 D bnngs it to the point of reversal, then a

+3 15 lens will be sufficient for correction If the

eye is myopic —1 D must be added to the refrac

tion which was required to bring the eye to the

paat ot reversal

PapxlUiema (choked dtte, optic neuritis) and
optic atrophy In conditions accompanied by high

intracranial pressure, e g , brain tumor, hydro

cephalua and uremia, the optic disc loses its nat

Ural translucency and becomes reddened and
swollen The central vein ia engorged and tortuous

and the venules and capillanes dilated Small

hemorrhages may be seen The swelling of the

disc IS due to the transudation of fluid from the

engorged vessels and its collection m the anterior

layers of the lamina enbrosa and between the

nerve fibers The physiological cup becomes grad

ually filled up, and may eventually be elevated

above the general level of the surrounding retina

The circumference of the disc appears blurred or

‘ woolly ’ The disc is enlarged and its lateral

spread causes the retina to be thrown into folds

or ndges In the older terminology these changes

were referred to as choked disc optic neuritis or

papillitis The condition is now called papilledema

The seperatioD and stretching of the nerve fibers

their eompreesion where they penetrate the lamina

enbrosa and the overgrowth of glial tissue set up

by the presence of the edema fluid leads to nerve

atrophy—secondary optic oitrophy The dise in this

condition is a grayish or dead white, due to the

obliteration of capillary vessels by the overgrowth

of glial tissue The optic cup is deepened as a re

suit of the degenerated nerve fibers The outline

of (he pafe disc is efearfy defined against (he eur

rounding retina The retinal veins are engorged

but the artenea are narrower than normal
It IS now widely accepted that mechanical lac

tors, e g changes m intracranial or intraocular

pressure are mainly concerned in the production

of papilledema The optic nerve it will be recalled

is invested by prolongations of the cerebral men
loges—the pio, arachnoid and dura The spaces

between these three layers of the nerve sheath—

(be nharaehnotd and suhdural spaces—are con

tinous, as was first shown by Schwalbe (1870) with

the corresponding spaces Within the cranium The
dura and arachnoid of the nerve sheath, however,

are in close opposition there being only a potential

subdural space in this situation But the intra

cranial subarachnoid space is in free commumca
tion with the corresponding space of the nerve

sheath and the intracranial pressure is transmitted

through the cerebrospinal fluid to the intravaginal

space nght up to the Jaraiija enbrosa The central

vein of the retina with its companion artery makes

an almost nght angled bend as it leaves the optic

berveand, crossing the intravaginal space, pierces

the arachnoid and dura a short distance behind
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Fig 74 26 Descnption in text

the ejeball (fig 74 26) An> marked n«c tn intra-

cranial pressure distends the sheath, for the dura

in this situation differs from that within the era

m\«r»m’irtr»Ti^'QTisapptsTVti’iV>7 *Dtmn (|Mac6ona\4')

The elevated pressure thus transmitted to the

sheath tends to compress the vein in its course

across the intravaginal apace and to impede the

venous return, as n ell as to block the Ij-mph chan
Dels situated in the adventitia of the centra! ves

sels Little or no interference is offered to the blood

flow in the arterj owing to its more resistant wall

and to the higher arterial blood pressure The ve

nous pressure rises and the intraocular part of the

vein and its branches become engorged since the)

are beyond the influence of the intracranial pres

sure

Papilledema la therefore comparable with an
edema whmb may occur in almost an> ailuatioo

as a result of obstruction of the venous and lym
phatic channels while the arteries remain pervious

No evidence that papilledema is mflammatoiy in

nature can be found upon histological examma
tion (Holmes and Paton)

Atrophic changes m the disc occurring unpre
ceded by papilledema are referred to as pnojorp
optic atrophy The main causes of primary optic

atrophy are pressure upon the nerve within the

cranium as b} a tumor, certain nervous diseases

(tabes, general paralj'sis of the insane and dis

seminated eclerosis) and toxic substances, e g

,

wood alcohol, quinine, lead and salicylic com
pounds Since the optic nerve fibers have tbeir cell

bodies in the retina (ganglion cell la>er) the

atrophy of the section between the point of pres

sure and the retina ig in the nature of a retrograde

degeneration (p 1118) As already mentioned,
the optic nerve fiber is devoid of a neiin

lemma, regeneration therefore never occurs In

tabes and general paralysis of the insane the

atrophy is probably the result of a syphilitic men
ingitis which affects the nerve secondarily The
toxic substances mentioned exert their action

apparently directly upon the ganglion cells of the

retina

Biouicboscopt—THB stiT LAMP By means of

this instrument an intense narrow beam of bgbt is

thrown otAiquelj into the eye aaS a smi4t section

of the cornea, anterior chamber, ins, lens or an

tenor part of the vitreous observed stereoscopi

tally through a binocular microscope The beam
passes through an adjustable slit which when nar
rowed to minimum w^dth concentrates the beam
of light upon an area as small as 0 05 mm in di

nnieter The illuminated section is in the form of

a prism, or more correct!} of a parallelepiped The
tissues within this section may be magnified some
25 diameters Under this method of examination

ocular structures which ordinaril} appear homo
geneous show a definite pattern, and any abnor
mality is readil} recogmzed b} one familiar with

the appearance m health For example, the an

tenor and postenor epithelial la} era of the cornea

arc seen as bright lines bounding the less luminous

aidntjanJUa. and. OJiy cnadA

tioD, c g , erosions, small opacities keratitis, etc
,

areeasil} detected The laminated structure of the

lens is clearly revealed The central nucleus and

the cortical la} era are marked b} luminous bound
anes, (he lens sutures appear as darker lines

Entoptic PHEKOiiEVA Visual ocnsations maj
ansc from images of objects situated within tbe

eye itself The most familiar of the«e are the

mwscoe tolilaniet (L fiyxng flte^) which are seen

as faint apccka projected some distance in front

of the eye They are due to shadows cast upon

the retina by small scmi opaque particles m tbe

VTtreotfs body, each as epithelial cells, small cosg

ula or embryonic rudiments Particles lying cIo«e

to the retina arc most likely to give nse to these

sensations Lying behind the a'os of rotation of

the globe such particles cast shadows which move

downw ards over the retina when the ey e la turned

upwards but, smee the direction of any movement

on tbe retina is reversed in consciousness, they

appear to move upwards Tlus upward movement

IS followed by a slower downward movement
When any attempt is made to fix one’s sight upon

tbe specks they dart away
,
from w hich fact their

oaine was derived These museoc toltlanies are

usually noticed while viewing a bngbt unifona

field, such as the clear blue sky, for then tbe pupil

IS small and sharper shadows are cast on the

retina Some of the reports on the sighting of

“flying saucers” could be accounted for in this

way
Ordinarily the rctmal vessels which, it will be

recalled, lie out‘iidc the fovea and superficial to

the retinal layers, are not perceived Helmlioltz

thought that the sensitivity of the retina under-

lying tbe vessels was greater than elsewhere, so

^t the bght reaching the retina through them,

though reduced m intensity , caused as great an

offwt «a bg^ht falling in unshieldefl regona WTicn

hght IS thrown mto the eye at such an angle (c g ,
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b

Fig 74 27 Description in te\t

obliquely tlirough the sclera) tliat the sliadows

of the \esscls fall upon a retinal region unaccus

tomed to receive them, thej become visible If,

while his ej e IS being illuminated in this waj in a

dark room, the subject looks towards a wall, and

the light falling on the sclera is gi\ en a slow circu-

lar moiement, he sees a highly magnified image

projected against the uniform surface The \es«el3

appear as an mtneate branching pattern against

a bright ground and arc known, after their dis

co\ crer, as Purhnjefigures A method which an>

one can employ himself to make the e\trafo\«U

capillanes visible is to look at a uniformly bright

surface through a pm hole in a card held close to

the eje while he oscillates the opening quickly

(about once per second) from side to side and

thereby shifts the shadows from point to point m
the retina

Mueller (1855) made use of Purktnje s observa

tion (1811) to prove that the light sensitive ele

ments are the rods and cones IMoviog the source

of light causes the images to change their po<i

tions on the screen If we measure the distance of

this shift (fig 74 27, A-B) and the distance be

tween the two positions of the light (a b) then,

knowing the distance of the nodal point of the

schematic eye (N) from the retina and from the

screen, the position of the shadow (o-fl) relative

to the vessels (v), i e , the distance a v, can be

calculated This was found to be from 0 17 to 0 36

mm ,
which is by actual measurement the approv

imate distance of the vessels in front of the rod

and cone layer

tie 74 28 Showing interior of anterior half of

the eyeball

The corpuscles moving in the retinal capillanes

can be observed if the eye is directed to a uni

formly illuminated surface The best way to per-

form this experiment is to look at the sky through

a dense blue violet glass plate The blood cells

then appear projected upon the plate It is actu

ally possible to calculate the speed of the cor

pusclea from the distance between their positions

at the beginning and end of a given time interval

Vierodt (1873) was the first to make such an esti

mation Knowing the distance of the nodal point

of the eye from the retina and from the glass

screen, the magnification of the travelled distance

can be determined

Other entoptic phenomena which should be

bnefli mentioned are the colored halos seen

around bnght lights, especially m dark surround

mgs The halos consist of a senes of concentric

tings of rainbow colors—from blue to red from

without m Actually they are diffraction spectra,

due to the structures of the ey© acting as diffrac

lion gratings There are two kinds of halo—f«nPe
ular and eomeal The first is sttnbuted to the

radial fibers of tbe lens and is tbe larger The
cornea! type is believed to be due to the epithelial

and endothelial cell layers of the cornea

The Accommodation of tbe Eye

\*jATOiiicAL Sketch

Before giving an account of the physiological

mechanism of accommodation, the structures con

cerned, e g ,
the ciliary body and the crystalline

lent will be briefly described

The ciliart boot tMien the interior of the

anterior half of the eyeball is exposed by a Iran

section through its equator, a transparent disc—

the erystalline lent—is seen occupying the center

of tbe bowl shaped structure (fig 74 28) On the

wall of the globe some distance behind tbe circum

ference of the lens lies the dendate border of the

retina proper known as the ora terrain (p 1316)

The ciliary body is a circular zone of tissue extend

mg forwards from the ora serrata to a short dis

tance from the circumference of the lens It is

covered on its inner aspect by the pigment layer

of the retina, which we have seen fch 72) is con

tinued forwards (as the pars ctliarit relinae) from

the point of termination of the neural layers The
ciliary bwlj consists of three parts, the orbiculus

ciLans, the ciliary processes and the ciliary mus
cle The orfetcufus eihans immediately adjoins the

choroid, of which it may be considered the direct

continuation It is a band about 4 mm broad en

circling the ey eball and presents on its inner aspect

a number of radially arranged ndges The ctUary

processes appear as some sevcnti tnangular ele

vations on the inner aspect of the ciliary body,

they project towards the axis of the eye and form

a senes of radial fnnges [corona eiltant) which
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Fia 74 30 Showing arrangement of circular
fibers of tbe ciliary muscle (After Finebam )

completely encircle the equator of the tens, but
are separated from it by a very short interval The
great bulk, of the ciliary body is composed of the

ciliary processes and the ciliary muscle The fibers

of the ctltnrp muscle are arranged in two sets, an
outer meridional and an inner circular The me
ridjonal fibers anse from the scleral spur (p 1400),

they run backward to be attached to the ciliary

processes and to the orbiculus and through the
latter to the choroid The circular fibers are fewer,

in mendional sections of the globe they appear as

a small triangular bundle of cross sectioned fibers

lying behind tbe angle of the ins (fig 74 29} As a
matter of fact, these fibers are not unifonnl} cir

cular in direction but take different courses and
interlacing with one another, form a reticulaled

nog shaped band (fig 74 30) Taken as a whole
this part of the ciliary muscle constitutes asphinc

ter {tphineler muscle of 3fu«ller) situated id front

and to the outer side of the ciliary processes The
fibers composing the margin of the central opening
are mainly circular and are attached to a band of

elastic tissue situated at the angle of tbe ins, tbe

outer circumference of the sphincter is connected

to elastic fibers which are continuous with similar

fibers of the choroid The muscle Is thus anchored

by two elastic attachments

The crystalline lens is a transparent, bicon

vex, circular structure about XI mm m diameter

and between 3 6 and 3 9 lam thick at the center

It IS situated with the center of its anterior anrface

coinciding with the center of the pupil, the pupil

lary margin lies in contact wnth this surface The
center of the anterior surface is termed the an
tenor pole of the lens, the center of its posterior

surface, the posterior pole An imaginary line join

tog the poles is called the prinetpol aiis The two
surfaces meet at the circumference m a rounded
edge termed the equator The posterior surface in

the young adult is decidedly more convex than

the antenor (see table, p 13.S0), this difference

diminishes ^somewhat with age The lens is en
closed to a structureless highly elastic capsule

The latter is not of uniform thickness, being thin

ner over the posterior than over the anterior sur

face, and the part covering the central region of

each surface is thinner than the corresponding

peripheral parts The values in ascending order of

thicknesses are center of posterior surface (av

peripheral part of posterior surface (ar

13 7i*), center of antenor surface (av 15 7ii), pe

ripheral part of antenor surface (av IS 2ft) (see

fig 74 31) A single layer of columnar epithelial

cella covers tbe antenor surface of the lens irame

diately beneath the homogeneous capsule the

latter is formed aa a secretion of these cells The
substance of the lens consists of a series of ribbon

like fibers which arise from the region of tho equa

tor and are actually greatly elongated epithelial

cells (fig 74 32) By careful examination of the

lens, from the more central part of the antenor

surface to the region of tho equator the gradual

transition of the columnar cells into the attenu

ated cells of the )ess substance can be traced Tbe
fibers proceed from the equator towards the lens

center and, abutting against fibers coming from

other segments of the periphery fuse along well

defined lines—the lens sutures These are seen m
ihff iosj JSJ s senes ef Seuft sfregvlsr sSrxse

radiating from the center to form what is known

Fig 74.31 Showing the regional variations m
thickness of the leas capsule (After Fincharo )

Fig 74 32 Meridional section of the lens (From
I3olS after Pomer and Becker

)
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as the fens star On section, the lens shows a senes

of concentnc laminae with a nucleus of extreme

convc’citj and high refractive index, and a less

refractive cortex The optical advantages of this

construction have been pointed out (p 1379) The
nucleus is also of much firmer consistency than

the cortex which is relativelj soft and pliable

The Mechanism of AccosiuoDAnoN

The interval between the ciliary processes and

the equator of the lens is occupied by a circular

membranous band, this is the anterior part of the

zonula crliani (zonula of Ztnn) The precise origin

of the fibers of the zonula is disputed but they

appear to an®e as a sjstem of transparent fibers

from the anterior part of the hyaloid membrane
1 5 mm or so in front of the ora serrata Passing

forwards they form a series of bundles which oc

cupy grooves between the ciliarj processes, and
then bridge the gap, as just mentioned, between

the ciliarj procc'sea and the lens Near the lens

circumference the zonula splits into an anlenor
and a posterior lamina, the former is the thicker

of the two and blends with the lens capsule a little

in front of the equator, and constitutes what is

Fio 74 33 Schemer’s experiment Upper cut
O, position of needle, PP pinholes in card, SS
screen with image of needle focu8«ed at o When
the screen is moved forward or backward (S S or
S'S* the tw 0 pencils of light are intercepted before
thej have reached a focus in the first instance, and
after thej have met and cro'sed in the second
Two images are formed at o and o or at o' and o'
In the case of the eye (lower cut), any difference
in its focus must be due to changes in the lens
since the retina is stationary 4\hen the needle is

viewed with one eje through the peep holes, and
brought into focus one image is seen, but two
blurred images appear if the eje is focussed upon
a nearer or a more distant object If when the eye
looks at an object near than the needle, and the
needle is moved a little nearer to the e>e, the two
images approach one another, when the needle is

moved farther aw ay they become more separated
When the e\e is accommodated for far vision,
changes in the distance of the needle cause coo
verse movements of the images, becoming farther
apart as the needle approaches the eye, and comiog
cio«er together as it is moved farther away The
continuous lines represent rajs from the needle,
the interrupted lines raj's from a nearer point in
focus

generally know n as the suspensory Itgameni of the

lens The space between the two lajers of the

zonula IS called the canal of Petit Slits in the layers

of the membrane establish communications be

tween the canal of Petit and the anterior chamber

and the region behind the lens (postlenticular

space. p !399)

Ldgiit rays from an object at mfinitj, which is

taken as any point more than 20 feet (6 meters)

distant, are parallel and are brought to a focus

(pnncipal focus) on the retina of the emmetropic

eje Raj'S from a near object are du'Crgent, but

they too are brought to a sharp focus This adjust-

ment of the dioptrics of the eje whereby it is able

to focus the image of both far and near objects is

called aceommodatton That the refractmg power

of the eye docs actually undergo a change w hen it

IS turned from a far to a near object or nee xersa

was shown bj Schemer (1619) by a simple expen

ment A card with two pin holes separated by a

distance less than the diameter of the pupil is held

before one eje The cjr is focussed upon a needle

held in front of the card and perpendicular to a

line joining the two holes The needle appears

«inglc, but it appears double if the eje is foeuS'Cd

upon an object placed either beyond it or between

it and the eje The explanation will be evident

from fig 74 33

There are at least throe possible means bj

which accommodation of the ej e could be brought

about The retina might be mo\ed towards or

awaj from the lens, i e , the eye might be elon

gateil or shortened so tliat dixergent raxs in the

one instance or parallel raj-s m the other would be

accurately focu'ssed This mechanism is actually

ma<le U'se of in the mollu'sc pccten That it is not

the method followed bj the human eje was

proved bj Young (1801) A second jw'sibilitj is

that the distance between the retina and the lens

13 altered bj a moxrcment of the lens, this is the

method used m photography, the distance be

tween the film and the lens can be nicely adjusted

for the focus of near objects In the bonx fishes

accommodation is effected in such a manner

'

• These fish are mjopic when the eye is at rest

I e , the eye is adjusted for near vision, aceommo
datioa for far vision is an active process consisting

of contraction of a structure called the campanula
which moves the lens backw ard In some birds the

centrat part of the antenor surface of the lens

moves forwards into the pupillary aperture and m
a result of pressure against the ngid margin of the

ins becomes highly convex In other avian species

the cornea consists of two lamellae, the posterior

being drawn backwards dunng accommodation for

far vision In others again (owls and hawks) the

curvature of the cornea is increased dunng near

vision
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Fia 7-4 W IlIustratinR the mcclnnism of ae
commodation of the cj c for near vision The hon
zontall} shaded lens and the unshaded ins show
the position of the parts when at rest, the verti

ca11> shaded lens and iris show (he position during
accommodation for a near point C ciliary muscle,
S L suspensory ligament (Redrawn from Lan
dolt

)

Variations m the con\c\ntj of the crystalline

lens and consequently of its convcrgioR power is

the thirrl po«ibility (fip 7-1 3-1) Tins is the

method first suggested by Young for Uie human
eye, the conception was later elaborated by

Helmholtz That such is the mechanism adopted

by mammals in general is now almost universally

accepted A change in the convexity of the

antenor surface of the lens during accommodation

is a well-established fact and one wrhich can be

demonstrated by the following experiments A
lighted candle 15 held to t!ie outer side and a

little m front of the eye of a subject m a dark

ened room Three images (Purkmje Sanson

images fig 74 35) vnthin the subject’s pupil

will be seen by an observer, one bnght and
erect reflected from the cornea, another larger,

erect and dimmer from the antenor surface

(epithelial lay er) of the lens w hich like the cornea,

acts as a convex mirror The third image is in

verted, bnght and smaller than the other two,

it is reflected from the postenor (concave) surface

of the lens The subject is directed to gaze into the

distance while the positions of the images arc

A B

Fig 74 35 Purkinje Sauaon images A, dnriDg
far vision B, during accommodation for near vi
Sion (Redrawn and modified from illiams )

noted, he then looks nt a near object when a
change m the size and position of the reflection

from the anterior surface of the lens will be ob
serv cd It becomes smaller and moves tow ards the

corneal image which, of course, remains station

ary, as does also the inierted image from the

posterior surface of the Ions The change m size

and position of the large erect image must mean
tliat the antenor surface of the lens lias become
more convex Now, if one knows the radius of

curvature of the cornea, which can be measured

by means of an instrument known as an ophthal

mometcr then the radius of curvature of the sur-

faces of the lens and the changesm their curv ature

dunng accommodation can be calculated from

careful comparative measurements of the sizes of

the images from the cornea and lens The av erage

values for the radius of the anterior surface of the

lens in five subjects examined by Fmchara were

122 mm for tin. resting eye and G 8 mm dur

mg accommodation for near vision The change

in curvature of the postenor lens surface was

<light (about 0 5 mm ) The average increase m
tluckncss of the central part of the lens was 0 47

mm , vvhilc the equatorial diameter diminished by

0 5 mm The ci ntcr of the antenor surface mov ed
forward by from 0 3 to 0 4 mm In general terms

the change m shape of the lens during accom

modation for near vision can be summed up os

follows The central part of the antenor surface

becomes more convex the postenor surface shows

little change Tlic penpheral region of the antenor

surface actually becomes somewhat flatter, this

surface taken as a whole therelore assumes a by

pcrbolic form

The manner in which the changem shape of the

antenor surface of the lens is brought about was

explained by Helmholtz as follow s When the ty e

IS accommodated for distant vision the suspensory

ligament which, as we have seen, is attached to

the lens capsule, is drawn taut as a result of the

pull of the elastic structures, e g the ciliary body

and choroid The peripherally directed traction

exerted upon the lens capsule through the suspen

Bory ligament results in flattening of the curv ature

of tlie antenor surface of the lens Focussing the

image ofa near object IS accomplished by contrac

tion of the ciliary mu«cle which, by drawing the

choroid forward, permits the cdiaiy processes to

move forward and mward, thus reducing the di

ameter of the nng (corona cilians) which they

form The suspensory hgament and lens capsule

are thus relaxed, and the lens, by virtue of its

mhcFcot elasticity
,
assumes a more convex form

(figs 74 34 and 74 36) Tlie excised lens, 1 e , one
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Flo 74 36 Diagram to iffuatrate the mecha
nism of accommodation C, cihary mu«cle, relaxed
(left), contracted (right), S, spnng representing
the elastic choroid, L, lena, left section, lor far vi
Sion, right for near vision, Z, zonula

released from the restraint of surrounding struc-

tures, 13 therefore at its maximum convexitj

Helmholtz’s conception is supported in its mam
tenets by modern work The movement inward of

the ciliary processes during accommodation for

near vision has been ob*:erved in the living human
eje, and in an eje from which the lens substance

had been adsorbed as a result of injury, tightening

and slackemng of the empty capsule was seen dur-

ing the corresponding phases of accommodation
Yet the curvature assumed by the anterior surface

of the lens is, as mentioned above, hyperbolic,

whereas one w ould expect it to assume a spheroid

form w ere the lens substance itself elastic and the

change in shape duo simply to its rccoU when re-

leased from restraint

The details of the meclianism with respect to

this pomt have been elucidated by the work of

Fineham Accordmg to this observer, the change

m shape of the lens during accommodation is ex-

plained b) the high degree of elasticity possessed

by the lens capsule and by the regional variations

tn thickness (p 1387), together irrffr the pliable

nature of the cortical part of the lens as compared

w ith the nucleus WTien the lens is accommodated

for distant vision, its substance is confined under

tension within the capsule and, as a consequence,

distends the latter to the greatest degree where it

13 weakest, (i c
,
thinnest) namely, on the poste

nor surface The convexity of this surface is there

fore near its maximum when the eje is adjusted

for distant objects and little further change can

occur dunng accommodation for near vinon

Upon contraction of the cihary muscle and the

consequent slackening of the suspensorj bgament

the recoil of the elastic capsule moulds the plastic

cortex, the pcnpheral part of the antenor surface

IS thus presseil back bj the relatively thick cap

sule but the thinner central part of the latter per

mita the lens substance, chiefly the highly convex

nucleus, to bulge forwards That is, the antenor

surface of the lens becomes somewhat “conoid"

(Fincharo)

ThF visual axes and PDPILLART DIAMETEB

DDiiiNo ACCOiuiODATioN The complete act of

TABLE 74 1

6 Deplli of Field whea Focused oo

a “
(D)

Isfinity Ib^rfocst
25 era

1 ±0 85 or to 1 ISm a to 0 59 m 31 8 to 20 6

2 ±0 44 a to 2 27m «tol ISm 28 lto22 5

3 ±0 30 a to3 33 m CT to 1 67 m 27 0 to 23 3

4 ±0 24 a to 4 17 m fit to 2 OS

m

26 6 to 23 6

5 ±0 20 O’ to 5 00m a to 2 50 m 26 3 to 23 8

6 ±0 !8 a to 5 56 m a to 2 28 m 26 2 to 23 9

7 ±0 )6 a to 6 25m ato3 12m 26 0 to 24 0

cm
8 ±0 IS a to 6 67 m ato3 33m 26 0 to 24 1

cm

Depth of field of the eye ba<ed on the detection
of ^0 3 D with a 3 mm diameter pupil and cor
rected for the retinal direction effect

accommodation for a near object comprises, be

sides an increase m the convexity of the antenor

surface of the lens, corn ergence of the eyes and con-

slrtaion of the pvptl The constnction of the pupil

which occurs dunng accommodation serves three

purposes The narrowed aperture of the ms (a) re-

duces kieml chmmatcc and sphencal aberration,

thus increasmg visual acuity
,
(b) dunimshes the

quantity of hght entenng the eye and (c) in-

creases the depth offocus

Tlie depth of focus of any lens system is defined

ns the greatest distance through which an object

may be mov ed and still be sharply focussed AMien

a clear image is formed by a lens, each pomt in the

object IS, as a result of diffraction, a senes of

small concentnc circles of light, rather than a geo-

melncai pomt UTicn the distxncc from the lens

IS iacrex>s?d the image is formed in front of its

previous position (that is, in front of the surface,

such as a photographic film or retina), if the dis

tance is reduced, the image 13 formed bchmd In

either case the nngs of hght upon the surface be-

come larger If they are of such a size as to still

remain confined, each to a particle making up the

gram of the surface, film or retina, the image is

eharp and appears in true focas, if they are large

enough to spread to neighbormg particles the

image of the object is blurred In the case of the

fovea the “gram” is determmed by the cones The
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Fio 74 37 The amplitude of accommoation at

di^ercnt ages A. The lowest ph>aiological valued
B Average values C Maximum values (After
Duane )

depth of focus of the ej c i3, therefore, git en aa the

grtatest distance through whicli a point can be

mo\ed while its image romaina restricted to a
«mgle cone The depth of focus of the eje vanes

with the diameter of the pupil The values given

m table 74 1 are based on measurements of tlic

sensitivitj of the ej e to out-of focus blur and are

corrected for the retinal direction effect of Stiles

and Crawford If, for example, the observer

has a pupil diameter of 3 mm a change in

the refractive power of the eje of ±0 3 diopter

vnll just Ixj detected, but with a 0 mm pupil a
change of ±0 18D will be detected Tlie«e powers

maj be translated into distances TJius, if the

observer has a 3 mm pupilandhisejcisfocu'^sed

on mdoit}
,
all objects from infinity down to 3 3m

will be seen ®harplj This near point—the bj^per

Ascs? <^cstssce—cr the tvctpnxsl cr/ hsiS the <iep^
of focus when expressed m diopters If the eye is

focussed on the hyperfocal distance then all ob-

jects from infinity to I 07 m will be in locus

Similarly, it maj be calculated that if the eve is

m focus for a pomt 25 cm away, objects within

the range 27 to 23 3 cm will be pcrceiv ed sharply

The depth of focus decreases as the distance from

the eye is reduccvl This tendency is, therefore,

counteracted by the constriction of the pupil

which occurs as part of the mechanism of sreom
modation of the ey e for near vision

The range and amplilude of aecommoialton The
farthest pomt from the ey e at which an object can
be seen clearly is called the far potnl or punelunt

renioluw The corresponding pomt nearest the eye
is termed the near point or punctnm proximum In

the emmetropic eye the far point is at infinity, i e ,

at a distance of over 20 feet (6 meters) and the

near pomt at from 7 cm to 40 cm , depending

upon age (fig 74 37) The difference between tbe

far and the near pomt distances is termed the

range of actommodahon The difference between
the refracting power of the eye when accommoda
tion 13 completely relaxed for the far point and
fuliv displaced for the near point is called the

amplitude of accommodation The far point is con
jugate to a point on the retina, i e , parallel ray’s

entering the eve come to a focus on the retina and
rays from the latter upon emerging from tbe eye

are parallel and would meet at infinity Bimilarh,

tfi the accommodated eye tbe near point is con

jugate with a point on the retina The focal length

of tbe eye in each state of accommodation there

fore corresponds, respectively, to the far and near

point distances It will be recalled that tbe re

fractive power is expressed os the reciprocal of the

focal distance, the unit being 1 meter and called a

diopter The reciprocal of the far point distance is

termed the ttalie refraction (designated R) of the

eye and that of the near point distance, the dy
namic refraction (P) The difference between the

two (P— R) gives m diopters the amplitude of ac

comtnodation In the emmetropic eye, since the

far point is at infinity the static refraction is

takenaszero ISTien the near point is at 10 cm the

dynamic refraction is
fl^nieter) „ jq jy

amplitude of occommodatioc in such aa emme
tropic eve is therefore 10 D
^'-’The amplitude of accommodation dimimshes

progressivelv from childhood Co about sixtv years

of age being 16 D at twelve years 6 5 Dat tbe age

of thirty and only about 1 D at sixty In other

words with advancing years the near point gradu

ally recedes from the ey e and at sixty > ears of age

an object must be 1 meter distant in order to be

clearlv focussed upon the retina (sec presbyopia)

Tbx? php.wwse.’MV? A? iJye asmclj Jj* phjxoji}

changes in the properties of the lens and its capsule

(reduced plasticity of the one or diminished elas

ticity of the other), there may al«o be a con

comitaot weakness of the ciliary muscl^
The METABOLISM AVD COMPOSITION OFTHELENS

The lens, devoid of a blood supply, must obtain all

the necessary nutrients for growth and metabolism
from the surroundingaqueous and vitreous humors
The aqueous humor is believed to be the mam
source of supply The vitreous, aqueous and lens

all contain gluco'ie and this appears to supply the

roam source of energy, both by aerobic and bv

anaerobic metabolism The oxygen tension of the

aqueous humor of the rabbit is about 40 to 30 mm
Hg compared with about 72 mm Hg in artenal

blood, hut the oxygen has to diffuse over a con

siderable distance to reach the inner layers of the

lens The rate of metabol!«m of the lens may be

readily determined for it may be removed from

the body and maintained in a tissue culture me
dium containing glucose In one such experiment

Memam and Kinsey (1950) found that a rabbit

lens used about 3 4mg of glucose per 24 hours and
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that it produced about 2 0 mg of lactic acid Rab
bit len'es use about 10 to 20 jil of Oi per hour and

have an R Q near to 1 It appears that glucose

metabolism in the lens is mainly anaerobic This

anaerobic brealcdown of glucose to lactic acid

appears to be similar to that found in other lis

sues, that is, the sequence of reactions to the

Embden Mevcrhof scheme Cjtoehrome oTidase

and flavoproteins have been found m the epithe

hum of the lens which suggests that this tissue

may be responsible for some at least of the small

ox>gen consumption The high concentration of

glutathione in the lens and of ascorbic acid in the

lens and aqueous humor has led to the speculation

whether a hjdrogen acceptor other than oxygen

might be placing a role as both the'=e substances

mav be reversibly reduced and oxidized, but there

IB no evidence of their action in lens metabolism

The metabolic function of ascorbic acid remains

obscure Glutathione may be required in the ejn

thesis of the lens proteins and it maj be significant

that the highest concentration of glutathione is

found in the cortex where the new lens fibers are

formed

Four types of protein have been identified in

the lens substance (a) a euglobin or “oKuminotd”

(17 per cent) which is water soluble, and two

water soluble proteins'-pseudo^fobufias, (b) a
erysfafftns (11 per cent) and (c) d eryitaUtne (6 per

cent), together with (d) a small quantity of al

bumin (0 2 per cent) The albuminoid is present

mainly m the nucleus a crystalline chiefly in the

superficial part of the cortex and S crystalline lo

the deeper parts The two crystallines are particu

laily nch in the sulfur containing ammo acids

cy'stme and cysteine The lens proteins as first

shown by Uhlenhuth are organ tpeeifie not species

specific, thus diSering in their immunological be

havior from red cells (p 63) and blood serum For

example, a solution of lens protein when lo/ccted

into an animal of the same or of another species

causes the production of an antibody—a prectpi

tin This antiserum has then the power to precip

itate a solution of lens protein from wherever de

rived, 1 e , from a species other than the one which

supplied the antiserum, from the same speoee or

even from the same animal

The lens substance contains a high concentrs

tion of potassium—100 mg per 100 grams of wel

weight—as compared with about 3 mg per cent

in the aqueous and 20 mg per cent in serum The

concentrations of calcium (5 mg per cent), sodium

chloride (300 mg per cent) magnesium and sili-

cates are relatively low The total salt concentra

tion IS between 0 7 and 0 8 per cent Cholesterol

and phosphatides amount to about 200 mg per

cent in young lenses, but are from two to four

times this value in older specimens (Consult

Pme and van Ilcyningen )

Changes iv the lens tmn age—catahact

The loss of plasticity and elasticity of the lens

With age as a result of a gradual sclerosis, and the

effect such changes have on the mechanism of ae

commodation are referred to on page 1391 Some
alterations in lenticular color may accompany the

sclerosing process, amber tintmg, or even a red-

dish or brownish discoloration of the lens with

consequent filtermg of the shorter rays, is of com-

mon occurrence

CaUirael is the name given to any partial or

complete opacity of the lens In the commonest
variety no ocular or general disease which can be

held responsible precedes the development of the

opacity, and this, since it appears to be simply a
manifestation of age, is termed sentle eataraci The
process leading to the opacity is degenerative in

nature, not inflammatory, for the lens is, as just

stated, avascular The opacity commences usually

in the deeper part of the cortex and does not, as a

rule, involve the nucleus The lens swells as a re

suit of accumulation of fluid between the fibers,

the anterior chamber becoming shallow So long

as the superficial layers of the cortex are clear the

cataract is called imna/ure It is said to be mature

when the opacity has extended to include the

superficial layers The water content of the lens

has by this lime returned to normal The mature
stage IS followed by disintegration of the cortex

wrhich becomes softened into a pultaeeous mass,
this IS the stage of hypermatunty , drying and
ehnnkage of the lens finally result

The essentia) change in the cataractous lens is

a progressive coagulation of the lens proteins

According to tbe most generally accepted explana

tion, such a process is due to the prolonged action

of ultraviolet light, and in some instances, to the

thermal effect of infrared rays The lens as already

pointed out, by absorbing a large proportion of

the rays below A 350 zo/i and 400 m^, protects the

retina from their injunous effects Wave lengths

below 293 mu are absorbed by the cornea The rays

absorbed by the lens are not without their effect

upon the lens substance itself, it is these which

cause the physical change in the lens proteins

Two stages are recognized in the coagulation

process (I) denaluralion of the lem proteins, con

Rating presumably of a molecular rearrangement,

by light or heat which renders them susceptible to

(2) aggregation (agglutination) of the protein par

(ictea into a Bocculent mass—coagulation This

ultimate result occurs only in the presence of

certain salts and is enhanced by aome organic

BUbstancea, e g dextrose and acetone The theory

that radiant energy is responsible for denaturation

of tbe lens proteins is m accord with many obser

ations For example, the absorption by the lens

ci the shorter rays increases with age Tbe opacity

commences in tbe lower quadrant of the lens which

receives the most intense light In tropical coun
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tries, e g India and Eg>T)t, cataract is much com
moner than in temperate latitudes, it is also less

frequent in the latter than in Arctic zones, pre

sumably as a result of the high content in acitinic

ra>3 of the light reflected from snow and icc It is

al<>o stated that on this continent the incidence of

cataract increases from temperate zones to the

equator, and that it is also higher in those who
norlc in the fields than in city dwellers Burges
experiments and the more recent ones of Clarke

show convincingly the effect of light upon the de
velopment of lenticular opacities Burge found
that whereas exposure of a solution of lens protein

to ultraviolet light for 100 brs did not cause co

agulation, this occurred if CaCIi , MgCl, dextrose

or acetone were added Moreover the exposure of

the eje of a living 6sh or frog to short light waves
was nnthout effect if the ammal had previously

been kept in tap water, but definite opacity of the

lens folloived a few hours exposure, if the fish or

frog had been for some days in water cootaining

0^ per cent calcium chlonde, 0 1 per cent dextrose

or 0 1 per cent sodium silicate Clarke found that

heat enlianccd the action of the light raya upon
solutions of lens proteins, and that opacity could

not be produced in the absence of calcium

The incidence of cataract is much higher in di

abctics than in normal persons, it is usually of the
ordinary or so called senile type, but it occurs at

an earlier age The opacity is attributed to the
action of dextrose and possibly of acetone bodies

in rendering the lens proteins more readily coag
ulable by light Duke Elder believes that as a
result of the high blood sugar, the osmotic rela*

tionships between the lens and the surrounding
fluids are disturbed, and the nutrition of the lens

thereby interfered with

Though the factors outlined above appear to be
the mam ones concerned in the production of the

common or senile type of cataract, opinions differ

considerably os to the details of the mechanism
involved, as well as in regard to the production of

other types of lenticular opacity It Is suggested,

for example, that the action of ultraviolet rays in

inducing denaturation of the lens proteins is due
to the reduction of the glutathione and P crystal

line content and the consequent depression of the

autoxidative mechanism Such an effect of ultra

violet radiation has been shown experimentally,
It has also been established that the content of the
lens in glutathione and in the thermostable pro
teiD residue diminishes with age The power of the

lens to fluoresce upon exposure to short wave radi

ations (p 1330) and the disposal of the surplus

energy by converting them into long waves, is

considered by Burge to be an important factor in

ameliorating the effect of light upon the lens,

fluorescing bactena for example arc much less

readily killed by ultraviolet light than are other

types It IS of some considerable interest therefore

Fro 7-1 3S Spherical aberration Outer rays
meet at 1, inner ray s at 2

that the power of the lens to fluoresce diminishes

with age

In glass blowers' cataract, infrared rays would

appear to play an important auxiliary rdle Early

cataract has also developed in a few atomic phy s

icists and in some of the Japanese atomic bomb
victims Much research has since been undertaken

on the effect on lens metabolism of \ ray and fast

neutron radiation Toung animals develop cata

ract more readily than older animals when irradi

ated in this wav A latent penod of some weeks or

months may elapse after the exposure before

opacities in the lens appear

An interesting type of cataract is that following

parathyroidectomy, disordered calcium metabo

lism would appear to be in some way concerned in

Its production, the calcium content of the lens is

increased, whereas that of the blood is reduced

There is no definite evidence, however, to connect

ordinary eentlc cataract with parathyroid defi

eiency, but there seems little doubt that calcium

IS concerned in some obscure way with cataract

development A favorite method of producing

cataract for expenmental study is by the injection

of napbtbahne, opacities form only if the ammal
13 on alow calcium diet In rats, lenticular opacity

IS readily produced by a diet containing a high

percentage of lactose or galactose, the former

sugar increases the absorption of calcium, but

whether this fact baa any bearing upon the devel

opment of the cataract is difficult to say, it does

not dovetail with other observations in respect to

calcium and the development of cataract

The composition of the cataractous lens shows

marked differences from the normal There is an

increase in the insoluble albuminoid and a decrease

of the soluble proteins and of glutathione, the

oxygen uptake is much reduced Of the inorganic

constituents calcium shows a relatively enormous

increase (up to 140 mg percent) The concentra

tioQ of magnesium, sodium and silicates is also

raised whereas that of potassium is greatly re

duced

Optical Defects

Spheiuc^l aberratios Rays traversing the

penpheral parts of an ordinary convex lens are

refracted more strongly and therefore come to a
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focus nearer the lens than do tho«e transmitted

through more central regions In other words, the

outer and inner rays cross in front of the retina

and a blurred image is formed (fig 74 38) This

IS an inherent defect of con\ e\ spherical lenses and

IS called spherical aberralton Spherical aberration

IS corrected to a certain extent in the crystalline

lens, the nucleus ha\inga higher refractne power

than the periphery («ce p 1379) The ins, since it

(.overs the outer part of the lens and shuts off the

penpheral rays, also sen es to correct this defect

CnROiiv.TXC ABERRATION The colors composing

white Lght are refracted to different degrees ac

cording to their w avc lengths Tlie violet rays are

refracted most, the refractive power dimtnislung

progrc8«ivel} from the violet to the red end of the

spectrum (fig 74 39) For this reason a senes of

fringes, colored from v lolct to red from within out

wanis, borders the image formed b> a simple

cheap lens Chromatic aberration, as this defect is

railed, is corrected in camera and microscope

lenses by cementing a biconv e\ lens of crown glass

to a concav e one of fiint glass Such a lens is called

achromatic The eje is only partially corrected for

chromatic aberration The yellow rays arc fo

cus«ed upon the retina, but the short blue rays

being more acutely bent meet in front, while the

longer less strongly refracted red rays come to a

focus behind the retina Other rays are bent simi-

larly in accordance with their wavelengths Fur

thermore, the fov ea being on the temporal side of

the optical axis, the blue ravs fall upon the retina

nearer to the point (ajwf poinl) where it is cut b\

the optical axis This, of course, will obtain ui

both eyes, and lines project(?d outward** from the

axial points will meet as shown in figure 74 39

The blue ray s wiU therefore appear to come from a

point farther away than the point emitting the

red rays, the image formetl on the retina by the

•horter blue rays will also be smaller than that

formed by the red rays These effects of the un

equal refraction of the different colors are called,

respectively, chromaiie stereoscopy and chromatie

differcTice of niagmficalion Inordinary vtston the

colors surrounding the images on the retma are

not perceived

Dijraclion and the scallering of hg'lil icilhtn the

eyeball Light is diffracted by the pupillary margin

and bv the lens fibers and corneal epithelium, as a

result of this and of spherical aberration the ret

inal unage is not made up of points of light but of

diffusion circles (blur circles), i e
,
a bright central

disc surrounded by light rings which dimmish in

inteiMity by almost imperceptible gradations to

wards the penphery The relative size of the cen

tral bright area vanes inversely with the diameter

of the pupil and directly with the wave length of

the light The opposite effects of changes in the

size of the pupil upon this defect and upon chro

tnatic aberration have been pointed out

None of the ocular media is perfectly homogene
ous, owing to their colloidal nature a certain pro

portion of the light entenng the eye is scattered

(Tyndall phenomenon), that is, it is not focus«ed

upon the retina but is deflected from the cour«e

which It would follow according to the laws of

refraction if the contents of the globe were per

feclly transparent The colloidal particles have a

site of the order of the wave length of light The
quantity of scattered light is directly proportional

to the square of the size of the particles, and in

versely proportional to the fourth power of the

wavelength (Rayleigh) Thus the greatest scatter

mg within the eyeball occurs with violet and u!

travioiet light and the least with Rd (see Le
Grand)

w-^Pbesbyopia (Gr preebos, old, ops, the eye) la

(he term given to the gradual reduction in the

ampbtude of accommodation which goes hand m
hand with advancing yeare

EmiEmiopiv AVD AsiETROPiA The four Optical

defects just described may be regarded as physio-

logical, the first three being inherent to "ome ex-

tent in optical systems in general, the fourth is a

natural accompaniment of age Tw o other defects

of frequent occurrence are due to incongruity be-

tween the length of the eyeball and its refracting

power and must be cla'ssed as definite abnormali-

ties

The refractive state of the normal eye, which

has its far point (p 1391) at infinity, i e ,
at a

distance greater than 6 meters (20 feet), is called

emmelropia Parallel ray s entering the emmetropic

eye are brought to a clear focus on the retma

Without any effort of accommodation The static

refraction of such an eye is therefore zero If the

far jiomt is not at mfimty’ the eye is amelropic

There are two forms of ametropia—myopia and

hypennetropia (fig 74 40)

In myopia (Gr myo, I blmk or half close the

eye, ops, the eye) or short sight, the eyeball is too
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long rclatncly to its refracting power (fig 74 40-

B) Obviouslj
,
such an eje wiU bring parallel rajs

to a focus in front of the retina, i e , in the aitre-

ou<« After meeting, the raja cross and form a

blurred image or a diffu'iion circle upon the retina,

just as a camera which is evtended too far forms

an indistinct image upon the film In order to

form a clear image on the retina of the mjopic

eje the rajs must be, not parallel but diic^nt,

•suchasaroemittwl bj a near object The farpoint

is therefore at a finite distance, and in extreme

instances maj be only a few centimeters from the

eje Accommodation, of course, is relaxed for the

far pomt as in the emmetropic ej c for, obviouMj
,

mcrcasing the comergmg power of the lens wall

onlj cause greater blumng of the image The far

and near points being close together, the range

and the amplitude of accomraoilation (p 1391)

are reduced Mjopia is corrected bj means of

coneaxT} (diiergtng) lenses if, for example, an

object can be seen clcarlj no farther awaj than

1 meter, the mjopn is—I D, i e , a concave lens

of this power is required

In hypermdropxa (Gr hyper, above, metros,

measure, ops, the eje) or long sight (fig 74 40C)
the eje 13 too short for its refracting power
Therefore parallel rays after refraction fall upon
the retina before they have come to a focus, and
form an image blurred by diffusion circles The
raj’s as they emerge from the eje are divci^enl

Tlic far point is virtual, i e , it is behmd the eje

at the pomt where the rays would meet if con

tmued backw arda through the retina The hj per

metrope must accommodate when he voewa dis-

tant objects m order to focus the parallel raj's

upon the retina The range of his accommodation

(p 1391) IS the same as that of the enunetrope

but the amplitude is greater Suppose, for exam
pie, that the near pomt is 0 10 meter in front of

the ej’e and the far pomt is 0 2o meter belund,

1 e , negative (—0 25) Then the djuaraic rcfrac

tion IS 100/10 = 10 D, and the static refraction

IS — 100/—25 = —4 D, the amplitude of ac

commodation is therefore 10 D — ( —4 D), or 10

D 4- 4D = 14D Hjrpennetropia is corrected by
means of a convex lens, the distance of the far

point behind the eje giving the measure of the

strength of lens required, if this is —025 meter

then a +4 D lens would correct the defect (see

p 13S4)

Although it IS customary to account for myopia

and hypermctropia m terms of variations m the

avial length of the eye and to assume that the

power of the cornea and lens is constant, recent

studies sugg^t that this view is inadequate If the

Fio 74 40 A eiametropja, B mjopia C hj
pcrmctropia

optical constants of a large number of ej cs are

measured it is found that the power of the cornea

vanes from 39 to 47 D and that of the lens from

14 to 25 D The axial length maj range from 22

to ^ mm Although hj pcrmetropic ejes tend to

hav c a shorter nvial length tlian mj ojuc ej es it is

onlj in the severe degrees of these defects (over

+ or -4 D) tliat the axial length falls outside

the normal statistical limits The refnictii e errors

ID a population are so distributed that the three

vanablcs cornea lens and axial length cannot be

distributed m a random fasluon, for inspection of

figure 74 41 indicates tliat there is an excels num
ber of cmmctropcs m the population A corrcla

tioD mechanism must be postulated to mamtam
something Lie cmmetropia during the period of

growth of the eje from its newborn length of 16

nun to that of ii mm m the adult state Moat of

the growth m length occurs during the fint few

years of bfe although myopia often first declares

itself at adolescence when the axial length has

become stable^Nothing is known about the na

turn of the process which leads to such a high pro

portion of emmetropes in the population Genetic

factors are almost certamly involved for refrac

tive errors can often be inherited

Astiguatisu (Gr a, pnv ativ e, gligma, a pomt)

In this condition os its name impbes, raj s of bght

are not brought to sharp points upon the retina,

but form short hnes The defect is present m all

Qes to a certain degree, when moderate it is

therefore phyaiological Only when the fault se

nouslj reduces visual acuitj is it abnormal It

must be remembered that rajs of light pass

through all meridians of a Jens, in converging to

a focus they therefore form a cone of light, not

simply & flat pennantlike beam If all mendians

of a lens hav e the same curvature, then ra33 in all

planes will be refracted to the same degree and

come to a focus together If, on the other hand.
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Fio 74 41 The distributioa curve of ocular refraction of IfM e\es The continuous lines indicate the
actual observations and the dotted hno indicates the fitted normal curve As the former is more peaked
than the latter it may be concluded that nhereaa the individual optical components may vary over a
wide range m an individual eye the«e components are usually so correlated that emmetropia results
(After Sorsby Benjamin Davey Sheridan and Tanner )

Fig 74 42 Refraction by an astigmatic lens

V\ the vertical meridian of the refracting body
IS more curved than 1111 the horizontal meridian
A B C D E F G show difierent sections of the
beam after refraction At B the vertical rays are
brought to a focus at I the borizonial rays are
brought to a focus From B to F is the focal in
terval

the curvatures differ, the rays transmitted

through a mcndian with the greater cur\at«Te

mil be refracted more strongly and brought to a

focus in front of rays parsing through other me
ndians Fore\amplL should the vertical mcndian

be more curved than tlie honzontal then when

the rays passing through tlie vertical mendian

arc in focus those in the horizontal mil form not

a point, but an ellipse, a circle or a line Thus

there are Ino foci and the distance between two

lines—the focal intenvl—is a measure of the dc

gree of the a5tiginati«m (see fig 74 42) Such

inequalities of curvature m the meridians of the

cornea or, less commonly, of the crystalline Jens

are the cause of what is known a« cunalure

asltgmabsm The greater cunature may be in

either the v ertical horizontal or an oblique mend
lanJBut m physiological astigmatism (which is

due most probably to the pressure of the upper

hd upon the eyeball during growth) the greater

curvature is in the vertical mendian In patho

logical types also this mendian Las most com

monly the greater curvature Illien the refractive

power though unequal in the vanous mcndians is

the same throughout any mendian and the max
imalh and minimally curved mendiaas (principal

mendmns) are at nght angles to one another, the

astigmatism is called regular In irregular asltg

mahem not only is the refractive power unequal

in the different mcndians but it is not uniform

throu^out a mendian and the pnncipai mend
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J
lans are not at right angles to one another Asttg

matism maj result from mcquabtica in the re

fractv\e mtliccs between different parts of the

lens, this is tcrmetl index asiigmalism Shght m
equalities of this nature m the refnetne indices

maj also contnbutc to pl^-siological astigniatism

An obhque or other malposition of the lens is

sometimes a cauee of astigmatism IMicn thesub-

ject of astigmatism looks at a clock face the

straight lines in the Acrtical numerals \II and

VI maj be clearly 'een vhilc tlie horizontal lines

m IX and III are blurred, or \*icc \ersa Or the

diagonal numerals ma\ be out of focus while the

vertical and horizontal arc dnrplj defined V

cliart «uch as is elioiiTi in figure 74 43 is emph) «1

to detect the meridian or meridians m which the

corneal cunature is abnormal

ilstigmatism is corrected bj the ure of spectacle

lenses convex in the meridian corresponding to

that of the cornea (or cn-stalluie lens) lia\ong the

lesser cun ature Thus if the cunmturc of the cor

nea is greater in the i ertical meridian the subject

i* fitted with a cjbndncal len« winch, it will be

recalled, refracts m a single plane ha\ mg its con

1 c\ity in the honrontal mendian
The 3 oung emmetrope becomes m3 opic b3 I to

2D when viewing a scene in dun bgbtmg «uch as

twibght There is evidence that some of this

“twilight m3opia’ is caused the mcroased

effects of «phencal aberration resulting from the

dilation of the pupil in dim lighting Howeier,

«ome of the effect is also due to a small and \ana
ble amount of near accommodation of the lens

system E^ed m bright \newing conditions when
the pupils are small and spherical aberration is

minimal the emmetrope may become myopic to

the extent of 0 2o to 1 D when \uewiDg a scene

devoid of visual detail such as a clear blue '‘ky

This day myopia is due to the lens Q-stem

accommodatiDg for near It is not known why
the accommodation mechanism docs not remain

focussed at infinity in the absence of a suitable

visual stimulus Hus condition may cause diflS

culty m high altitude aircraft when scarchmg for

approaching aircraft

Contact Lemei

The contact lens caD«ists of a thin cuphke shell

of gla^s moulded to fit the cornea and sclera and
ground to the required curvature It is applied

directly to the eye and therefore moves with it

Contact leases are employed for the correction of

various types of refractive error eg myopiaand
hypermetropia and tho«e due to abnorraahlies in

the form of the cornea (astigmatism or conical

Fio 74 43 Chart used in testing for astigma
tMm One eye being closed the patient is asked to

say which of the groups of lines are blackest and
most distinct and which are lightest and indis
tinct

Fio 74 44 Contact lens

eoraea) or to abvnco of the Jeix? fapialts) Pefore

being applied th concavntv of the lens is filled

with athne solution and when in position is sep

arated from the cornea onh by a thin film of the

solution The refractive indices of the cornea and
the saline arc approximately the same The two
therefore constitute a «ihgic refracting medium
moulded as it were by the posterior surface of the

glass sbeii into a oonnal form Light ray s are re

fracted at the antenor surface of the cornea in

contact with the air and le s strongly at the pos

tenor surface but undergo no further refraction

until they reach the crystalline lens (fig 74 44)

The Intraocular Fluids

The rs~niAOcuL.vii pressure The pressure

within the chambers of the ey e of a hvnng animal

13 from 15 to 20 mm Hg and from 8 mm to 10

mm Hg in the excised but intact globe it also

falls to the latter lev el immediately after death or

after arrest of the ocular circulation The differ

encebetn een these tw o rets of values is due to the

pressure of the blood in the v essel, of the globe

This will be clear from figure 74 45 The v aseular

bed of the eyeball lies between the relatively re

distant ailerotic onthe outside and the mcompress

lUe mtraocular contents on the other It is evu

d^t that blood pumped into the ve«aels of the

choroid will raise the intraocular pressure above
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(2) (»

Fig 74 45 Shoeing the distnbutiOD ot volume
pressure in the eye w ith (1) a collapsed blood pres
sure (2) in the normal state, and (3) mth raised
blood pressure and capillary dilatation (After
Duke Elder, The Nature of the /ntraoeufar Fluids )

that of a bloodless eye The mttaocular prc^uie

nins closely parallel with that of the blood m the

choroidal capillaries A nsc or fall m general ar

terial pressure therefore may cause a correspond

ing change m intraocuhr pressure, though it will

be much less m degree The puUe beat causes a
variation in intraocular pressure of from 1 to 2

mm Hg, and the respiration one of from 3 to 5

mm Hg However, since it is the pressure in the

capillary bed of the eye rather than that in the

larger ocular vessels which is the determining fac

tor and the former pressure can vary as a result of

local changes in cahber of the minute vessels, the

intraocular and arterial pressures do not neces

eanly change m the same direction Thus arterial

hypertension, in which the capillary pressure is

not raised (p 388), docs not cause a nse in mtra

ocular pressure, amyl nitnte, on the other hand,

causes a fall in artenal pressure as a result of the

peripheral v asodilation, accompamed by a rue m
intraocular pressure (due to the dilation of the

capillaries of the eye and the consequent increase

m capillary pressure) The mtraocular pressure

therefore follows v cry closely the venous pressure,

tying the vortex veins, for example, increases

capillary pressure and causes a rise m intraocular

pressure of from 50 to 60 mm Hg The pressure of

8or 10mm Ilgwhich, as mentioned abo\e,eMst8

wnthm an ey e immediately after its circulation has

been arrested, may be looked upon as representing

the balance struck between the production of

intraocular fluid and its removal throu^ the

drainage channels

Other factors which atfect the intraoculM ten

Sion are, pressure from without by the action of

the eyelids and of the extnnaic muscles of the eye

The effect exerted by the eye muscles in ordinary

movements is negligible, but maximally strong

convergence of the eyeballs may raise the pressure

by from 4 to 10 mm Hg Movements of the hds
have a greater influence, strong contraction of the

orbicularis oculi causing a rise of SO mm Hg or

more Exposure of the eye to light causes a fall,

and dark adaptation a nse in pressure which is

attributed to constnction and dilation respec

lively , of the ocular capillanes Contraction of the

ciliary muscle causes no change in the intraocular

pressure, nor does the state of the pupil A change

in pressure does not occur therefore upon accom
modation of the eye provided that the associated

convergent movement is prevented

The vitreous boot The vitreous body occupies

the segment of the globe ly mg behind the lens and
the ciliary processes In front it presents a saucer

shaped depression—the hyaloid fossa—which

lodges the posterior convexity of the lens A nar

row space (posllenticutar space) fllled with fluid

separates the lens from the concave surface of the

vitreous The hyaloid canal (which lodged the

hyaloid artery in the embrvo) runs from the pos

tenor pole of the lens to the center of the optic

disc The structureless hyaloid membrane sur

rounds the vitreous, antenorly it is strengthened

by radial fibers which have already been referred

to as the Simula ctlmns (p 13SC) In this region it

shows 0 senes of grooves which lodge the ciliary

processes The vitreous body is a jellylike mate
nal possessing no obvious structure, but U is

claimed that by the use of special fixatives (e g
a weak solution of chromic acid) a senes of super

imposed lamellae arranged concentrically around

the bvaloid canal and composed of very thin flat

cells can be demonstrated The spaces between the

lamellae contain fluid almost identical in composi

tion with the aqueous humor Though some main
tain that the lamellae are fixation artefacts and

that the vitreous body is a homogeneous gel there

seems little doubt that a framework does exist If

the vitreous body is examined with the phase con

trast microscope a network of fibers of various

eires can be demonstrated and a clear cut hyaline

membrane which encloses it The human vitreous

adberea firmly to the retina in the region of the

macula and optic disc Less firm adhesions also

occur at the equator and this appears to lend sup

port to the hypothesis that some retinal detach

ments are caused by traction of the vitreous fiber

on the retina Examination of the vitreous struc

ture with the electron microscope has revealed

three types of fibers (1) fibers without cross stn

atioos of diameter 15 to 30 mi< this type being

commonest, (2) fibers showing cross etnations of

penod 61 ro/« and diameter 15-30 nvr (3) fibers

showing cross striations similar to collagen (64

XBfi) and diameter SO to SO mp
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The AQUEOi.8 humor is a clear watcrj fluid oc

cupymE the anterior and posterior chamliers of the

cje It has a refractive index of 1 33, it la alkaline

in reaction (pit 7 1 to 7 3) and has a specific grav

ity of from 1002 to lOOl The composition of the

aqueous humor closely resembles that of an ultra

filtrate of plasma The main difference between

the composition of plasma and aqueous lines 13 the

verj low protein content of the latter (10 to 20

mg ,
100 ml in man) The aqueous contains a

lower concentration of glucose and a higher con

centration of lactic acid than docs plasma This

may be due in part to the metabolism of glucose

by the lens and cornea The ascorbic acid con

centration of the aqueous is some 10 to 50 times

greater than that in the plasma, and it 13 thought

to be passed into the fluid by the ciliary body

This high concentration may be connected with

the metabolism of the avascular tissues such as

the cornea, lens and vitreous body The ascorbic

acid content of the aqueous has been shoa
fall dramatically in scorbutic guinea pigs but

ocular defects occur in prolonged scurvy in either

guinea pigs or man

do not permit the formulation of a theory based

u^n simple dialy sis alone Thesis also -some eu
donee that certain substances, e g ,

sodium an
g^fcted

^Theiurface of the ciliars bod\ and the posterior

aspect of the ins arc bclie\ed to constitute the

mtmbmn^intwposed betn een the aqueous humor
and the blood That diffusion occurs across both

these surfaces is indicated by the following obser

\ations \Micn the pupillary aperture is occluder!

cither experimentally or as a result of disease

aoueoHs fluid accumulates tehind the iris ()n7h<

other hand, fluid is formed after excision of the

iris or n hen it is congemtaily absent In ecrtani

fish not possc«smg iTciliary body and in the con

genital absence of the latter in man, normal none

ma inirri^ it^rcfient, it has also been found in a

cyst of the ins itself

It lo ClRcm^TlON Of TUB IXTRAOCPLAR FLinOS

It no^HT - - - --
[

^iiE nnAiXAcr system of the E\e Intraocular

fluid IS probably reabsorbed to some extent from

(\ .ixdtf parts of the interior of the globe Ismail pro-

portion of the (lialyted fluid passM from the poste

T^eJownotioiuf the Intraocular Fluids nor chamber tlirough the zonuTe and do^m the

to Iho importance of the eubjcct to ghu canal to the Q-mpnatic,, oi ine opt.c
,

com, the formation of the intraocular aa.dshaai^;«''';J“='''“”
‘ p«r cent is reateorbed in t|m

been mvcstigatcd most diligently, especially by
" ' "

Duke Elder and lua associates But the precise

mechanism involved has not yet been established

ITiefe have been three theories of the process pro

posed, namely, that it is one ol^^^UraJiUration,

or (3)-*ecrclion None of these theories

alone fits all t^known facts The principal nro_c

^ auqeats to he one Q( ultcaMtratiQu.^ and ui xha dsjfy <it. kbe. tiji. lis. vtsjm'bjwu

voKes those factors, capillary blood pressure wit&^'the cornea and in front oFthe angle ofThe

^ay, or indeed from any region of the eye lying

posterior to the iris The chief exits for the fluid

are at the angle of the antenor chamber (OH^fe of .

the tm or ftUrotion anoie) and I'rom the anterior

surface of the ms it w ili^crKa^ be of advantage
to the reader 1/ themam structura l features oi tbvs

r^on are recalled^

3htl colloid osmotic pressures. Which have been

described elsewhere in connection with the inter

change of water and substances^ solution across

capillary membranes (ehs 3 and 13) The high

capillary pressure required for ultrafiltration into

the mtenor of the eyebaU has been shoivn to exist

(owing to the rclati\elY hifrii hMlrnsf-<ltf» pwiriTirA

thereml, the mean pressure m the capillaries de

nved from the retinal artery and the postOTor

ciliary artenes is 50mm Hg which is much higher

than that m the capillanca of most other regions

Nevertheless, uitratiltration is not a complete ex

plali^ion oi the furmatlOn oi intraocular fluid, for

^hen the concentrations of the constituents of

plasma and of the aqueous humor are compared,

^it 13 evident that the latter la not simply an ultra

_ample It is therefore thought that dialysis plays

a part, though there are discrepancies here which

antenor chamber lies an annular venoua sinus—

the tonal of Schletnm (rinus teno&m ecterae) (fig

74 29) The sinus completely surrounds the corneal

margin and m mendional section? of the eye ap
pears as a small oval gap or cleft lined by endo
tbelium The inner or posterior wall of the canal

IS separated from the anterior chamber by a zone

of trabecular tissue formed bi the breaking up*^
the posterior elastic lamina of the cornea and

the peclinaie ligaiUni', Die interv^s he

owTOD the trabeculae are termed the sitaces of

Fontana The trabecular tissue of the pectinat e

li^roent 13 continued around the iridial angle

its fibers terminating in the tis3u~ ot the im
Schlemm s canal 1*1 fed b\ an atlerenl arttriole de

rived from the ciliary artenes an ikdrained by an

eSerenit enute which empties into {he episcleral

venous plexus (triedenaald; TjiOTipacea uf~Pon
^tana communicate with the ant^or chamber, but^

there IS no ilirecl conimunicallUh Lli.’l»een me
fori&sr Und the lunujll hi ijchlemm s canal, the
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Iionever, at which the pressure of the intraocular

fluids approaches equality with that in the oph
thalmic nrlcrj, then further compcnsafioa be

comes impossible and the structural chanfcs just

mentioned supervene The condition is then

termed ittJ?afnrta/ori/ or decompensated utaucoma

possible factors which have been euftgested

TCexplanation of the elevated pressure will be

briellj considered Mechanical obstniction at the

filtration angle due to reduction m the depth of

tlie titncrtor cti imber and the consequent atiftesion

of the periphery of the ms to the corned is fre
'

Qtiently present in decompensated cases, but^iis
13 secondarN and not primarily rcuiea to tfie hy-

pertension It is not improbable (tiat some abnor

mshty m the nervous control of the vascular bed

of the globe is fundamentally responsible Prieden

wald suggests that the reahsorption of water

through the mechanism of Schlemm’s canal (p

139S) 03 a result of sclerosis and narrowing of the

afferent vessels maj be the essential factor con

cerned Reduction m the caliber of thc«c vessels

-would lend, by Blowing the blood flow through the

canal, to reduce the rcab«orption rate Spasm of
the yeasels feeding the sinus would have a similar

fiffeefOn the other hand, the reduced depth of

the aotenor chamber m decompensated glaucoma
euggeata that the increased pressure originates m
the posterior chamber of the e>e, and the theory

hoe been advanced that swelling of the vitreous is

responsible From the gellike nature of the vitre

ous body one might expect its water content to

vary with chaoges in its inorganic constituents or

in pH li has been found, however, that the cbem
ical changes necessary to cause any sigoiGcant in

crease in volume of the vitreous are far greater

than any that could occur in the bodj Finally, a
vasodilator toxin of the histamine type has been

suggested which supposedly, by causing dilation

of the intraocular capillaries and an increase in

the permeability of their walls, would lead to

overproduction of intraocular fluid The aqueous
in decompensated glaucoma has s higher protein,

and lower clilonde content and osmotic pressure

than normal, this fact lends some force to the

theory of increased capillary permeability The

abnOnnal permeability would also, by reducing

the effective osmotic difference between the con
tents of the anterior chamber and the blood, tend

to dimmish reabsorption Nevertheless, analysis

of the aqueous humor in compensated cases shows
no significant departure from the normal and
therefore lends no support to the idea that a
change in capillary perroealnlity is the funda
mental factor in the develonment of glaucoma

Them is no causative relationship between
arterial and ocular hj pertension
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THE VISUAL FIELDS AND PATHWAY. MOVEMENTS OF

THE OCULAR MUSCLE. STEREOSCOPIC VISION

The 1 isDAL FIELDS The visual field of one eye

IS the part of the external n orld n hich is Feen bj

that eye at any given moment, i e
,
when its gaze

IS fixed m one direction It maj be likened to a
portion of a great hollow sphere—a bowl—upon

the mterior surface of which the images of the

external world arc projected Traquair pictures

the visual field as “an island of vision surrounded

by a sea of blindness*’
,
carrj mg the simile further,

the surface contour of this imaginarj i«Iand is de-

scribed in terms of v isual acuit>
,
the highest point

corresponding to the fovea, a deep {bottomless)

pit to the blind spot and a gradual «lopc toward

the peripheral retina The visual field of each eye

subtends an angle of about ICO’ in a horizontal

and 145* in the vertical meridian The v i«ual field

on each side isdiv ided by a line passing vertically

through the fixation point (p 1417) into two un-

equal parts, an outer or umporal and an inner or

nasal Tlie latter is smaller owing to the shadow

of the nose, its diameter being about CO* whereas

the diameter of the temporal part is around 100*

Similarly a Imc passing honzontallj through the

point of fixation div ides the field into an upper

and a lower part, the former being restneted by

from 5° to 10* bj the upper hd and orbital mar-

gin Ra)'s of light from the outer or temporal half

of the visual field fall upon the nasal (inner) half

of the retina, those from the inner or nasal half of

the visual field fall upon the temporal half of the

retina (fig 75 7, p 1408) Although an image is

formed upon each retina the tw o are fused in con-

sciousness into a single impression (see p 1412)

In most animals the visual fields of the two ^es
overlap, that is, certain parts of the outside world

are seen by both ejes at the same instant

—

btnoe-

vlar tiJion In animals with ejes placed laterally

in the head overlap of the visual fields must ob-

viouslj be very small in extent, the v isual fields

being almost completely separate

—

monocular

tiston The extent of o\ crlap of the v isual fields of

the monkej and of man, whose ejes are placed m
the front of the head, is huge (120* honzontal

diameter) and the monocular field of vision, Uiat

IS, the field which can be seen bj one eje but not

b5 the other, is relatively small (33°) (figs 75 1

and 75 6) Rajs of light entenng the ej es from an

object m the binocular field of v i®ion fall upon the

nas.Tl half of one retina and upon the temporal

half of the other If, however, the object is well

to the nght or to the left of the line of vision, i e

,

in the outer part of either temporal field, the raj's

then fall upon the na«al half of the peripheral

retina of the nearer eje (ngbt or left) but not

upon the other retina w hieh is shaded bj thejiosc

So the monocular field of vision con«wt8 m man
of a crescentic area (35*) at the outer limit of the

temporal field of each eje

WTien one looks directly at an object the ejes

are turned so as to bring an image of the object

upon the most sensitive area of each retina, i e

,

upon the nasal and temporal halves, respectivelj,

of the foveae The horizontal diameter of the

entire visual field, that is, of the area of overlap

of the two fields plus the monocular fields on each

side IS about 200*

t\e shall see w hen the arrangement of the fibers

convejmg vlsutI impuKes is considered that fibers

arising from the na«al halves of the retinas cross

m the cliiasma, whereas the temporal fibers re-

main uncrossed Thus it is that the occipital cor-

tex of one side receiv es impulses from the nasal

half of the opposite retina and from the temporal

half of the retina of the same side, that is, those

retinal halves which receive impressions from the

opposite halves of the v isual fields (fig 75 7, p
1408) Loss of vision in one half of each eje is

called hemtanopia ^^'hen the blindness affects the

nght or the left hah es of both retinas, i e ,
the

nasal half of the left retina (temporal half of vis

ual field) and the temporal half of the nght (nasal

half of the visual field) or vice veisa, the liemi-

anopia is said to be homoni/mous—left or right

r«pectively If the blindness is in the left half of

one retina and in the nght half of the other, i e

,

in either both temporal retinal halves (nasal

halves of visual fields) or m both nasal retinal

balv es (temporal halv es of v isual fields) the hemi-

1402
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Fio 75 1 Showing monocular (white) and
binocular ^lack) fields o( vision Upper rabbit,
lower monkey (or man) (From Parsons, after
Brouwer and Zeeman )

anopia is crossed or heteronymous and is referred

to as ttnosa? or bi-temporal, respectively It will

be noted that the qualifying terms refer to the

affected halves of the nsual fields and not to the

retinal bah es In other instances a quarter only
of each visual field is affected, when the term
guadroTihc hemianopia is employed It maybe the

upper or the lower quadrants of the nasal or of

the temporal fields which are involved, or bo-

monyTnous quadrants may be affected, i e , a
quadrant m the nasal field of one eye and in the

temporal field of the other The type of henuan
opia IS further specified by the use of the word
“superior’' or “inferior” (fig 755) Thus, asupe*
nor nasal quadrantic hemianopia is one in which

the eyes do not see objects in the upper nasal

oMi m
• b e d e f

Pic 75 2 I distnhution of visual fibers A,
nght retina, //, optic nerve, C, optic cbiosma, D,
opposite lateral gemculatc body

,
a upper nasal

quadrant of retina, 5, lower nasal quadrant, e,

upper temporal quadrant, d, lower temporal
quadrant, c, upper macular fibers,/ lower macular
fillers (Itedraw n and modified from Henschen and
Brouwer and Zeeman) //, Diacrain of types of
hemianopia I homonymous, S, bitemporal, S,

binasal, 4, bomonycnov) superior quadraoUc

quadrants of the v isua! fields (bhndness of lower

temporal retinal quadrants)

Isopters The sensitivity of the retina from the

periphery to the fovea can be explored by using a
eenes of test objects of graduated sizes with the

perimeter, and determining in different mendiana
the diotance from the fixation point (p 1417) at

which each object is just perceptible The points

so dctennined are marked upon the perimeter

chart and lines drawn through each set Thus a

eenes of boundary lines roughly conccntnc with

the foveaare constructed w hich indicate the thresh

olds for the perception (minitaum visible, p
1304) of the different test objects, and therefore

demarcate levels of retinal sensitivity Each is

called an tsopUr of eensilivtly, they might be com
pared to the contour lines indicating elevations on
a detailed geographical map
Tke bund bpot The entrance of the optic

nerve since it u devoid of rods and cones is com
pletely blind An object whose image falls upon it

18 therefore invisible (see fig 75 3) Not even a sen

satioQ of blackne'>s results, for when the eye is

fixated upon the cross, as described m the legend

of the figure, and the book moved until the optic

disc IS occupied by the circle the latter siinply dis

appears, no sensation whatever being experienced

to indicate ila existence Ordinarily this ‘ hole"

in the visual field causes no inconvenience be

cau«e, in any po«iljon of the eye®, should one
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Fig 75 3 The blind spot Close the left eje
hold the figure about 6 inches in front of the ngbt
ej e and look steadil> at the cross Move the book
sloxxl} toward the eje until the circle disappears
Vr 1 en this occurs the image of the circle has fallen

upon the entrance of the optic nerve from which
rods and cones are absent it is therefore insensi
tive to light Figure on the right shows the blind
spot projected 6 inches in front of the right eje as
mapped out by means of penmetrj (After Helm
holtz )

image of an object fall upon the blind spot a sen

Eitive part of the opposite retina receives the

other image Even when one eje is closed or

blind we are not aware of the blind «pot in the

seeing eye unle's it is «pccifically demonstrated

Patients who have had portions of their pe

npheral retina destrojed some time previously

by localized di«ea=e are often unaware of the pres

ence of the blind areas until thej are demonstrated

to exist hj means of perimetry

Penrrutry is the term applied to the procedure

of mapping out the visual fields The instrument

emplojed is called a perimtler It comprises a

metal band or arm shaped m a large arc of a circle

with Its concavitj directed towards the subject

(Gg 75 4) A holder eliding in the arc Carnes the

test object which can be moved centrallj or pe

nphemllj as required The arm itself is pivoted

at the center enabling it to be rotated to any angle

The subject s head is supported on a chin rest

One eye is covered the eje under examination is

placed at the center of the sphere of w hieh the per

imeter arm forms the arc and made to fix a point

straight ahead in the center of the arm The latter

IS rotated bj degrees through a full circle and at

each new position the teat object is moved cen

traily until it is just perceived by the subject This

point and corresponding points at the various po
sitions of the arm are marked upon a perimeter

chart and the contour of the visual field outlined

through them The chart (fig 75 5) is ruled in

circles (comparable to latitudes on a geographical

map) to indicate degrees from the point of fixation

and in radiating lines ( longitudes or meridians)

The mapping of the blind spot and of the 6en«i

tivitj of the retina in isopters has been referred

to The reader should consult texts on Ophthalmol

ogy for a more detailed description of perim

etrj A simple but rough method of perimetry

(eonfronfttlion method) which will rcteal a major
limitation of the visual fields is the following The
observer stands facing the subject and about two

feel ID front of him One ej e of the patient is cov
ered while the other which he fixes upon the op
posite eje of the examiner ts being tested The
examiner holds his finger midway between himself

and the patient but outside the limit of his own
visual field and then brings it slowly toward the

midline The observer compares the position at

which be first sights his finger with that at which
It 18 first teen by the patient The procedure is

Fig 7o 5 Perimeter chart showing normal
visual field of right eje 1/ blind spot g r 6 and
w indicate boundaries of fields for green red blue
and white respectively Meridians indicated by
Roman numerals (After Starling )
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repeated Irom vanous directions, abo%e, below

and from either side

The Visual Path^^a)

T^e opfic nmc The ganglion cells of the retina

(ganglion cell lajer) nbo'e central processes con-

stitute the optic ner\ e, arc the secondarj neurons

of the ^kual pathrraj (ch. 72) 77ie pnmarj

neurons are tlie bipolar cells of the inner nuclear

lajcr, the pcnphcral processes of the latter con-

necting Math the \ i^ual receptors—the rods and

cones Tertiary neurons complete the patlma>

from the lateral geniculate bodj to the visual

cortex The fibers of the ganglion cells as Uiej

enter into the formation of the optic none are

arrangedm groups corrc«pondmg, in their rclali\ c

positions, to the quadrants of the peripheral ret-

ina from V, hich thej an«e That is, fibers from the

upper and Ion er temporal quadrants of the retina

arc found in the upper lateral and lower lateral

r«^onso/thencne,respcctnclv (fig 75 3) Those

from the na'al quadrants are situated m the inner

sections of the nen e, the fibers from the upper

quadrant Ijing abo\e tho<e from the lower In

the distal part of the nerve the macular or foveal

fibers arc in a lateral portion, being wedged be-

tween the upper and lower temporal bundles, but

again, fibers from the upper half of the fovea he

a^v 0 those from the low er half ‘

The optic chtasma The fibers from the tern

poral halv cs of the pcnpheral retina continue un-

crossed into the corresponding optic tracts, vrhilc

the fibers from the nasal halves cross m the chi-

aszna to the optic tract of the opposite “ide * In

the chiasma the temporal fibere lie in its lateral

angle Tho«e of upper retinal ongin he above

those arising from the lower retinal quadrant In

the crossing of the nasal fibers Ihcee from the

upper quadrants he upon the upper aspect, those

from the inferior quadrants upon the under aspect

of the chiasma, the macular fibers lie in between

The Optic Tracts and Primary Optic Centers

The visual patbwaj from the chiasma to the

primary optic center consists of compact bundles

> There is some evidence that centrifugal fibers

may be present in the optic nerve Granit has
recentl> succeeded m demODStratiiig centnfugal
effects from the mesencephalic reticular activating
sjstem in the cat s retina These centnfugal »ig
nals ma} adjust the penpheral sensitivity of the
retina, although much more w ork will be required
to establish their function (See Granit )

* The proportion of the fibers which cross in the
chiasma vanes in different mammaban forms In
the opossum example cross to the opposite

optic tract, whereas in the ferret H cross, in the
rabbit also the uncrossed fibers are few in number

of fibers—the optic tract In the optic tract, fibers

from the upper quadrants of the penplieral retina

tend to he ventro-latcrallj
,
tho'e from the lower

quadrants ventto-medially The foveal fibers he

dor®o4atcrallj Tlie optic tract passes backwards

and outwards between tiie tuber cinereum and the

anterior perforated «ubatancc to the cerebral pe-

duncle around which it turns as a flattened band

to reach the lateral {external) geniculate body In

this, tlie primary visual center, the great majontv

of tlie optic fibers make connection A «maller

number arc contmued to the superior colliculus

(superior corpus quadngcminimi) but none of

these arc of fov eal ongin

Tlie projection of the retina upon the external

geniculate body has been studied bv Brouwer and

Zeeman m monkeys The-e observers produced

localued lesions in the retina and examined the

geniculate Ixxij histologically after time had been

allowed for degeneration of the optic fibers jt was

found that the retinas were not projected diffu«ely

throughout the pnmary optic center, but showed

localization of their different remons to definite

sections Thus the unoer parts of the peripheral

retinas, both naral and temporal, of the two ev cs

were oroicctcd to the medial parts of the eenicu-

laie body me jo^er parts of the retinas were

Tepresfflted in the lateral part (fig 7o 3, E) Dor-

sal to the«e regions and wedged between them

was an extensive area wherein the macular fibers

terminated Binocular and monocular types of

vnsion have separate representations In the mon
key the area which recen es fibers from only one

eye IS very small, occupying a small nm on the

ventral aspect of the pnmary center In the rab-

bit, on the other hand, the monocular projection

occupies almost the entire geniculate body
,
bmoc

ular vision being reprebcnted by a narrow area

on the medial aspect of the geniculate body

The cells of the lateral geniculate body xnth

which the visual fibers svnapsc are dispo«ed in

SIX well defined laminae which have been num-
bered 1 to 6 from the surface inwards by Lc Gros

Clark One set of three (1, 4 and C) recen e crossed

fibers, I e., fibers from the nasal half of the op-

posite retina The other set (2, 3 and 5) are cell

stations for the uncroved fibers, i e
,
from the

temporal half of the retina of the eame side

The superior colliculi Hie 'upenor colliculi are

the chief centers for \ i®ual reflexes, and constitute

aa wdl the higheot vnsual centers m submam

malian forms In the latter they are very promi-

nent structures, m fishes and birds they are as

large or larger tlian the cerebral hemispheres
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But m higher animals, they are much reduced in

sue, and in man, are relatively incon«picuoii3

structures their M^ual functions haMng been

taken o\er b> the cerebral cortex The superior

colliculi of mammals receive afferent impulses

from (a) the retma through the optie traets, (b)

the occtpilal cortex (visual area) and (c) the spituU

cord via the spmotectal tract Tlieir efferent con-

nection are with the medulla and the spinal cord

through the tcctobulbar and tectospinal Iradi

Tlie reflexes centered in the supenor collicub

serve to correlate eje movements with the move-

ments of the head, or with the trunk and limbs

The chief of these n«ual reflexes are, (a) turning

the eyes m order to keep them fixed upon a sta

tionary object when the head is turned m the

opposite direction (compensatory reflexes), (b)

mov ement of the head with the eyes so as to keep

a moving object in view, and (c) movements of

the limbs, neck or trunk as m avoiding a moving

object or in fending off a blow threatening the

G> es Closure of the hds to protect the sight occurs

simultaneously

Tlie optic radiation (genicuUKoUanne pathicai/)

The visual fibers after leaving the external genicu-

late body pass through the posterior extremity

of the internal capsule, and curving forward and

outward into the temporal lobe sweep backward

in relation to the outer aspect of the posterior

horn of the lateral ventrical to reach the area

ftnata (area 17) of the occipital cortex (pp 1249

and 1408) The optic radiation al«o contains de-

scending fibers which end in the supenor colliculus

and the external geniculate body

The muaf cortex This comprises that part of

the cortex referred to above as the area stnala,*

which forms the walls and lips of the calcannc

fissure on the mesial aspect of the ocapital lobe

The different retinal areas in their projections

upon the cortex show definite localization There

IS a point to point projection on to the stnate

area The cortical cells, for example, are con-

ceived as receiving individually impulses from

single cones to form a pattern corresponding to

that of retmal organization * The homonyroou®

halves of the peripheral retinas are represented

in the anterior part of the v isual area, the upper

* The histology of the striate area is desenbed
in ch 67

•Though the existence of poing to point pro
jectiOD of the retina upon the stnate area Las been
deBnitelv established the cortical representation
IS not ngidl) fixed and circumscribed b> anatomi
cal paths, but is capable of considerable functional
adaptation and modification under changed condi
tions (See Hubei and t\iesel

)

quadrants m the upper wall and lip, the lower

quadrants m the lower wall and lip In other

words, the nasal half of the nght retma and the

temporal half of the left are projected on to the

left occipital cortex—the projection of the upper

quadrant m each case Ijang above that of the

lower quadrant Similarly, the nasal half of the

left retina and the temporal half of the nght are

projected onto the nght stnate area The macu-

lar representation occupies the posterior part of

the stnate area reaching backwards to the occip-

ital pole, but it also spreads forwards to overlap

the projection area of the periplieral retina (fig

75 6) As in the case of the peripheral retma, the

upper and low er parts of the macula (fov ea) are

projected to the upper and lower halves, respec-

tively, of this part of the stnate area The cortical

projection of the macula is possibly bilateral, i e ,

represented in its entirety m both hemi«pheres,

since the retention of macular vision in both eyes

after an exteneiv e lesion of an occipital Jobe is not

infrequent Indeed sparing of macular vision has

been reported after apparently complete ablation

of one occipital lobe It has been suppo«ed by
those who believe that the macula is repre«ented

bdatcrally that fibers pa<s from the lateral genicu-

late body of one side through the postenor part

of the corpus callosum to join the optic raibation

of the opjiosite hemisphere In the monkey, how-

ever, excision of one occipital lobe is followed by

retre^ado degeneration of all cells of the corre-

sponding lateral geniculate body, which would

not be the case if some of its cells sent fibers to

the opposite hemisphere In so far as man is con

cemed the question is unsettled

The subject of hemianopia may be quite un-

aware of his defect of vision He corapen'ates

sometimes to a considerable extent for his half

blmdness by turning liis eyes more toward the

blind side of the visual field so as to bring the

linage on to the sound part of the retina Com
pensation is also m part psychological, that por

lion of the image of a familiar object which falls

upon the blind half of the retina is visualized

mentally Thus the image is completed subjec

lively Normally, when an object is ceen w^th one

eye that part of the image which falls upon the

bhnd spot la filled m mentally so that no gap is

apparent

The Effects of Lesions at Different Leteh of the

I isval Pathway {see also p 1405)

(1) A destructive lesion of one optic nerve will

result in total blmdness of the corresponding ey e



Fig 75 6 Diagram showing the projeclioa of the retina on the calcarine cortex Right hand figure
13 temporal hall of right visual field (From Holmes, redraws and slightly modified )

(fig 75 7) Increased intracranial pressure maj
cause atrophj of the optic nerves and a gradual

concentric reduction of the \ isual fields of both

eyes

(2) A lesion involving the chiasms wiJI mult
m visual defects nho«e nature will depend upon
the fibers destroyed (a) Pressure upon the un-

ero«sed fibers m the outer angle of the chiasma,

as bj an aneurj-smal dilatation of the internal

carotid arterj, maj produce blindness in the

temporal part of the retma of the same side If

these fibers on both sides are affected, the sight

in the temporal half of each retina (nasal half of

the V isual field) ma> be lo«t (5i-nasal /icmianopui)

According to Cushing a dilated third ^entncIe

by pressing from above, force the angles of

the chiasma against sclerosed internal carotid

artenes and so produce a bi nasal hemianopia

(b) Pituitary tumors, owing to their position, are

likely to iniohe the nasal fibers at the point of

their crossing and thus eau«e bi-iemporal hemi-

anoput Since the nasal fibers from the lower ret-
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Fro 75 7 Diagram to ahow tha affacts uemd vuion aod pupillary reactioaa resulting from internip*
tion of retinal impuNes at vanous levels I, Optic nerve, blindness of corresponding eye direct reaction
of thia e>e and. consensual reaction of sound e\e lost Coo*ei»ual reaction of blind eje and direct reae
tion of sound eye retained Near reflex unaoected / Cbiasma, bitemporal hemianopia Wernickes
pupillaiy reaction S C^tic tract, homonymous hemianopia (blindness id nasal half of ngbt retina and
temporal half of left) Wernicke s pupillary reaction i Optic radiation, homonymous hemianopia light

and near reSexes retained S At synapses in the oculomotor nucleus Light reflex lost near reflex re

tamed (Argyll Robertson pupil, eee also p 1412) The lesion is usually bilateral (as in tabes, dis^emi
Dated sclerosis, etc )

inal quadrants he s entral to those from the upper,

the lower are likely to be involved first in pitui-

tary tumors, superior temporal guadranttc hemian-

opia mil result Lesions (eg, tumors) pressing

from abo\ e tend first to cau«e defects m the lower

temporal quadrants of the visual fields Dilation

of the third \entncle or a tumor of the pituitary

stalk may produce such an effect

(3) Lesions of the optic tract, of the primary

visual center or of the optic radiation mil result

m homonymous hemianopia The right halves of

the too eyes Geft hahcaof theMsua] fields) being

effected in nght «ided lesions and the left hahes

m left-eidcd lesions An abscess or tumor of the

temporal lobe may, by in\olviag the optic tract

or optic radiation, cause a homonymous henuan*

opia WTien the optic radiation is pressed upon by
a temporal lobe teion the hemianopia is scry

often incomplete, le, quadrantic The ventral

fibers of the radiation are likely to be impheated

by a tumor in the loner part of the lobe, and a

superior quadrantic hemianopia result Injury to

the dorsal fibers tends to cause a defect confined

at first to the lower homonymous quarters of the

vi'^ual Gelds

(4) Lenorvs of the occipital cortex A lesion in-

volving the area stnata of one hemisphere or the

optic radiation before their termination therein

results m an homonymous hemianopia, nght or

left, dqicnding upon the eide of the brain affected

Quadrantic homonymous hemianopia mil result

when the lesion is restneted to the upper or lower

part of the stnate area Owing to the large cor-

tical area representing the macular region, or per-

haps to the fact that the macula is bilaterally

represented, extensive unilateral occipital lesions



Chapter 76 VISUAL PITLDS AND PATHWAY 1409

or excision of a large part of this area often leave

acute (central) vision intact, the blindness then

involving onl> the pcnplicral half of earJi retina

In man, bilateral destruction of the v jsual cortex

cau«cs total bhndncss

The Pupil

Pupillary reflexes Rcfic\ changes in the auo of

the pupil occur under the following conditions

(a) Constriction of dilation occurs in responee to

changes in light intcRSiti (liyhtreflex) IVhen light

IS throuTi into the normal eje the pupil of that

eje constnets promptlj
,
this is the direct pupil-

lary reaction But the pupil of the opposite eje,

though shaded, nl'O narrows, this, the indirect or

consensual pupillary reaction, is dependent upon

fibers which cro«s to the pupillarj -constrictor cen-

ter of the opposite side (b) Constriction occurs as

a part of the mechanism of accommodation to

near vnsion (pupillary reaction of accommodation)

With it are associated convergence of the e>e3 and

accommodation of the lens These three reactions

are appropnatelj grouped under the term near

_reffei or accommod̂ um refl'^ (c) Dilation follows

stimulation of the shin of the neck (ciliosptnal

reflex) (d) Irritation of the ej ehd or conjunctiva

causes dilation followed bj constriction of both

pupils (oeulo-sensorj reflex) The afferent fibers

of this reflex arc contained m the ophthalmic

division of the tngeminal nerve (e) Closure of

the eyelid, or an effort made to close the lid

while it IS forcibly held open causes slight pupil-

lary constriction (lid or orbicularis reflex) (0
Pupillary dilation may occur during certain emo-

tional slates (e g ,
fear), as a result of acute pain

or a sudden sound (e) Finally, stimulation of

labyrinthine receptors causes clianges m the di-

ameter of the pupil (ch 64) For example, rapid

rotation of the body around its long axis causes

dilation of the pupil and large rhythmical changes

in its diameter (htppus) Even in a constant en-

vironment the pupil area is constantly fluctuating

by about 10 per cent of its total area These mov e-

ments are called physiological unrest These fluctu-

ations are identical in amplitude and phase on
both sides and, therefore, must originate central

to the iris muscles

The Ibis

The ins is the most antenor part of the vascular

tunic of the eye It is a thin contractile disc per

forated a little to the nasal side of its center by the

pupil The pupillary margin rests upon the ante

nor surface of thclens The apace betw een the lens

and the cornea is divided by the ins into a larger

anterior and smaller posterior chamber, the two
chambers communication through the pupil The
periphery (root) of the ins is attached to the an
tenor surface of the ciliary body and is continuous

through the pectioato ligament (p 1399) with the

postenor elastic lamma of the cornea The follow

iDgflve layers from before backwards compose the

structure of tbe ins, (a) the anterior epithelium,

(b) the antenor limiting membrane, (c) the

stroma, (d) the postenor membrane and (e) the

postenor epithelmgj/The anterior epithelium con

eists of a single layer of flat endothelial like cells

Near the pupillarj margin of the ins there are

many small pits—the crypts of Fuchs—over which
the epithelium is absent The stroma is composed
of loose connective tissue It transmits the vessels

and nerves and bolds numerous branched cells

which in dark ej es contain pigment granules JThe
ins contains two involuntary muscles—thesplunc

ter pupillae and the dilator pupillae The ivhtne

ter pupillae is embedded in the stroma and com
pnses a band of circular fibers about 1 ram broad

surrounding the pupil When these fibers contract

the pupil 18 constricted Tbe dilator pupillae con

stitutes the fourth layer of tbe iris t e , the pos

tenor membrane, mentioned above It eonsists of

a thm lajer of smooth muscle fibers which con

verge towards the pupillary margin where they

blend with tbe fibers of tbe sphincter At the root

of the ms tbe dilator fibers pa«a into the ciliary

body from which they take origin, when they con

tract they draw upon tbe pupillary margin and

thus dilate the pupil The posterior eptlhehum

comprises two layers of deeply pigmented cubical

cells, it IS the continuation anteriorly of the pars

cilians retinae (p 13SC) The arteries of the ins

which are loosely coiled form two vascular circles,

wne •ntwx Vne •snai^.n,—Vnt wtul-av writ

rtosus minor, the other near the root of the ins

—

the ctrculus arlenosus major The two circles are

connected by vessels which, ansing from the larger

circle, converge towards the pupillary margin

where they form the smaller circle

Blue or gray eyes owe their appearance to the

pigment in the postenor epithelial layer as seen

through the unpigmented stroma and other layers

of the ina The pigment cells of the stroma are

responsible for the color of dark eyes, the shade

varying with tbe quantity of pigment present In

tbe white races nearly all newborn babies have
light colored indes because pigment does not de
velop in the stroma until some weeks after birth

But Negro babies and others belonging to the dark
races have brown eyes, tbe stroma pigment being

well developed at birth

The fttnclums of the tm The ms has three im
portant functions, (a) it serves as an opaque

screen, like the diaphragm or ‘ stop” of a camera,

to adjust the quantity of light reaching the retina
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under different intensities of illumination, (b) it

prevents light from passing tlirough the periphery

of the lens and thus reduces «pherical and lateral

chromatic aberration The image is thus more

clearly defined by restricting the transmission of

light through the central part of the lens, and (c)

when the pupil constricts the depth of focus of the

eje IS increased (p 1413)

The visual system operates over a very wide

range of lUummation (10” times) Over this range

the pupil area only alters by a factor of IG times

and therefore, the pupil cannot maintain the

retinal illumination at a constant lev el The pupil

light refle'c probably adjusts the aperture of the

eye so as to obtain the optimum VLSual acuity at

each light level

PupilUhConstnctor PaOixcays

It IS generally believ ed that the receptors of the

light reflex are the same as those mediating visual

sensations Wagman and his a<ssociatc8 have made
the interesting observation Uiat in dim light the

curve of pupillary size at different wave-lengths

agrees closely with the scotopic luminosity curve

The most effective wave-length m causing pupil-

lary constriction of the dark adapted eye is, there-

fore, around 510 mp, m the light adapted eye, it

IS about 560 mp Tlius, the pupillary reaction

shows a difference in sensitivity at high and Ion

light intensities corresponding to the Purkinyc

shift

The afferent fibers of the light reflex travel with

the V isual fibers and w ith the afferent fibers of the

ililator response as far as the lateral geniculate

bodies Here they part company from the latter

two sets of fibers They do not enter the lateral

geniculate body, but pa«8 into the brachium of the

superior colliculus Tlicv then proceed to a group

of cells in the pretectal region

—

the pretcetol nu-

cleus—where they make their first synaptic con-

tacts Tlie impulses are finally conveyed by see

ondary neurons to the oculomotor nucleus on both

Rides of the brain, but mostly to that of the oppo-

site side The •nipenor colliculus itself is not inter-

posed m their path, for Ranson and Magmin did

not observe pupillary constriction when this part

was stimulated The partial decussation of the

afferent fibers, occurs, Ilan«on and Magoun be-

lieve, in the posterior commissure An earlier

cniRsing of some fibers occurs also m the optic

chiasma The fibers to the same «ide pass caudally

and ventrally along the side of the central gray

matter Tliough under ordinary circumstances re-

duction m the tone of the pupillo-dilator center

occurs reciprocally with activation of the pujallo-

eonstnclor center, the light reflex can be earned

out through the latter alone Tlie reflex is there-

fore retained after section of the cenical sym-

pathetic (which conveys the dilator fibers) Since

the afferent fibers mediating the light reflex sep-

arate from tlie vi«ual pathway at the level of the

lateral geniculate body lesions of the optic path-

way beyond this point do not interfere with the

light reflex

The ejlerent fibers subserving the light reflex

belong to the parasympathetic division of the

autonomic nervous system They onginate in the

oculomotor nucleus (probably the Edinger V> est-

phal nucleus) and are conv ey ed to the ins (sphinc

ter pupillac) v la the third nerv e, ciliary ganglion

and short ciliary nerves (fig 75 8) The near refex

IS dependent upon cortical centers Impulses pass

by association fibers from the occipital to the

frontal cortex (frontal eye field) and thence via

the internal capsule to the nucleus of the third

nerve Constriction of the pupil which accom-

panies aciommodation of the lens is brought

about through fibers w hich probably pass directly

to the pretectal region from the occipital cortex

adjacent to the visual area The efferent path

from the oculomotor nucleus is the same as that

for Hie light reflex The afferent pathway is via

the vi'-ual fibers, i e
,
lateral geniculate body and

optic ituliation, not through the superior eollicu

lus The reflex is bilateral i e , it occurs in both

eyes when one is covcrwl and the other directed

to a near object

The PupiUo-dilalar Palhxcaij

The ilibtor muscle of the pupil rereives sympa-

thelic fibers which ari'e from the first and second

Hioracic s^ments of tlie spinal cord and some-

times from the eighth cerviral or the third tho-

racic They issue by the white rami and pass vn
the cervical sympathetic to the superior cervical

ganglion From liere postganglionic fibers are con

vcycxl along the internal carotid artery into the

cranial cavity Entering the trunk of the na®ocili

ary branch of the first div ision of the fifth nen e,

they are transmitteil to the ins in the long ciliary

nerves Some fibers also pass without interruption

through the ciliary ganglion into the short ciliary

nerv es These fibers supply in addition the smooth

muscle of the orbit which lies m relation to the

capsule of Tenon (fascia bulbi) and in the ‘ check

ligaments*’ of the ocular muscles The smooth

mu-clc forming tlie deep lay er of the levator pal-

pebrac supenons aI«o receives innervation from

the QTDpathetic



The afferent pathna> cl the pupJlo-ddator re

ficx accotapanies the pupille-constnctor Bbcrs as

far as the lateral gemculate body Trom here oo
their course lias not been clearij defined, but they

prcsumablj descend through the tegmentum of

the laidbrain, and the reticular formation of the

pons medulla and spinal cord to reach the cibo-

spinal center

A higher pupillo-dilator center is situatedm the

hypothalamus wluch, in turn, is probably con-

nected w ith the cortex of the frontal lobe It sends

fibers through the midbram uluch aceordug to

the researches of Beattie, pass ventrally by the

posterior conumssure to enter the supenor col-

liculus

The pupillo-dilator reflex m> oh es reciprocalm
hibition of pupillo-constrictor tone Tlus is the

paramount factor in the dilator reflex, for after

section of the sympathetic pupillary fibers, tlie

pupil dilates in the dark or in response to a pain

ful stimulus or emotional excitement in an almost

normal fashion Another factor in the dilation of

the pupil by sympathetic stimulation may be the

constriction of the vessels of the ms
When the sympathetic fibers are paralyzed the

pupil IS narrowed as a result of the unbalanced

action of the constrictor fibers, and the dilation

of the pupil nhich nor/naU> foUows the applica-

tion of a stimulus, such as a scratch or pmch, to

the skin of tiie neck (cihospmal reflex) fails to

occur The pupil, however, still reacts to light

Droopmg of the upper Iid (ptosis) will result from

pamlysis of the smooth muscle of the levator

palpcbrae superions and there may be recession

of tile ei eball (enophthalmos) from paralj'sis of

the unstnped muscle of the orbit

An investigation of the pupillary reactions ma>

give valuable information concerning the site of a

lesion in the brain (see fig 757, p 140S) (a) A
lesion deatrojung one optic nerve, since it inter

rupts the afferent pathwaj but leaves the efferent

intact, abolishes the direct but not the mdirect

(consensual) reaction on the blind side The direct
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reaction on the sound «idc is, of course, retained

but the indirect is lost That is to say, a Ii^t

ttuoisn into the sound eje causes a response in

this eic as well as in the bhnd eje, but a light

thrown into the blind eje is without effect upon

either eje The near (accommodation) reflex is

not abolished Blindness due to destruction of

both optic ner\ es rc'Oilts in the loss of the refletes

for hght as well as of tho«c for accommodation

(b) Heinianopia due to a l«ion of the chiasma, or

of the optic tract, results in the loss of both the

direct and indirect reactions to light throwm upon

the bhnd half of cither retina Light falhng upon

the sound halves of the retinas causes the normal

response Tins is knowm as XVemiele's hemumopie

pupilbrj reaction However, owing to the diffi

cultj of confining a beam of hght to the blind

half of the retina it is not an easy matter to dem-
onstrate this reaction (c) Loss of the light reflex

(both direct and indirect reactions) with retention

or e\ cn exaggeration of the accommodation-con-

vergence reflex is known as the Argyll Robertson

pupil The pupil is also, as a rule, smaller than

normal (mjosis) and docs not dilate to a painful

stimulus nor fully to atropinuation the vestibu

lar reflex is frequcntlj ab«ent as well Tlie abnor-

mal pupillary rc«pon«es occur quite apart from

anj defect of vision Tliough usually bilateral the

Argyll Robertson pupil is eometimes confined to

one side It is most commonly seen in syphilitic

degeneration of the central ner\ ous 'ystem (e g ,

tabes), but occurs occasionally in other conditions

as wel^ The site of the lesion responsible tor the

Argyll Robertson pupil is not known preci*^ly

Merritt and Moore give evidence for placing it in

the region of the posterior commissure w here pre-

sumably
,
the neighboring dilator pathway is also

interrupted, but the pathway for the accommoib-

tion reflex from the cortex to the oculomotor nu-

cleus would be spared Scala and Spiegel believe

from the results of their experiments tliat the

di«ease mv oh es the synapses between the afferent

and efferent neurons of the hght reflex, that is, in

the oculomotor nucleus itself But the oculomotor

none supphes both pupils and a lesion here is

difficult to reconcile with the unilateral loss of the

hght reflex which sometimes occurs Langworlhy

and Ortego conclude, after a careful study, that

the lesion is peripheral—due to changes in the ina

itself involving sympathetic, parasympathetic

and «en®ory nerves as well as the mu«cle cells of

the sphincter This theory can account for the

irregulanty of the pupil, and perhaps, if thegm-
pithetic innervation were injured in greater de-

gree than the parasympathetic, for the myxms,

X

but it cannot explain the preservation of the ac-

coEomodation reflex (d) Destruction of the ocu

lomotor nucleus or of the efferent pathway abol

ishes all light and accommodation reactions on

the same side The direct and indirect reactions

are retained on the contralateral «ide (e) Lesions

involving the visual pathway after the separation

of the visual and pupillary fibers, eg lateral

geniculate body
,
optic radiations or occipital cor-

tex, leave the hght reflex unaffected (f) A bi

lateral lesion implicating the pathway from the

cortex to the center for accommodation m the

oculomotor nucleus will cause a lo«s of the near

reflex and leave the hght reflexes intact This is

the converse of the Argyll Robertson pupil, and

IS eometimes seen in postdiphthcntic paralysis

The Ejjeets of Drugs upon the Pupil

and Ctltary Muscle

Dilation of the pupil is spoken of as mydriasis

eonstnctioD as miosis Drugs which cause pupil

lary dilation are therefore called mydriaties, those

which cause constriction miottes Paralysis of the

ciliary muscles is known as eyeloplepia drugs

which cause this effect are called eyeloplegtes

Mydriasis is caused by drugs which

(a) Paralyze the peripheral constrictor (para

sympathetic) mechanism such as atropine or

homalropine Atropine is also cycloplegic homat

ropine much less so

(b) Stimulate the dilator (sympathetic) mech
anism eg adrenaline cocaine hydroxy amphet

amine bydrobromide These drugs have little

effect upon atcotmtiodatioii

Mio«is IS caused by drugs which

(a) Stimulate the peripheral constrictor mech
anism eg, pilocarpine, physostigmine muscarine

Di ISO fluorophosphate is a powerful anticholine

esterase and produces miosis id small doses These

drugs also causes spasm of the ciliary muscles

(b) Diminish the inhibition of the constrictor

center e g morphine The action of this drug

upon the pupil depends largely upon the intensity

of tbe illumination It appears therefore to exert

Its effect mainly by increasing the sensitivity of

the light reflex

(c) Stimulate the constrictor center e g ,
piero

toxin

ConitESPOVDiNQ Retivvl Points

^Vhen the gaze is directed to an object, an im

age 13 formetl by each eye and impulses are con

veyed to both sides of the brain, yet perfect fusion

of the two images occurs in consciousness and

only one image is seen Tins characteristic of

binocular nsum is explained upon the theory of

eorretponding Ttlinal points The corresponding
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points in the retinas (fo\cas) ishich when stimii-

iatcil eimultancouslj cau=c a single ^ isual sensa

tion, he m the nasal half of one retina and the

tempora! half of t)ic other ^Mien the c>es are

converged, the retinas arc turned so that the

images fall upon these corresponding parts If, as

a result of unequal action of tlic ocular muscles,

this cannot be brought about, the separate images

are not fu«cd in constiousne^ and an object ap-

pears double This abnormahtj of vision is known

as fiiplopia

The horopter 'IMien the e>cs arc fu«ed upon n
point m space, a numlier of other points can be

located by calculation which arc projected upon

corre<pondmg points of the two retinas (fov'eas)

A Ime joining 'ueli points forms a circle calloil the

horopter which parses through the fixation point

and the nodal points of the ejes Tlie horopter

inlJ vary of «iur«e with the point of flvation of

the ejes and docs not exi«t unless the ejes act

sjmergically ('cc fig 75 9) Points in the visual

field Ijang outside the horopter do not fall on the

corresponding points in the two retinas (periph-

eral rctmas) and, as a consequence, actuall>

cause a double impre^ion But tins p/ii/siofojpcol

diplopia as it is called does not thrust itself upon

consciousness, it is suppressed or ignored and

therefore does not cause confu«ion Yet one can

casilj demonstrate for oneself that it exists For

example, when the ejes are fixated upon a near

object «uch as a pencil tip held close to the face,

a more distant object may, through a conscious

cHort, be observed in duplicate For this reason it

IS also eomefimes referred to as tnlrospcclue

diplopia

The double image is always projected to the

plane of the object upon which tlie eyes are fixed,

and the doubling of the image is either homony-
mous (uncrossed) or heteronymous (crossed) de-

pending upon whether the object which produces

the double image is beyond the point of fixation

or between it and the eyes That is to «^y when
the object (D m fig 75 10) whose images fall on
noncorrespondmg retinal points is closer to the

ejes than the object upon which the eyes are

fixed, the images, I and I, are projected acroes

the lines of sight the right hand image being

formed by the left eye and the left hand image by
the nght eje ^^^^en the object is bejond the

plane of fixation the projection of the images

(li and Ii) is homonymous, each being formed by
the corresponding eje The reader may demon
strate the«e facts for himself "When a pencil is

held close to the cj es so as to form a double im-

age while the eyes arc focussed upon a more dis-

Fic 760 The horopter (Muller) F is the fixa

tion point The images of 1 F and B fall upon the
retinae at corresponding points as ao and bb

The projection of all such corresponding points
lies upon the circumference of the dotted circle

U IS obvious that there is a di/Terent horopter for

each position of F (After lJuke Elder Text BooK
of Ojmthalmology )

Fio 75 10 Illustrating the projection of retinal
images that fall upon noncorrcsponding rctmal
points ic on different sides of the foveae—phys
lologieal diplopia I heteronjmoua diplopia
(crossed) homonjmous (uncrossed) diplopia D
positions of object in relation to the fixation point
The images 1 I and L L are projected to the
plane of Ibe object F upon which the eyes are fixed
LE, left eje, KE right ej e

tant object closing the right eje causes the left

hand image to disappear, whereas if the ejes arc

focussed upon the pencil and the object gi\mg n«e

to the double image is more distant, closure of the

nght eje abolishes the nght hand image Closure

of the left eye, of course, produces converse

effects

Depth Perception Stereoscopic Vision

(Gr Stereos, Solid, Skopeo, I \iew)

Our visual judgment of eohditj
,
that is our

recognition that the object has depth as well as

height and width is due laigely to the fact that

vision 13 normally binocular and corresponding

pointemthe two retinas receive slightlj dissimilar

images of any given object If the reader wall look

at some object in front of him, first closing one

eje and then the other, ho w ill find that the view
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Fig 75 11 Examples of aspect dispanty A is
a view seen from above of lines of aignt when the
eyes look at a solid object Notice that the nght
eye sees some of the right hand side of the object,
while the left eje sees some of the left band side
5 is a front view of a cube seen by the left eye

w ith the right c\ e closed C is a front view seen by
the nght eye with the left eye closed When both
eyes are open, we sea a fusion of B and C (After
Graham

)

Fig 75 12 Diagram of a tent and pine trees to
show the impression of depth caused by the fusion
of two dissimilar images If the figures be gazed at
steadily at a distance of about 5 inches from the
eyes and a card held edgewise from the tip of the
nose to the line of letters each honzontal pair of
figures can, with a little practice be made to fuse

In A the aspect of the two scenes is practiaelly the

same and tne fused picture appears quite fiat In
B, the tent in the right hand figure is placed more
toward the midline and upon fusion appears to be
in front of the pines In C, the disparity of the nght
hand figure is farther from the midline the tent is

now projected to a point behind the pines

seen the nght eye is slightly different from

that seen by the left (fig 75 II) The nght eye is

able to see more of the right side of the object,

the left ^e more of the left side The tw o slightly

disparate images are fu«ed in the brain, yet the

composite image has hidden within it something

of each separate one, upon this the stereoscopic

effect to a large extent depends The fusion of the

dissimilar images by the brain, and the impression

of depth and solidity produced thereby
,
bes m

the field of psychology

In order for two dissimilar images to be fu«ed

m consciousness, it is not necessary that they fall

upon retina! points which correspond exactly,

unification of the images results though there is

some degree of noncorrespondence Actually

,

there is a greater impression of depth when the

dissimilar images do not fall on retinal points

which fad to correspond perfectly, provided tliat

the discrepancy is not <o great as to prevent fu-

sion In figure 75 12 a scene of a tent and pine

trees is represented diagrammatically IMien the

two scenes are fu«ed the tent is projected closer

or farther from the eyes accordmg to its position

in the two pictures in lateral relation to the pines

When m one or m both pictures it is moved to-

ward the mid-line it appears to advance in front

of the pine trees, when moved laterally it seems

to recede The three dimen'ional effect is en-

hanced by increasing the noncorrespondence, as

when the tent in one or both pictures is moved,

to or away from the mid line But if moved too

far the noncorrespondence is too great to permit

fusion to occur, and the stereoscopic effect is lost

The instrument known as a stereoscope pro-

duces an illusion of solidity by making use of the

principle of simultaneous stimulation of the ret-

inas by dissimilar images A photograph taken

with an ordinaiy camera appears flat because

identical images are formed upon the retinas A
stereoscopic photograph, on the other hand, is

taken bya camera providcfl with tw o lenses w hich

are ect, like the eyes, a short distance apart m
tile honzontal plane Thus, an illusion of depth

IS produced Two slightly dissimilar views are

taken which, when looked at through the stereo-

scope, are projected by means of pn«m3, one to

each eye, so os to fall on corresponding retinal

points (fig 7513) Depth perception cannot, how-

ever, be explained entirely upon the basis of dis-

similar retinal images, for though the discnmi-

nation of depth (or distance) is much more acute

m bmocular v ision it is not abolished when one

IS closed For example, when two objects are

placed one m front of the other and view cd binoc-
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ularlj from n dwtancc of about 6 meters the least

distance betw cen them uluch can be percci\ ed bj

average normal ejes is around 20 mm VVTicn one

eje IS covered the least perceptible difference Js

mcrca^ctl to 120 mm Tlieabilitj to detect a small

differencem distance from the cj es of tw o objects,

and so to appreciate depth and Pohditj , is called

stereoscopic acwttj It is expressed as the least dif-

ference betw cen the angles formed bj the lines of

sight to two objects when one la just perceived to

be farther awaj than the other (fig 7514) Tlic

difference m angles is Inow n as itmoscopic paral-

lax, and roaj, in a pcr=on with verj high visual

acuitj , be ns Ultlc as 2 seconds of arc

Other factors, listed below , do not depend upon
binocular vision, but play an important part m
depth perception through one eje alone (monocu-

lar vision)

(1) Theapparent site o/ tanous objects tnaurjield

of nsion V\e know from experience the approxi

male dimensions of the objects which we see but

the imago which an object ca^ts upon the fovea

diminishes ns its distance increases (p 1301) For

example, a church steeple at a distance ea«ts an
image upon the retina no larger perhaps smaller,

then would a pencil held a few inches from the

eje* Woknow the relative eizesof the twoobjccts

and therefore infer that the steeple must be far

anay and the pencil near

(2) Aceoinmodatton of the eye Since a near object

requires a greater effort of accommodation than
does a more distant one for its image to be focused
upon the retina some cue may poasiblv be given

as to the relative distance of two objects from the

ej e« This factor however rs ofvery minor impor
tance and may be negligible

(3) The apparent ckanye tn color of on object xnlh

distance The atmosphere is not perfectly trans

parent or equally so for all wavelengths Tree clad

hills, which we know to be green appear bluish in

the distance, the colors of many other objects

appear to fade with distance their detail and out
line being dtnimed by haze On rare occasions the

atmosphere may be paiticularlj clear and then
distant hills, etc

,
will appear to be unnaturally

near

(4) The blocking out of parts of a distant mew by
objects between it and the eyes gives a sensatioo of

depth for the overlapping of parts of farther ob

jeetH by nearer ones gives an indication of their

relative from the ejes

(5)

Linear pcrspeeliie Straight lines running

into the distance which arc actually parallel (or

objects along imaginary straight hoes) are conver

gent in the retinal image UTien we look down a
ratlwaj track, for example the rails appear to

converge towards some point beyond the horizon

V

Flo 75 13 Diagram to illustrate the principle
of the stereoscope (Brew'ster a) A and B represent
photographs of two scenes slightly dissimilar be
cause they were taken from different positions C,
curved prisms

, p partition to prevent one ey e see

the pfxtv.re sippsiffta flte atiffis xjv Jel/

eye RE nght eye When the two pictures are
viewed through the instrument they are fused
perfectly into one of apparently three dimensions
points in the background of which seem to be
situated at V
A similar stereoscopic effect is produced when

two scenes are pnnted each in a different color,

e g . red and blue and imperfectly superimposed
so their outlines overlap if they are viewed la the
ordinary way

,
they appear as a fiat jumbled pic

ture but if a red glass be held in front of one eye
and a blue gloss in front of the other so as to sort
out the separate scenes one to each eye a clear
black and white view is seen m three dimensions
fn the modem stereoscopic cinema it is usual to
separate the two scenes by using polarized light

beams set at right angles to each other thus al

lowing color films to be shown stereoseopically

Fio 75 14 Stereoscopic parallax m the viewing of two objects Ti and T- It is expressed as ihedif
fcrcnce between the angles on andai
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This arraDgemeQt of lines in the retinal image

have come to associate mth distance It depends

upon the fact that points at a constant distance

apart subtend a smaller angle at the eye the far-

ther they are removed The artist draws objects

along imaginary lines which run towards a point

in the background of his picture

(6) Parallax ^Vhen one moves in any direction,

near objects appear to move in the opposite direc

tion, tho«e m the background in the same direction

as ourselves This apparent movement of near

objects in relation to ones farther a«ay is called

parallax

(7) The ditlnbulton of light and shade ot>er the

surface of an object and Ike shadow which tt casts

upon its surroundings is also an important factor

m the judgment of distance

Normally, the images formed by the two eyes

are very nearly equal in size, t arying by less than

one per cent TSTien they differ in size to a degree

which pre\ent3 perfect fusion with a consequent

impairment of binocular vision the condition is

spoken of as aniaetkonia Little interference with

binocular vision results unless tbe inequality of

the images is more than 4 or 5 per cent

Ocular Movements

The Innervation of the Ocular Muscles

Tbe nerves supplying tbe extnnsic muscles of

the eye are tbe third (oculomotor), fourth (Iroeh

tear) and the sixth (abducent) The oculomotor

nerve supplies all the extrinsic muscles of tbe eye

ball except the superior oblique and the external

rectus It also supplies tbe striated portion of tbe

Fio 75 15 A scheme of the vanous groups of

cells which together constitute the nucleus <n the

oculomotor nerve A, the dorsilateral nucleus, B,

the ventnmedial nucleus, C, the central nncleus,

D, the Edtnger tVestphal nucleus, E the caudal

central nucleus, m, the third ventricle (FrornGraj,

Anatomy of the Human Body, after le Gros Clark,

redrawn.)

levator palpebrae superioris and conveys para

sympathetic fibers to tbe sphincter pupillae (p

1410) and ciliary muscle The deep smooth muscle

component of the elevator of the lid is innervated

by tbe sympathetic

Tbe KrcLEUs or tue third nerve is situated

m the floor of tbe Sylvian (cerebral) aqueduct and
subjacent to the superior colliculus It is in clo«e

relation to the medial longitudinal fasciculus It

is composed of a group of five smaller nuclei (fig

7515)

(a) The central nucleus (Perlia’s nucleus) fuses

with its fellow of the opposite side to form a single

gray mass in the mid line It is probably the center

lor eoDvergence of the eyes (internal recti) (b)

Tbe caudal central nucleus lies in line with and be

hind the former It also fu>es w ith its fellow of the

opposite Bide Functionally it is considered a part

of the central nucleus and is shown by Brouwer
and others as actually continuous with the latter

(c) The doTsi lateral nucleus It and the next two

nuclei are paired Tbe dorsilateral nueleusis prob

ably the center for upward movements of tbe eyes

(superior rectus and infenor oblique muscles)

Tbe slnped muscle of tbe levator palpebrae su

penons also, it is believed, receives its innervation

from this nucleus (d) The lentnmedtol nucleus ly

mg medial, ventral and caudad to tbe preceding

IS thought to be concerned with downward move
meole (infenor rectus) (e) Tbe Edinger Westphal

nucleus lies on each eide dor*aI and lateral to the

central nucleus It is believed to supply fibers

to the sphincter pupillae and ciliary muscle

The axons ansing from these cell groups pass

for the most part into the nerve of the same side

A few fibers supplying the internal and inferior

recti and inferior oblique muscles decussate with

those of tbe opposite side

Tbe fibers after issuing from the oculomotor

nucleus form a well defined tract (tract of tbe

oculomotor nerve) which runs downwards and

forwards through the tegmentum, traversing the

red nucleus and medial portion of the substantia

nigra They emerge from the medial aspect of the

cerebral peduncle

The nucleus of the trochlear nerve lies in

the floor of the cerebral aqueduct adjacent to the

posterior end of the veutri medial nucleus of tbe

oculomotor serve, and on a level with tbe inferior

colliculus It supplies the superior oblique, and

with the ventn medial part of the oculomotor nu

cleus, forms a center for downward movements of

the eye The fibers arising from the trochlear nu
cleus differ from those of any other cranial nerve

in that the great majority decussate with those

of tbe opposite side After leaving the nucleus the

fibers curve dorsally around the central gray ina«s

surrounding tbe aqueduct to reach the antenor

medullary velum in which the decu«eation occurs

They emerge from the dorsal surface of the ante
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TABLE 75 1

1

ituicU iloycisent InatmUoa Rixht Eve Affected (ADoIicahle in T-eft ^
Eye il Eight be Handed to Lett

knd Vice Vctm)

^Superior Elevation (10), adduction finf Oculomo
R, Int R) intorlion (SO) tor

Inferior
i
Depresstim (SO), adduction Oculomo

(lot R, SO) extortion (SO) tor

Rectus i Internal Adduction Oculomo
tor

External Adduction Abducens Level with, parallel to and on the

right of true image

Infenor Ezlorlion (IR), elevation Oculomo Above, to right of and tilted away

1

(SR), abduction (Ext R, tor from true image

Oblique <

SO)
Intorlion (SR), depresBion Trochlear

,

Below, to right of and tilted towards

Superior (Inf R), abduction (Ext R,
SO)

true image

Levator palp sup Elevator of ey elid antagonises Oculomo
the action of the palpebral

'

part of the orbicukns ocuh
^

tor

nor medullary velum on one side of its frenulum

and immediately behind the lofenor colliculus

Tee abducent nucleus furnishes fibers to the

external rectus It lies m the pons close to the

median line and subjacent to the upper part of the

fioor of (he fourth ventricle Its fibers pass dosm
wards and forwards through the pons to emerge
without crossing at the latter’s lower border The
fibers of the facial nerve loop around the abducent
nucleus (ch 65)

The nuclei of the three ocular nerves receive

fibers from (a) the pyramidal tract of the opposite

side, (b) the medial longitudinal fasciculus

through which the three nuclei are connected with
one another, with the >estibular nucleus, with the

spinal cord and probably with the facial nucleus

It has been suggested that fibers from the oculo

motor nucleus may enter the latter nucleus and
be then conveyed in the facial to the orbiculans

oculi and the comigator aupercilu, (c) tectobulbar

tract sihich relays to the three nuclei, impulses

entering the superior colliculus from the optic

tract and the visual cortex

The eyes are said to be in a ponhan of rest or

in their primary position when their direction is

maintained simply by the tone of the ocular

muscles, that is, when the gaze is straight ahead

and far away and not directed to any particular

point in space The visual axes are then parallel

When the ey es view some definite object they are

turned by the contraction of the ocular muscles

and converged so that the visual axes meet at the

tlevati8n»

Fio 7516 Diagram of nght eye from the front
toiUustrate the actions of the ocular muscles O I

inferior oblique, RS, superior rectus, R ext ex
tema! rectus, R xnt, internal rectus, O S , superior
oblique, Rl, inferior rectus (From Fuchs after

hlarquez }

observed object and on image of the object falls

upon a corresponding pomt on each fovea (p

1412) The closer the object to the eye the greater

the degree of convergence (p 1390) This mote-

meat of the eyes for the acute ob«ervation of an

object IS called yZiohon The point where the vis-

ual axes meet is called thefixation point and tlie

lines joining the latter to the fo\ ea, i e
,
the \ isual

axes, are sometimes called thejttofion lines The
widest limits of vision m all duections within

which eyes can fixate is called thefield offixation

When surveyed by means of the perimeter it !•>

found to be nearly circular with a diameter of

about 100* Its boundaries therefore lie well
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TNithin the limit-? of the binocular visual field

(p 1402)

The eyeball is rotated in its socket (formed

by the fascia biilbi) by the ocular muscles around

one or other of three primary axeg which inter

sect one another at right angles near the center

of the globe One axis is vertical, around it lateral

movements (adduction and abduction) take place,

I e ,
in the horizontal plane Another tuns from

before backwards and coincides with the visual

axis, movements in the frontal plane (tomon or

wheel movements) take place around it The
third IS transver'C, it is the axis of rotation for

upward and downward movements, i e , move
ments in the sagittal plane Though the move
ments of the eyeball are essentially and for prac

tical purposes rotary in character, a very slight

translatory movement may take place as a result

of movements of the lids and variations in the

width of the palpebral fissure, closure and open

mg of the lids causing a displacement backward
and outward, and forward and inward respec

tively A slight displacement at right angles to

the rotary movement also takes place during con
tractions of the ocular muscles the eyeball there

fore executing what has been described by Berlin

as a screw movement Aho for this reason the

center of rotation of the eyeball is not an ab

solutely fixed point but vanes slightly For gen

oral purposes however, it may be taken as the

point of intersection of the primary axes This

point IS on the visual axis about 13 mm from

the anterior surface of the cornea

In table 76 1 the actions of the individual ocubr

muscles are given, but no normal movement is

earned out by one of these muscles alone Thus,

when the eye is abducted, the external rectus and

the two obliques act in unison to turn the eye

outwoTfls The depressor and elevator fojjjpfujpjjts

m the actions of the respective oblique muscles

cancel one another Similarly, adduction is ef

fcctcd by contraction of the internal rectus acting

with the superior and infenor recti Again, the

depressor and elevating actions of the latter two

muscles neutrahze one another In looking up-

wards the eye is elevated by the combined action

of the superior rectus and the inferior oblique In

looking downwards the inferior rectus and the

superior oblique act together, the subsidiary ac-

tion of the inferior rectus m turning the eye in-

wards being ofT«et by the opposite action of the

superior oblique This compound action of the

ocular muscles makes for smooth and steady

movement and rapid fixation of the eyeball It

will be seen from figure 75 16 that the obliques

and the superior and inferior rccti when contract-

ing individually produce a rotary or wheellike

movement, outward (extortion) or inward (in-

tortion) WTien acting in pairs the rotary actions

being tn opposite directions antagonize one an

other so that normally no such mov ement occurs

The actions of the eye muscles follow the prin

ciple of reciprocal innervation Thus, when the

eye is turned outwards the external rectus and

the two obliques contract while their antagonists

(infenor, external and superior recti) are inhib

ited The two eyes act in unison both turning

in the same direction— detiaiion—and

reciprocal innervation is extended to include mus
cle groups m the two eyes thus indicating their

control from a single center Thu-*, stimulation

of the posterior part of the second frontal con

volution causes conjugate deviation of the eyes

to the opposite side This involves contraction

of the abductors and inbibition of the adductors

of one eye and converse actions in the opposite

eye (i e inhibition of the abductors accompanied

by contraction of the adductors) Destruction of

the cortical area results in the lo<8 of the con

jugate movement without paralysis of the indi

vidual muscles The act of coniergcnee in which

both eyes are adducted, is due to the conjoint

contraction of the internal recti The center for

this movement is probably m the central nucleus

of the oculomotor nerve A higher center for the

movement is also situated m the frontal cortex

Tkt effects upon the eye moiemente of paralysis

or tceakneu (paresis) o) the ocular muscles (a)

Ltmtlalton of movement of the eye in the direction

of the normal action of the alTected muscle (b)

Paralytic strabismus or s^inl W hen an effort is

made la turn the eyes id the direction of the

paralyzed mu«cle, the affected eye remains sta

tionary or makes a smaller movement than does

tbe sound eye That is, it deviates in relation to

the latter in a direction opposite to that of the

normal action of the paralyzed mu-sclc The visual

axes, therefore, do not bear tbeir normal relation

ship to one another This is called the primary

devtalioH If a screen is placed in front of the

sound eyre while an attempt is made to fixate

tbe affected eye upon an object situated towards

the side of the paralyzed muscle, the sound eye

deviates in the direction of action of the latter

Thu secondary dtiialton as it is termed is greater

that the primary deviation of the paralyzed eye

The greater deviation of the sound eye is attrib

uted to the unusual effort exerted in the attempt

to fixate the paralyzed eye, an unnecessarily

strong motor discharge being tran=mitted simul

taneously to the muscle of the sound eye which

normally acts conjointly (conjugate deviation)

with the paralyzed muscle

(c) Dipfopia, false projection of the visual field

If, as a result of weakness or paralysis of the
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muscles of one eje, or of an imbalance fromiihat-

ever cause between the actions of the ocular

muscles of the two ejes, the images do not fall

upon corresponding retinal points, rfipfopia or

douMe tision results The image seen by the sound

eje IS called the true image, that seen b> the af

fected eje is called tlie false image The false

image lies to one side, above or below the true

imago, depending Upon the ocular muscle which

is paraljzcd In the case of the oblique muscles

and the superior and infenor recti, the fal'C image

lies above or below the true image—a little to

one or other side and tilted towards or awa>
from it (see table 75 1, p 1417) The fal**© image

IS always di«placed in the direction of the normal

action of the paralj'zed muscle Thus, m paraly-

sis of the right external rectus the right eje is

not turned outwards when the subject attempts

to looh at an object towards lua right side Tlie

image of the object falls upon tbc temporal half

of the left macula and is therefore projected into

the nasal half of the visual field of (hat cj'c But,

in the affected eje the image foils upon tlie na«al

half of the retina and is therefore projected into

the temporal half of the right visual field Tlie

image seen by tbe right eje (fal<c image) there

fore lies to the right of that seen bj the left (true

image) When the fal<c image is on the same
side of the true image as the affected eje the

diplopia IB said to be simpfs or uncrossed, if it

lies on tbe opposite side of tbe true image tbe

diplopia IS said to be crossed

If strabismus is cocgcoital or of long standing,

diplopia is not, as a rule, expenenced This is

because though tbe images do not fall on ana

toQucally sjmmetncal corresponding pomle in tbe

two ejes, an area is developed in the peripheral

retina of the squinting eje which assumes the

function of a fovea This p«eudofovca or false

macula, as it has been called, corresponds pbjsio

logically to the fovea of the sound eje Fusion

of the two images occurs and stereoscopic vision

suffers little if at all AMien cqumt of long stand

ing IS corrected surgically to bring the vi«ual axes

parallel, diplopia re«uUs since the true fovea of

the corrected eye does not corre«pond function

ally with fovea of the normal eje
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76
HEARING

Anatomy of the Auditor} S}8tem

The ear, like the other sense organs, is a trana

dticer, a device for con\erting energy from one
form into another The “pcciahied function of

the ear is to change the mechanical energj of the

airborne a ibrations that constitute sound mto a

form of electrochemical energy capable of stimu

htmg the fibers of the auditory nerve Hotv the

ear accomplishes its task has been the subject of

speculation and investigation ever smee the time
of the early Greek philosophers Onlv m the past

centurj, thanks to the development of micros

copj and to the rise of the sciences of acou«tics

and electromes, has it become possible to find

even a partial ansner to the question “How do
we hear?”

Anatouv of tde Ear

The ear is divided into three parts the ex

ternal ear, consisting of the pinna and the

lernal mealus or canal, ending blind!} at tbe

t}mpanic membrane, the middle ear, containing

the three small auditory ossicles «u«pended m
the air filled tjunpanie eavit}

,
and the fluid filled

inner ear or lahjnnth, consisting of (1) the

cochlea, which contains the organ of Corti with

tbe tndings of tbe cochlear dmsion of the audi
tor} nerve, (2) the t'eslifrak, which contains the

static organs the utricle and socciifc and (3) the

three semictrcufar canals (fig 76 1, A and B)
The auricle or pinna of the external ear con

sists of a thin, fibrocartilaginous plate, charac

teristically folded and ridged and covered with

skin In man} animals it can readily be turned to

locate the source of a sound or even folded down
to exclude unwanted sound In man the small

extrinsic and intrinsic muscles of the auncle arc

usual!} functionless A depression called the

concha forms the orifice of the exlemal meaiua or

canal, which extends mward in a slightl} curving

course of about 25 mm to end at the tympanie

or drum membrane The wall of the outer Uiird of

the canal is formed by cartilage, that of the re-

mainder by a tunnel in the temporal bone The
skm which Imcs the cartilaginous portion has

many ceruminous glands and laterally directed

hairs, which discourage insects from entering the

ear The cerumen, however, can sometimes ac

cumulate m such quantit} as to block the canal

and impede the passage of sound to the drum

membrane
The skm Iming the osseous portion of the

canal is thin, closely adherent to the periosteum,

and extreme!} sensitive It ls contmued as a

delicate lamina, forming the outermost of the

three la}er8 evticular, fibrous and mucous, of

which the t}'mpamc membrane *is composed

Tlie membrane lies obliquely acro®s the end

of the canal sloping downward, forward and

medially It is attached to a bon} ring or annulus

formed by the wall of the canal, and to the

handle or manubnum of the malleus, which draws

the center or umbo of the membrane inward b}

about 2 mm
,
so that its shape is that of a flat

cone The diameter along the line of the manu

brium is about 9 mm ,
the diameter perpendicu

hr to the manubnum is 8 5 mm The total area

of the membrane is approximate!} 69 «q mm
When the normal drum membrane is illumi

nated and viewed through an ear speculum or

otoscope, it appears pearl grey, pmkish or } ellow

ish in color Several landmarks can be seen The

lateral process of the malleus projects as a white

spot near the upper anterior border of the mem
brane Aboveit bounded bj two famt ridges, tbe

onfenor and posterior malleolar folds, which ex

tend forward and backward, is a small triangular

area m which the membrane is thin and slack

This area is called Shrapnell a membrane or the v

pars fiaccida The greater part of the membrane
^

13 taut and glistening, and is called the pars

lenaa For convenience in describing the location

of lesions m the membrane it is subdivided into

four quadrants b} the manubnum of the malleus

and its imaginary projection downward and

backward, and b} an imaginar} Ime through

the umbo at nglit angles to the manubrium A
l»ightl} reflecting triangular area m the anfero-

infenor quadrant is called the cone of light In

the postero-supenor quadrant, the long crus of

the tncua can usuall} be seen through the drum,

1420
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just behind and parallel to the handle of the mal

leus

The appearance of the membrane, its color,

translucencp, and degree of bulging or retraction,

are of invaluable aid in diagnosing disease of the

middle ear

The middle ear or tympanic caviljj is a narrow

air filled chamber in the mastoid portion of the

temporal bone It contains the chain of the mim
ature bones or auditory ossicles, which bear the

fanciful descriptive names malleus (hammer),

incus (annl) and stapes (stirrup) The chain

extends across the cavity from the dram mem
brane to the oval window of the cochlea on its

umer wall

The malleus, which more nearlj resembles a

club, has a handle attached to the

drum membrane and a head (eapttrlfum) which

extends upward above the upper mai^m of the

drum membrane into the epilympanxc recess It

bears an articular facet for the body of the meus

The incu«, shapcxl bke a premolar tooth with

spreading roots (crura), lies almost entirely m the

epit>mpaaum It articulates with the head of

the malleus bj an articubr surface on its body

Tlie short crus is attached b> a ligament m the

fossa incudis of the cpit^mipanum, whereas the

long crus extends downward and medially par

allel to the manubnum of the malleus Its lower

end IS bent medially and bears a small knob of

bone, the lenticular process which articulates

with the head of the stapes

Tlic stapes, which actually resembles a stirrup,

IS the smallest of the ossicles It consists of a

head a neck, ananlemor&ndaposknor crus, and &

footplate which fits into the oval or vestibular

window of the cochlea According to Bast and
Anson the stapes vanes coosiderablj in size and

weight from one mdividual to another In their

scries the height varied from 2 60 to 3 78 mm

,

wnth an average of 3 26 mm
,
the wei^t vaned

from 2 050 to 4 350 mg, with an average of

2 800 mg
Five small ligaments connect the ossicles to

the ivaEs of the tyrapamc cavitj Three of them

support the head and processes of the malleus

and one supports the short crus of the incus TJic

fifth ts the annular ligament of the «tapes, which

surrounds the footplate and connects its margm

to the edge of the oval window Two minute

muscles also aid m controllmg the movements of

the ossicles The larger, called the tensor tgm

pani, issues from a canal parallel to tlic auditor>

tube Its tendon bends I3tcra}l3 over a small

ndge of bone which serves as a pulley, and is

m^erted on the medial surface of the manubnum
of the malleus The smaller, called the stapedius,

arises m a small, hollow, conical projection on

the posterior wall of the tympanic cavitj called

the pyramid Its tiny tendon is inserted on the

posterior aspect of the neck of the stapes IMien

the tensor tjmpani, which is supplied bj a

branch from the mandibular division of the tri

geminal nerve, contracts, it pulls the handle of

the malleus inward and thus restricts the out

ward movement of the drum membrane When
the stapedius, supplied by a branch of the facial

nerve, contracts, it pulls the neck of the stapes

backward, thus tilting the anterior edge of the

footplate outward and reduemg its mward move
meot against the fluid in the cochlea The func

tion of the muscles and ligaments in modifying

the movements of the ossicles will be considered

jn greater detail below

The inner ear lies within the penolic or bony

labynnlh m the petrous part of the temporal

bone It 15 dmded into three mam parts the

cochlea the vestibule and the three semicircular

canals Suspended m the periotic labjiinth is an

entirelv closed sj’stcm, the oIk or membranous

labyrinth, consistmg of the cochlear duel, the

ulncU and saccule the three membranous canals

and the various ducts which interconnect them
(fig 762) The otic labyrinth is filled b) the

otw fluid or endohjmph The spaces of the penotic

labyrinth contain a dchcate orachnotdlike tissue

Its mtersticcs arc filled with the penotic fluid or

penlymph

The cochlea, as its name implies, is coiled hke

a snail’s shell A section through its axis (fig

76 3) reveals a central bony pillar, the modiolus,

the base of which contains the internal auditory

meatus with the auditory nerve The penotic or

osseous canal coils about the mofliolus for ap

proximatelj two and one-half turns tapering in

(Inuneter from base to apex A bonv ledge, the

osseous spiral lamina, projects into the canal,

windmg about the modiolus like the thread of a

screw It w widest m the basal coil, narrowing

towanl the apex

The banlar membrane stretches from the tip of

the osseous r;)uw1 lamma to a fibrous structure

called Umj spiral ligament on the outer wall of

the canal A second partition known as Rctss

ner’s membrane, extends from the upper surface

of the osseous lamina obliquely to the upper

(oargin of the spiral ligament In cross section

the membranes enclose a InanguJar area the
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Fta 76 2 General relationship of the merabr&nous (otic) and periotic (osseous) labyrinths Dm
erammat c U d utricular duct Sd saccular duct (Prom Bast and Anson The Temporal Bont and the
Ear 1940 Charles C Thomas )

mdo vjedur or rsv-hkar 1.0 iite eotneniipiis}

descript on the scala vcshbuh lies above it and
the scala tympani below it (fig 76 4)

The scala media or cochlear duct which is the

otic or membranous cochlea ends blindly both

at the apex of the cochlea and at the basal end
The slender ductus reuniens arises near the basal

end and connects it wuth the saccule The scala

^cstibuli and scala fcympam are in commuBica
tion at the apex of the cochlea through a narrow

opening the hehcoirema At the basal end the

scala \estibuh ends iti the vestibule at the oval

window which is closed by the footplate of the

stapes The scala tympani ends at the round

window covered by the thin round window mem
brane

The basilar membrane is a fibrous plate its

fibers continuous with those of the spiral hga

ment On the tympanic (under) side it is covered

b\ a layer of mesothohal cells Its width tapers

ffcm mio at ths hthcetf&saa- fo BW xoro

at the stapes 4 on B^k&y has found that when

the basilar membrane is cut the edges do not

retract Therefore contrary to the opimon long

held It IS not under tension

Tfe cochlear fluids The otic fluid or endoljmph

fills the otic labyrinth including tlie cochlear

duct the saccule the utncle and the three semi

circuhr canals It is thought to be secreted by

the stna vascularis and probably by secretory

celhi associated with the vestibular neuroepithelia

as well \Miere it is absorbed is not definitely

known The endolymphatic sac lying between

the two layers of dura on the intracranial surface

of the petrous bone has been considered a prob-

able site Since destruction of the sac does not

cause distension (hydrops) of the otic labyTmtli

flie cndolymph must have other sites of absorp-

tion mcluding perhaps the stna vascularis

The penolic fluid or pcnljmpk fills the periotic



Fig 76 3 The cochlea and the cochlear nerve (A drsvnng by Max Brode) from 19i0 Year Bool c

theEye,Ear,Nosean(tThroal,K6i\odbylj BothmanaodS J Cro«e,‘n>e Year Book Publishers, Inc

iab^Tinth, le, the $cala vesbbuli and ecala

tympani, the vestibule and the bony semicircular

ducts It IS m direct communication vith the

cerebrospinal fluid m the arachnoid spaces sur-

rounding the brain, bj way of the pcnljTnphatic

duct However, this may not represent its only

source Since radioactne sodium (Na**) appears

promptly in the perilymph after mtravenous in

jection, it IS clear that the penlymph must be

an ultraflitrate of the blood It is thought to be

resorbed mto the capillaries of the spiral liga

ment
The total volume of endolymph is small, and

the difficult) of collecting an uncontaminated

sample very great Nevertheless it has been

shown that the endolj-mph has an entirely differ

ent ionic composition from perilymph and cere

brospinal fluid, as demonstrated by the analyses

of Smith, Lowry and Wu (table 76 1)

The inner ear obtains its blood supply way
of the internal auditor) artery, nhich alters

through the internal meatus with the auditory

nerve The cells of the organ of Corti however,

receive no direct blood supply, but appear to be

entirely dependent upon the stria vascularis for

oxygen and nutrients

The neuroepithelium of the cochlea, known,

as the spiral organ of Corti, rests upon the hp of

the osseous spu-al lamina and the basilar mem
brone It is made up of an orderly arrangement

of the actual sensory elements, the hair cells, and

their x’anous supporting cells, and is cohered b)

a stiff cuticle, the lamina reticularis, which looks,

from above, hke a regularly patterned mosaic A
promment feature is the triangular tunnel of

Corh, formed by the inner and outer pillar cells

or rods of Corh The flat, expanded bars of the

mner pillar cells rest on the Lp of the osseous

Spiral lamina, those of the outer pillars on the

basilar membrane Their narrow bodies slope

towards each other, so that their broader upper

ends join to support the lamina reticularts The

pillars mcrease progressixely in height from the

basal coil to the apex
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Fiq 76 4 CrosasccliOQ of the coehle&rpariittoQ ID the gmoea pig Oower part ol second turn) (From
T)a,via <l al , J Aeouat Soc Am IISO)

On the medial side of the tunnel, t e
,
toward

the modiolus, a single row of inner hair cells is

arrajed, closely parallel to the inner pillars They
are surrounded by supporting elements, the inner

border cells and phalangeal cells On the lateral

side of the tunnel are three or four parallel rows
of outer hair celis These are supported by the

cells of Deiters, which actually rest on the basilar

membrane and send stiff phalangeal processes

Upwards between the hair cells to form part of

the lamina reticularis The outer hair celb are

surrounded by fluid spaces, the space of Nuel,

Ijmg between the firet row and the pillar cells,

and the outer tunnel, lying between the last row
and the supporting cells of JJensen "Processes

from these cells also contnbute to the formation

of the ZamiTUi reticularis Beyond the Bensen
cells la a senes of cuboidal cells of Claudius They
are of simple structure, resembling the inner

sulcus cells lying medial to the inner hair ccUa

An eminence, the Itmhus spiralis, rests on the

osseous spiral lamina medial to the inner sulcus

The thm memlrane of Retssner is anchored at

its inner margin. At its outer or vestibular lip the

TABLE 76 1

Spinal Fluid FenlyTDph
1

Eadolyiaph

m tt /litff m ig /lUer
^

ffl tg /Ititr
1
m.tq /hler

Potassium 1 4 2 4 8 144 4

Sodium 152 0
1

150 3
1

15 8

Cblonde
i

122 4
1

121 5 1 107 1

"I % nt %
j

mf %
Protein 21 0

1

50 0 IS 0

Mammalian ecdolymph does not show the high

viscosity that has often been attributed to it by
analogy with that of the shark, which sets into a

jelly after withdrawal

teciartal membrane is attached This membrane is

composed of a gelatinous substance similar to

tiiat of the cupula of the semicucular canals and

the otohtbic membranes of the utncle and sac-

cule It arches oter the inner sulcus and o\er

lies the lamina reticularis MTiethcr the hairs of

the hair cells actually penetrate the substance of

the tectonal membrane has not been determined,

but it 13 certam that they are m contact with it
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The lateral wall of the cochlear duct is formed

bj the outer tulcus eelU, the stria tasculan* and,

bejond these, the spiral ligament, in nhieb the

fibers of the basilar membrane are anchored The

stria, with its pigmented granular cells and its

rich \ascular supply, is thought to be responsible

for the secretion of the cochlear endolympb

The outer hair cells number about 12,000 ac

cording to Retzius (1884), the inner hair cells

onb 3,500 The outer hair cells are cjlmdncal

in shape, nith a thickened cuticular lajer at the

upper end, bearmg 60 to 70 sensorj hairs (stereo-

cilia) about 4 p long, arranged in a regular pair

tern The density of the cuticle is similar to that

of the reticular bmina The mtracellular struc

tures of the hair cells as revealed by electron

microscopy are described by Engslmm and

\\ersall Figure 705 shows an outer hair cell in

schematic form, and its relationship to the

Deiters cell supporting it

The inner hair cells differ significantlj m form

from the outer hair cells Thej are more rounded,

Fir 76 5 Schematic drawing of an outer hair

cell and a Deiters cell in the organ of Corti II,

sensory hairs, KM reticular membrane, IIB Hen
sen botlj

,
M, mitochondrion, r»E, nerve endings,

N nerve fibers in cross section, D Deiters cell

tFiom Engstrom and Vrctsall vn International Re
view of Cytology \ II, Academic Press, Inc , 1958 )

and their hairs are fewer and somewhat coarser

The nucleus is smaller and more centrally lo-

cated, and the mtraccUular structures differ m
detail These cjtological differences are consist-

ent with important differences in function as

suggested by physiological studies

Jnnenaium About the ba'e of each hair cell

(between it and the Deiters’ cell) is a cluster of

nerve endmgs They are of two types the smaller

0 5 to 1 0 ft iQ diameter, mth a sparse granula-

tion, and the larger as much as 5 p long and I to

3pm diameter, with a dense granulation The
region of contact between a nerve ending and
the hair cell membrane resembles a synapse

Characteristic membranous structures are seen

in the ’ synaptic region ’ of the hair cell where it

13 in contact with the large nerve endings but

not with the small ones It has been suggested

that the two typos of nerve endmgs may "crve

separate functions, the smaller afferent (presyn

aptic), the larger efferent (postsynaptic)

Tlic nerve fibers within the fluid spaces of the

organ of CJorti are completely bore, with no

myelm or ncunlcmma sheath Those from the

outer hair cells pass between the rods of Corti

and cross the tunnel On the inner side they jom
the fibers from the inner hair cells and enter a

cltannel m the osseous spiral lamina Their bi

polar cells ore located in the spiral ganglion of

the modiolus Central to the ganglion the fibers

enter the internal meatus to form the auditory

nerve trunk The fibers from the apical region of

the organ of Corti run a straight course, whereas

the Olliers are twisted about them hke the

strands of a rope

The nerve supply of the organ of Corti pro-

vides for both a diffuse and a pomt-to-pomt type

of innervation of the hair cells Three main sys

terns of fibers are recognized External spiral

fibers run for several millimeters m both direc

tions along the basilar membrane Each fiber has

endmgs on many outer hair colls, and each hair

cell receives endings from many fibers, so that

there is much overhppmg of innervation Radial

fibers supply mainly the inner hau- cells, but some

outer celb as well, in a more dL«crcte fashion,

vntli one or at most a few cells per fiber At least

half of the fine internal spiral fibers may be

effcTCTits They give multiple innervation to the

mner hair cells

Major nuclear masses of the auditory pathway

are located in the medulla, the midbram and the

thalamic region The pathway terminates m the

Gortox of the temporal lobe At each of these
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Ie%ela an orderly spatial arrangement of the

neurons has been found, indicating that tlie

organ of Corti is represented or “unrolled” again

and again m the brain The pathways are both

crossed and uncrossed so that each cochlea is

represented on both sides nf the hrain (Ciir 7f> 6^

The fibers of first-order afferent neurons of

the cochlear nene enter the medulla and uninedi

ately divide, sending branches to the dcrsal and
venfral cocWcar nuclei Many second order ncu

Ons pass medially from these to the superior

clues of both sides, forming the Irapeiatd bcdif,

vrhereaa others enter the laleral lemnucus di

rectly, to terminate at the nuclei of the faferaf

Umniscus The third order neurons from the

superior olive ascend m the lemniscus to the

tnferwr colliculus, whereas those from the nncla

of the lemniscus proceed to the medial gentaHate

From the geniculate, the auditory radiations pass

m the internal capsule to the pnmarj auditory

area in the superior Iransierse temporal gyrus, or

gyrus of Heschl (area 41 of Brodmann) In the

carm\ ores this area is represented m the mutdle

ectosykian gyrus

In addition to the direct pathiraj , there are

numerous reflex connections with cranial motor

nuclei A cerebellar auditory center has been

found in the tuber tcmis, which receiies fibers

from the dorsal cochlear nucleus

Since a cat with a complete transection at the

midbrain level of the classical auditory pathways

on holh ivd{» ra«j he arxuisad fmro ale^

by sounds, a second auditory route to the cortex

has been postulated in the reticular formation

of the midbram, the only structure spared by
the operation

The existence of descending pathway's from

the cortex to the cochlea is strongly indicated

(fig 76 6) The best established of these is the

oltto cochlear tract of Rasmussen, sendmg efferent

fibers from the supenor ohvc to the cont-alateral

cochlea by way of the bundle of Oort m the

«glith nerve and the internal spiral fibers, at

least as far as the inner hair cells

The Nature of Sound

Sound may he charactenred as a form of wave

motion, a transmitted xibratory disturbance m
the oir or m some other elastic medium like

water, wood, steel or bone Although m this

electronic era the sound waves used in the study

of hearing usually come from a loudspeaker, an
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earphone or other tjTW of electromechanieal

transducer, the nature of sound can best be

understood by considering one of the simplest

sound producing instruments, the tuning fork

The motion of the fork, like that of all sounding

bodies, IS determined by three essential phjsical

properties inerlia, elatlmll/, and retislance

RTien the tuning fork is struck, the kinetic

energy of the blow overcomes the tnerlia of the

prong and displaces it to one side The efashaiy,

or stiffness, tends to restore the prong to its

ongmal position, but the inertia keeps it moving

bejond the position of rest until the elasticity

bnngs it to a stop and cau«cs it to swmg back

once more At the end of its swmg, the velocitj

of the fork IS zero, and its energy is entirclj in

the potential form As it passes through flie

equilibrium position, its velocit} is maTimal and

its energy is entirely m the kinetic form These

alternating transformations continue until the

cnergj IS dissipated, partlj in the form of heat

due to mtemal and external frictional resistance,

partly in the form of sound

The rate at which the fork snbrates when

struck 13 called its rmlural frequency The greater

its inertia or mass (m), the loner this frequency

will be, whereas the greater the stiffness («), the

higher the frequency If the resistance is assumed

to be negligible, this relationship may be ex

pressed by

'-iV'l
Although the natural frequency is actuallj re

duced somewhat bj the effect of resistance, it

remains constant as the omphlude of vibration

decreases contmuously until the fork comes to

rest

As the fork vibrates, it transfers a part of its

CQCTgy to the molecules of air Burroundmg the

prongs and forces them to \ubrate also Move
ment of a prong in one direction momentarilj

pushes the air molecules in its path together,

whereas movementm the opposite direction pulls

them Bwaj from each other Although these

moiements of the individual air molecules are

etcocdingl} Bmall, the alternate compressions

and rarefactions of the air are transmitted in

all directions as waves of air borne sound

Like a pendulum swmging through a small arc,

the prongs of the tuning fork and the molecules

of air execute a form of vibratory motion called

simple harmonic motion A bodj showing this

tj^ie of motion is said to obej Hooke’s Law, since
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Pig 70 8 Two 8inusoi(]'it wave<! Rcneraled by the projection of circular motions, dilTenng m fre

quency, ampliUulc and phase (Reprinted by ijemissioti from Stevens and Davis, Hearing John Wiley
and Sons, Inc

, 1938 )

the force required to dLsplace the bodi la propor-

tional to the amount of the displacement Simple

harmonic motion is equivalent to the projection

of the motion of n point uhtch moves around a

circle at a constant rate, as illustrated in figure

768 Here R is the projection of the point P,

which moves m a counterclockwase duection

around the cuclc P rotates at a constant

angular \elocjt> « (in radians per second), R
moves up and down on the vertical axis, execut-

ing the same tjTio of motion as the prong of the

tuning fork If we plot the position of i? as a
function of the angular displacement of P, ne
have in effect spread out its motion m time The
rcsuUmg (loUd) curve is called a sinusoid, smcc
the datance OR is proportional to the sine of

the angle POM, which is measured by wf, the

product of the angular velocity and the time

elapsed since the point P was at M A writing

point attached to a tuning fork vibrating against

a revolving smoked drum makes a simibr trac-

ing It may be represented by the equation

3/
= A smut

where y is the displacement OR, and A is the

length of the radius vector OP The crest, where

the angle ut is ir/2, represents the region of com
prcssion, and the trough, where is 3 ir/2, rep-

resents the region of rarefaction of a longitudinal

sound wav e A t these pom ts y is at its maxunum
value A, called the arnphlude of the wave

In one revolution of P the sinusoid completes

one cycle The number of cjcles per second is

called the frequency, /, its reciprocal, the dura

tion of one cycle, is called the pened, T Since

there are 2v radians m a circle, the relation of

the angular velocit5' u to the frequency / is

given by the equation

« = 2vf

A botlj maj execute two forms of harmonic

motion at the same tunc This motion is repte

sented in figure 768 bj a second sinusoid of

twice the frequency but smaller amplitude It is

also represented by the rotation of point P' about

the smaller circle at twice the angular velocity

of P At the instant illustrated, P’ leads m phase

bj the angle <(> Adding the two curves wnauld

give a third curve showing the resultant motion

of the bod> Tlic addition of other harmonic

motions of various amplitudes and phases would

give a resultant wave-form of greater and greater

complexity

A sound consisting of a smgle frequency is

called a pure tone A tone havmg 5 per cent of

Its energy at other frequencies than the lowest

or the fundamental frequencj is said to Jiave

“5 per cent distortion,” or to be “95 per cent

pure " Although the sounds used in measuring

hearing often approximate pure tones, those of

musical instruments are always more or less

complex They consist of a fundamental fre-

quency or first harmomc, and a number of lugher

harmonics or parlials, which are simple multiples

of the fundamental frequency The higher bar

monies give to the tone of the mstruraent its

charactcnstic quality

fn a sound wave, the individual molecules of

air move to and fro in simple harmonic motion

for very short distances Their speed of move
meet 13 called the particle lelocity It is zero at

the troughs and crests of the waves, and readies

a maximum of a fraction of a miUimeter per

second 03 the particle passes its position of rest

The telocUy of propagation of the sound wave is

much greater, varying with the density and

elasticity of the medium In air at 0®C it is 331

meters per second, increasing somewhat at

hi^er temperatures In water the velocity is

over WOO meters per second, and m a ngid solid
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such as ivorj, ^\hich has physical properties

resembling those of the petrous bone, it is 3000

meters per second The xiaie length of sound, the

distance traiehed by sound m one period, is

equal to the \-cIocity of sound divided by its

frcqucncj Thus a 1000-c>cle tone m air has a

\\n\ e length of about 0 33 meter, whereas a 100

cj cle tone has a ws^ e length of 3 3 meters In

water the wa\e lengths are about four tunes as

great

When sound m air encounters an obstacle in

its path which is small relatne to the wa\e

length the sound wa%es are diSTocted around the

obstacle It is this process of a diffraction that

enables us to hear around comers Only if the

obstacle is rektivelj large does it cast a sigoift

cant "sound shadow ’ A part of the energy is

reflected, and in suitable conditions giies nse

to an echo The multiple reflections of sound

from the walls of a room are called reierbcraitone

A third portion of the energy is absorbed and

transmitted bj the obstacle The amount of

energ} transmitted depends upon the relation

ship of the epectfic acouitxc resistances of the

medium and the obstacle These are St VpiSl
and St ^ y/ ,

where pi and pt are the densi

tics of the medium and the obstacle, and St and

St are their respective elasticities If r is used to

represent the ratio Rt/St

,

then the fraction of

the energ} transmitted is expressed by

- 4r
7* m I

(f + D’

whereas the remainder 1 — T represents the

energy reflected If the specific acou«tic resist

ances are similar, then r approaches I and T
approaches I Mo«t of the energy is transmitted,

and verj little is reflected If, on the other band,

the properties of the medium and the obstacle

are ver} different, then r becomes large and T
becomes small, so that the obstacle becomes a
sound mirror, and the greater part of the energ)

is reflected

A body at rest can be forced to vibrate if it is

coupled to another vibnitmg body, either directly

or through the medium of the air Thus the

motion of a tuning fork can be transmitted to a

table top b) pressing the base of the fork firml)

against the table If a bod) is forced to vibrate

at its natural frequenc}, the transmitted effect

13 greatly enlianced, and the botly is said to

resonate Resonance maj be illustratoJ b) singing

a brief note while pressing the loud pedal of a

piano, so that the dampers are Lffcd and the

strings are allowed to vibrate freelj Those

struigs with the same natural frequencies as the

vmee resonate m response, and the note is still

beard faintly after the su^ing has stopped

Since the ear functions only in response to

forced vibration, it is important to axamine this

phenomenon further In the example of the tun

mg fork we hav e seen that when a body is caused

to vibrate b) appljmg a momentar) force, it

vibrates at ite own natural frequency Because

of damping the amphtude of the vibrations de

creases exponentially, and they gradual!} die

out When a periodic force is suddenl) applied to

a body at rest, it gives a similar transient re-

sponse at its natural frequency The transient

dies out more or less rapidly depending upon
the degree of damping but a steady slate response

at the frequency of the driving force remains

Since ne are not troubled by the persistence of

transient responses in our own ears, it is clear

that the damping of the ear must be v er> great

The response of a vibrating bod} to an av

ternal force is Imiited by the mechanical imped
ance of the body The amplitude of motion is

duecll) proportional to the apphed force, and

mverael} proportional to the mechamcal unped

ance The mechanical impedance is a complex

function made up of three terms the mass react

ance, the elastic reactance, and the fncticnal

resutanee, all measured in mechanical ohms The
first two terms are dependent upon tlie fre-

quency, but the third IS not In mathematical

symbols, the expression for ma&s reactance is

« 2 T / m

where 2s/ is the angular frcquenc} and m is the

moss (id grams) The elastic reactance is

where S represents the stiffness in djues per

centimeter TTie complete expression for mechani

cal impedance, Z, is

Z-4/(2,/V-±)' + «..

where /? is the fnctional resistance in ohms
hlechanical impedance is direct!} analogous to

electrical impedance in alternating current cir

cults, where inductance corresponds to mass,

capacitance to the reciprocal of the stiffness

(compliance) and the electrical to the fnctional

resistance Be shall sec the importance of the
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impoclancc concept when we come to consider

the transmi’-sion of sound across the middle car

to the cochlea

Tlie Dimensions of Sound

WWTFORM AVD SrECTHUM

Jn order to investigate hearing, we must be

able to measure and spccifj the sound stimuli

that give rise to hearing Pound waves in air

consist in minute variations in pressure above

and below the existing atmospheric pressure If

we plot lhe<o variations as a function of time

for the simple ease of a pure tone, we obtain a

sinusoidal curve representmg the pressure tcaic-

Jorm for the tone (fig 76 9) It has two dimcn

sions, omphtude and lime Frequency is expressed

by the number of cycles per second, m this in

stance 1000 c p s The same information can be

presented by plotting amplitude against fre

quency to show the speefnm, which for a pure

tone consists of a single component It is repre

eented in the figure 70 9 by a vertical line, the

height of which indicates the mavtmum ampli

tude or peak pressure of the tone

Fourier (1^2) discovered that anj' waveform,

however complex, can be analyzed into a senes

of Simple sinusoids An example of frequency

aimlysis is given m figure 76 9 On the left, two

frequencies of 12 and 15 cps arc shown, and
the complex wave produced by combining them

On the fight, the spectrum of each indicates tlie

amplitudes and frequencies of the respective

components Figure 70 10 (L'2) also shows the

waveforms of several types of auditory stimuli,

with tlio spectrum of each The square wave (B)

has a line specirvm, consistmg of a fundamental

of 1000 cps and a senes of odd numbered bar

monies (3000, 5000, 7000 etc
, c p s ), of decreas

mg amplitudes The tram of pulses (C) shows

both odd and even liarmomcs, but the ampli

tudes arc smaller Furthermore, the phase is

shifted by 90® because the pulses arc not syon

metrical about the baselmc as the square waves

are Tlie single pulse (D) consists of a uniform,

contmuous spectrum The amplitude of each com
ponent is extremely small, and agam the phase is

slufted by 90®

“White" noise (£f) gets its name from the fact

that, like wiiite light, it consists of a random

mixture of all frequencies The spectrum is

continuous, with uniform amplitude and random

phase White noise we have ahrays with us, in

the thermal agitation or Broinuao movement

of the air molecules, just below the threshold of

bcanng The random mov ements of electrons m

WAVEFORM

s :iiw\A/
_°FtFizFtRz

c
Tram of

pulses

D
Single

pulse

E
mute
noise

SPEf^RUM

F
Short
tone

Time in milliseconds Frequency in cps

Fig 76 9 Waveforms and spectra for various types of auditory stimulus (Repnnted with per
mission from Lickiider in //anif6oot o/CapenmeRfat Fayc/lofogy, edited by S S Stevens, John Wiley
and Sons, Inc, 1951

)
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Frequency in cps

Fia 76 10 Frequency analjsis of a complex «ave coneiating of two components of different aropli

tude (Reprinted with permission from Licklider in HaniB>ook of Experimental Ptyehology, edited by
S S Stevens, John l\iley and Sons, Inc , 19dl

conductors and vacuum tubes also produce white

noise, which is audible as the characteristic

background "a h h h” from a phonograph or

radio

The spectrum for the short tone of 3000 cps
(F) shows that when the tone is turned on and

off other frequencies appear above and below

3000 c p:s This is alwaj'8 the case when a tone

IS changed m frequency, amplitude or phase

Onlj a tone o! infinite duration is ideally pure

The sounds of speech form a constantly ebang

ing pattern of complex tones, noise and tran

siente Although measurements of the average

spectra show that frequencies below 1000 cps
carry most of the energj

,
it is the transients of

higher frequency that provide most of the per

ceptual clues to the listener

The Measurejient op Sound Intensitt

The amplitudes of movement of the air par-

ticles in sound waves are exceedingly small,

varymg from about 10 * cm for sounds that are

barely audible to 10 * cm for sounds sufficiently

intense to injure the inner car Although the

velocity of the air particles can be determined

with great accuracy by noting the force that

they exert on a light disk su"pended in the path

of the sound waves (Lord Rayleigh, 1882), the

most convenient measure of sound intensity is

the alternating pressure produced by the motioa

of the particles This value is readily determined

by measuTuig the electnc current generated

a suitably calibrated condenser microphone

placed in the sound field (For rooasunng the

sound pressure m a confined space such as tiie

external canal, a narrow calibrated probe tube is

attached to the microphone ) Sound pressure can

be expressed as the maximum or peak pressorc

(Rni»i) eras the root-mean square (rms) pressure

which represents an average of all the pressures

from moment to moment For a sine wave, the

nns pressure

For noise or speech the peak pressures may vary

from one instant to the next over a wide range

The rms values arc more stable and are therefore

generally used for expressmg sound pressures

The pre<5sures of ordinary sounds amount to no

more than a fraction of 1 dyne/cm m contrast

to the atmosphenc pressure of about 10* dynes/

cm *

We use the term intensity loosely to mean
sound pressure, particle velocity or amplitude of

movement, sound eneigj or power Strictly

speaking it should apply only to power or energy

T\e must now examine some of the relationships

among these VTinous quantities If we know the

sound pressure P and the specific acoustic re-

sistance R of the medium then the particle

velocity, u, measured m centimeters per second is

P
“ E

This 13 clearly analogous to the relationsbp of

electnc current to electromotive force and re

eistance, as expresoed by Ohm’s bw

For plane waves, the amplitude of particle move
ment, or displacement (m centimeters)

2ffR

vhwef IS the frequency

X
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The power J is equal to the pressure times the

velocity, or

J IS measured m ergs per second per cm * or in

microwatts per cm *, smee 10 ergs per second - I

microwatt Similarlj, the energy is proportional

to the square of the sound pressure, ]U3t as dec

tnc energy and power are proportional to the

square of the electromotn e force

The Decibee NotatiO’J

In practice, measurements of sound intensity

arenote.Tprcsscdnsabolutcm3gmtudes Instead,

a given intensity is compared mth a standard

value by expressing the ratio between the two

Because of the enormous range of intensities in

lolved, it IS convenient to express these ratios

as loganthma If one mtensily is 10 times as

great as another, their ratio is 10 and the loga

rithm (to the base 10) of the ratio is 1 The two

intensities are said to differ by 1 b<l (named for

Dr Alexander Graham Bell, inventor of the

telephone) A more practical unit is one*tenth of

a bel the deeiiel (db) We may therefore express

the number of decibels corresponding to a ratio

between two mtensities as

N(dbl “ 10 lOgi*y
where Jozaa standard or reference intensitj

Since power a proportional to the square of

the sound pressure we can also write

iV(db) =* 10 logw~
p« 20 login —

Therefore, if one sound has a pressure 10

tunes as great as another, they are said to differ

bi 20 db The ratio of the powers is 100 but the

difference between them m decibels is stiil 20 <lb

The decibel notation is also used in comparing

electric powers, voltages and currents

lohe all loganthnuc scales the decibel scale is

particularly convenient because it is compress«I

The mtensity ratio between sounds that are

dangerous to the organ of Corti and those that

are just at the threshold of hearing is approxi

mstely one hundred million million or 10** 1,

jet this vast range is expressed by only 140 db
Furthermore, if we multiply the power with an

BmpUficr or divide it with an attenuator, we add

or subtract decibels If a sound 60 db above the

reference level is amplified bj 20 db (correspond

ing to a lOO-fold increase in its power) its new

intensity is 60 + 20 =» SO db We must always

remember, however, that the decibel scale has

no absolute zero point 'When we write 0 db, we

arc simply expressing a power or pres'nire ratio

ofl 1 Therefore thcrefercncelevelmustalwaj’S

be given if decibel reading are used to represent

absolute values Some investigators u«e a “zero

level'' of 1 djme/cm* The standard refe'ence

Inel adopted by the Acoustical Societ> of

America is I0"‘* watt per cm * This corresponds

to a 0 db pressure level of 0 000204 djme/cra *

Sound level meters are usually calibrated to

measure sound pressure levels in decibels above

0 0002 dyne/cm * Tins value approximates the

least mten^itj that con be heard b\ the average

person A decibel scale showing the approximate

DECIBELS

JET PLANE WITH AFTERBURNER

PAIN

DISCOMFORT

SUBWAY

HEAVY TRAFFIC

NORMAL CONVERSATION

I SONE

WHISPER

THRESHOLD OF HEARING
flO-JO MICROWATT PER CM2
[or 0 0002 DYNE PER CM^

Fio 76 li A decibel scale for sound showing
approximate intenaily levels produced by various
sources The sane is the unit of loudness it is de
fined as the loudness of a 1 000 c p s tone at 40-db
intensity level (From Stevens lirjngoscope 68,

$12 1958 }
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intensities of sounds from various sources is

shown m figure 76 11
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77
HEARING: MECHANICAL AND NEUROPHYSIOLOGICAL

CONSIDERATIONS

Senstlmly and Dynamic Range oj Ike Ear

The range of frequcncica to which the Qormal

human ear is scnsitn e is usuallj said to octend

from about 20 to 20,000 C ps ,
co%cru3g appro\i-

matol> ten octaAcs The upper and lower limits

are not sharply defined, but depend to some ex-

tent upon the mten'^ity of sound aAadablc Tor

the common laboratory mammals, the upper

limit ‘‘eema to be at least an octavo higher Bats,

however, emit and hear frequencies os high as

150,000 c p 8 when flying m the darh, catching

insects and avoidmg obstacles in accordance with

the patterns of echoes thej receive Porpoises use

\ery high frequencies m a similar tiiie of ccho-

locatwn or ‘'sonar” sj-stcra to find tlieir prey in

the natcr

The threshold of audibility for joung adult

human sub;ects mth "normal” hearing, as de

tenmned at the Bell Telephone Laboratories by
Sivian and White, is shown in the lowest curve of

figure 77 1 This curve represents the mimmum
audible field pressures wluch the subjects could

hear when placed m a sound field produced by a
loudspeakerm an otherwise quiet, nonreverberant

environment The pressure measurements were

made by replacing the subject with a condenser

microphone in the exact position occupied by the

subject’s head

The region of greatest sensitmty lies between

2000 and 3000 c,p s This is also the region of the

broad resonance peak of the external canal Here
the threshold is 6 to 8 decibels (db) below 0 0002

dyne/cm*, i e
,
0 0001 djTic/cm* or less

Above 5000 c p s the threshold cur\e rises at

first slowly, then abruptly, below 2000 c p 8 the

nse is more gradual At 15,000 c p s and at 100

c p s the threshold intensity is approximatclj 40
db higher than at 3000 c p s

The values shown in tins cun e represent very

sensitive ears having almost ideal hearing Ac
cording to an extensive survey by the TJ S
Public Health Service, only 1 per cent of the pop-

ulation can bear sounds at or below the levels

represented bj the second curve, whereas half

the population can hear the sounds represented

bj the fifth curve

As the intensity of a sound is increased above

the threshold value, the loudness or magnitude of

the sensation increases At about 120 db (re 0 0002

djTie/cra*) the sound is not onlj heard but bo-

gins to be felt as a vogue sensation of discomfort

m (he car Tliia "flireshold of feeling" is indicated

as the uppermost curv e m figure 77 1 Std! higher

lev'cls cause a tickJmg or pricking sensation, and

may produce definite pain if they exceed 140 db
These are the leiels which readily cause tem

porary impairment of Jiearmg The area enclosed

i>> the threshold and tlie "feeling” curv cs is some

tunes calleil the oudiferj/ arco At\> sound Ijong

withm this area produces an auditory sensation

m a normal listener How the ear encompasses

this enormous djmamic range « one of the major

questions of auditory research

Transmission of Sound to Ike Cochlea

Tlir l^c^ER^AL EAR fnmanyaniraabtheshape

and mobihty of the external eat give it a duec

tional and sound gathermg function which is of

great assistance in localizing the source of a

sound In man the acoustical properties of the

external ear are more or less unimportant, al

though the shape of the concha does serve to

funnel sounds of relatively short wavelength (11

cm or less, i e , 3000 ops and lugher) into the

canal Because the canal is a closed tube, it reso

nates at a wavelength correspondmg to four

times its own length Wiener and Ross made
probe-tube measurements and found a broad

resonance peak in the external canal, centering

about 5S00 c p s ,
which has a wave length of

9 2 cm , or four times the average length of the

canal The chief ph^’siological importance of the

canal seems to be protective Not only do its

length and shape help to shield the drum mem-
brane from damage by blows or penetrating ob-

jects, but it also helps to maintain a favorable

143S
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Fig 77 2 The impeilaace of the ear expre«°cd as transraission loss m decibels &ata of Troger and
other authors (trom Uever and Lawrence Phj/tiolopeal Acousitea, 1954 Princeton University Pre^a,
Princeton, > J

)

environmental temperature and humidity for the

membrane
TUEllECHAMCALllirEDUsCLOTTUEEAB Part

of the sound cncrg> reaching the drum is reflected

back, whereas the rest is absorbed bj the drum,

settmg it in motion How mucheneny is reflected

and Low much ls absorbed are functions of the

mechanical impedance of the ear If the dnim bft-

haved hke a rigid plug offering an inflmtc ui»-

pedance, all of the energy would be reflected If,

on the other hand, its impedance were prcasclj

matched to that of the air m the e^lenial canal,

all of the energj would be absorbed and none

would be reflected Impedance measurements bj

Trc^er(I930) and other investigators have shown
that the characteristica of the ear varj with fre-

qnenQ At the low frequencies the impedance is

determined chiefly bj the stiffness, and at the

higher frequencies chiofl> by the mass At inter

mediate frequencies the frictional resistance alone

i3 the determinmg factor I\ith the data of Tr6-

gcr and others, the impedance of the car can be

expressed as transmission loss m decibels The
curve for transmission loss as a function of fre-

quency shows that the impedance is greatest at

the low frequencies (100 to 3X1 cps) and
gntdoafl} declines to a broad mmimum between

lOOOand 2000 cps The data do not evtend be-
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j ond 3000 c p 8 ,
but presumibly the imptxhmce

incrca''cs again at higher frequencies, as the bro-

ken portion of the curve suggests

The mtPAVic membrane has laade

direct measurements of the amplitude of move-

ments of the drum membrane as small as J0"‘

mm For this purpose he used a small capacjtative

proble, with its fixed plate 2 to 3 mm in diameter

and placed 0 5 mm from the drum membrane,

nhieh itself fonnod t!)e other plate A high fre-

quency V oltage of 100,000 c p s was then applied

across this condenser ^^'hcn the drum \ ibratcd,

its movements varied the capacity and thus

modulated the high frequency current By' meas-

uring the modulated current he was able to

calculate the displacement of the drum mem
branc

Using this probe to measure the amplitude of

motion of diSerent portions of the drum mem-
brane m response to a constant stimulus, Btkf-sy

found that, at all frequencies up to 2400 cps,
the whole central conical portion of the drum and
the handle of the malleus mo\ o as a umt about an

aaa of rotation passing through the anterior and

lateral processes Figure 77,3 shows the contours

of equal amplitude of mo\ cment for a tone of 2000

c p 8 The amplitude is greatest near the inferior

Fiq 77 3A Vibration patterns of the human
driijn membrane for a 2000 c p b tone {^'kisy,
1941, reproduced by permission from B6kisy and
Rosenblith in IJandbooh of Experimental Psychol
ogy, Ed by S S Stevens, John Wiley and Sods,
Inc , New York, 1951

)

Fio 77 35 Vibration of the drum membrane
as a ngid cone at low frequencies (B^k^sy, 1941

,

reproduced bv penni««Joa frozaB^k^syood^sen
Withm Handbook of Ezvenmental Psychology, Ed
byS S Stevens, Johs VViley and Sons, lae

,
New

York. 1951

)

ossicles about their axis of rotation (B4k^y, 1911

,

reproduced by pemussion from Bdk^sy and Rosen
With in Handbook of Expertmentai Psychology,
Ed by S S Stevens John Miley and Song, Inc,
New York, 3951 )

edge of the membrane Above 2400 cps the

membrane no longer nbrates as a stiff cone but

m segments, with the manubrium lagging behind

the adjacent portions of the membrane
ThBTRANSFORMER ACrrON OF THE MIDDIB IMR

Sound waves do not pass readily from one medium
to another of different acoustical re«i«tanee, but

are largely reflected at the boundary between the

two media Between air with an acoustical re-
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sistance of only 41 5 mechanical ohms per sq

cm and sea water with a resistance of 161,000,

the impedance mismatch is ob\iousli vcr> great

Only 0 1 per cent of the energy of sound would

be transmitted, representing a loss of 30 db A
similar loss would occur in the transmission of

sound from the air m the external canal to the

fluids in the cochlea, if the middle ear meehanisni

did not act as a transformer to match the widely

different unpedances This change from a slight

pressure exerted o\ er the large area of the drum
to a greater pressure exerted oi er the smaller area

of the stapes footplate is accomplished by the

acoustical lever system formed by the drum and
ossicles The total area of the drum membrane is

about 63 sq mm and its effective area is about

43 sq mm ,
whereas the area of the footplate is

only 3 2 sq mm Tins 13-fold reduction in area

gives a corresponding increase m pressure at the

oval wmdow Smee an additional mechanical

advantage of approximately 1 3 is available be

cause the handle of the malleus is longer than the

long process of the incus, the pressure exerted by
the footplate is appraxunately 17 times as great

as that at the drum membrane
An additional virtue of the middle ear meeb

amsjn is that it provides for selective delivery of

sound energy to one cochlear window rather than

to both If both windows were equally exposed to

sound, little transfer of energy would occur be-

cause it would be opposed by the inertia and

mcomprcssibiLty of the cochlear fluids contained

in the unyielding bony capsule As it is, the fluids

c^cr much less resistance because the round

window is free to move outward as the stapes

footplate moves inward, and vice tersa (fig 77 5)

MECHAMira OF THE ossiciES The mass of the

malleus and incus is evenly distributed above

and below their axis of rotation, as shown m
figure 77 4 Since they are suspended by elastic

ligaments and closely bound together they move
m and out as a umt In response to moderate

pressures the stapes follows them, so that the

whole chain vibrates as a single mass The foot-

plate of the stapes rocks about its lower, posterior

pole, moving like a bell crank lever rather than a

piston (fig 77 5) WTien the intensity of a low

frequency tone n«e3 above a critical value, this

mode of vibration suddenly changes and the

footplate now rotates about its long axis The
amplitude of motion is decreased and less pressure

is traasmitted to the cochlea, ihus rMuemg the

nsk of damaro to the organ of Cortl

The mtra aural mu«cles provide another means
of partial protection against intense sounds of

low frequency litTien the tensor tympam con

tracts, it pulls the handle of the malleus and the

drum membrane inward ^^'hen the stapedius

contracts, it pulls the footplate outward from the

oval wmdow The effect of simultaneous contrac

tions 13 to restrict the motion of the ossicular

chain Wiggers has shown in animal experiments

Fro 77 5 Schematic diagram of movements of the tympanic membrane, the ossicles and the basilar

membrane (Reproduced by permission from H Davis in Hearing and Deafnets, Holt, Rinehart and
Wilson, Inc 1060)
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that the transmission of low frequencies to tlie

cochlea is sharply retluce<l, whereas that for fre-

quencies around 1300 c p s is «lightlj increased,

as if the stiffness of the middle ear mechanism

had been increased bj the contractions IliRher

frequencies are unancctcd_Tlic muscles respond

rellcxlj to «ound, much as the ejehd and tlie

spliinctcrof the ins respond rcflexli to light Just

as in the e^e, tlu reflex is consensual, so that a
sound stimulus apphetl to one car elicits musctc

contractions m both cars Tlie protection offercKi

jigunst intinsc sounds is onl> partial at best

Acconiing to R ersall, the reflex latcncj m the

decorticate rabbit is 10 m'ce for the stapedius

and 17 msec for the tensor timpani Maximum
ten«ion is attained b\ the two muscles onlj after

03 and 132 msec and m this lime the ear can

suffer scxcrc injuri from the initial wases of the

noise of an explosion Fhc suggestion has been

made that the intra aural muscles maj ‘ tunc
‘

the car bj facilitating tlic transmission of the

higher frequencies at the expense of the lower,

but this po«jubilit> has rccoiswl little support

from experimental studies

The Cochlea

Fhequevcy ASALYSis Many attempts ha\c
)>ecn made to explain the role of the cochlea in

the process of hearing and particularly in tlie

perception of pitch Some mxestigators ha\e held

tlmt tlic cochlea performs a frequency analysis of

sound, whereas others have reserved that func

tion to the brain In formulating the rcsonanee

Oieory (1863), Helmholtz postulated a scries of

resonators in the cochlea, each tuned to a <lif

ferent frequency Ho first suggested that the rods

of Corti witfi theu varying heights might serxe as

the resonators Later he proposetl the fibers of the

ba«ilar membrane, which he compared to tlie

strings of a harp or pianoforte, postulating that

the «hortcr fibers near the oval w indow respond to

higher frequencies and the longer fibers near tlie

apex to lower frequencies In opposition to the

resonance theory Rutlierford (1880) put forward

Ins telephone Uicory ascribing to the cochlea the

role of a telephone transmitter He thought of it

as transforming rounds into nerve impulses of tlie

same frequency which were then analyzed in the

central nervous system

The resonance theory continued to encounter

the difficulty that no mdixidiial resonators could

be identified Gradually it evohed into the more
widely aecepied place theory which holds that the

entuc cochlea is a tuned structun. with different

portions of the basilar membrane and organ of

Cortt responding to sounds of different frequency

The corresponding nerve fibers then report to the

brain winch portions of the organ of Corti are

being stimulated Tlie telephone theory on the

other hand made it necessary to assume that the

auditory nerxc fibers ha\e the unique property

of responding at much higher rates than the

theoretical maximum of 1000 impulses per second

attributed to other nerve fibers of large diameter

At the same time it left entirely unexplored the

question of how tlie bram might perform a fre-

quency analysis The implications and short

commit of those two major theories and of

variants put forward by other students of hearing

Imc been revnewed by Wcver (1949) He has

shown that the two theories so long thought to be

urcconcdably opposed to each other, can be com
bined in Jus resonance toUetj ttcory « hich uses the

telephone or \ollcy principle to explain the re

sponsc of the w hole cochita to low frequencies and

(he place or resonance principle to explain the

cochlear analysis of higher frequencies Both

principles now ha\ e a solid basis of experimental

fact derived from tw o t> pes of mv cstigation (a)

the study of the mechanjcs of the cochlear parti

tion and (b) the study of the electrical potentials

of the organ of Corti

MrciMMCs or the cochlear pabtitzov

Bfkilsy has shown, by pamstakmg evaluation of

the i>ly sical properties of the x arious membranes

and tissues that make up the cochlear partition

and by direct microscopic obsonation of their

^ttems of movement under stroboscopic il

luminatioD (hat the place principle is correct

The cochlea is a tuned structure which performs

a frequency analysis of sound Part .of the tuning

iTprovidcd by the increasing widtli of the basilar

membrane from 0 04 mm at the stapes to 0 5

mm at the helicotrema, and part by the gradual

increase m the mass of the organ of Corti in the

same direction The most important factor is the

graded stiffness of the bnsilar membrane which is

grcatist at the stapes and decreases steadily to-

wards the aptx As a result the stiffness, or

‘volume elasticity of the cochlear partition as

a whole is about 100 tunes as great at the stapes

as it IS at t!)c apex

The basilar membrane may be thought of as a

gelatinous sheet covered by a thm, homogeneous

layer of fibers, forming a continuous structure

xvitii tlie organ of Corti Surpnsmgly enough, the

membrane is not under tension, and tfiereforc

does not in any way resemble the strings of a
piano as Helmholtz thought Couplmg between

adjacent portions is both clastic and frictional,
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Fio 77 6 Amplitude of displacement of tbe
cochlear partition at various frequencies (Bekdsy,
J Acoust Soc Am,21< 2i5, 1949)

Fio 77 7 The dashed curve represents the

amplitude of displacement of a point 30 tom from
the stapes at different frequencies The soliil curve
shows the phase lag behind the motion of tbe

stapes At frequencies over 150 c p s , the phase
angle is greater than r, indicating that motion is

due to travelling waves and not to a simple reson

ance (Bdk^sy, J Acoust Soc Am ,21( 245, 1949 )

and much of the frictional couplmg is funushcd

by the endoljTiiph and periljinph As a result of

the gradation in stiffness, the resonant frequency

of the cochlear partition is highest at the stapes

and decreases along its length, but because of tbe

coupling the >'anous portions cannot respond m
dependently as separate tuned resonators

Observing the movements of the cochlear parti

tion under the microscope, von B^hfay found

that each part shows a maximum displacanent for

a certain frequency of sound This maximum dis

placement moves towards the stapes as the fre

quency is raised (fig 77 6), and towards the apec

as the frequency u? lowered The amplitude of

vibration at a given point plotted as a function

of frequency resembles a resonance curve, but

there is a vital difference For a simple resonator

like a pendulum, the phase angle changes from

t/2 to —ir/2 03 the drmng frequenej is changed,

and at the point of resonance the phase angle is

aero TVTien the phase relations of the cochlear

partition are measured, it is seen that the basibr

membrane, the organ of Corti, the tectonal and

Reissner’s membranes all move together m phase

However, the phase lag between the movement
of the stapes and that of a point on the basilar

membrane near the hchcotrema increases from 0

to 3 T as the frequenej is increased (figs 77 7

and 77 8) Bfik^y has pomted out that this phase

shift mdicates the presence of travelling waves

rather than a simple resonance

The travelling wav es arc generated because the

stiffest portion of the cochlear partition near the

stapes in a sense drives tbe more flexible portions

Near the stapes the partition vibrates m response

to all frequencies As the naves move along the

partition their ampbtude gradually increases and

reaches a maximum at the pomt where the natural

frequency of the partition is the same as the dnv

mg frequency Bej-ond this pomt the amplitude

decreases rapidly as the velocity of travel dinun

ishes and the wavelength gron3 shorter end

shorter in the more flexible portions of the mem
brane So great is the retardation that a smglc

nave set up by a sudden, brief sound requires

about 5 msec to travel from the stapes to the

hebcotrema

The travelling wav es are demonstrable in the

human cochlea only at frequencies above 150

c p a At lower frequencies the basilar membrane
moves more and more as a umt, so that below 50

cps the entire cochlear partition is movang in

phase and the maximum amplitude occurs very

close to the hebcotrema

On the basis of h« measurements of the phys-

ical characteristics of the cochlear partition, von

B^&y constructed models of the cochlea in

which the travelhng naves could readily be

demonstrated One of the most instructive of

these models consisted of a plastic tube cast

around a brass tube with a slit BTien the tube

was filled with fluid and the fluid set m motion

by a vibratmg piston at one end, trav elling wav es

ncre set up vnth broad mavima that shifted with

frequency over a two-octave range BTien the
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Fjq 77 8 The travelling wave pattern on the baolar membrane showing the pnniary and sec
ondary vrave^ and the shortening of the wave length as the travelling wave pattern nears the
ape'c (Rcpr^uced by permission from II Davis m Hearing and Deafness, Holt, Rinehart and ^^ll

son, Inc , 19C0 )

Flo 77 9 Le/l, organ ot Corti and tcctonal membrane at rest Eight bending of hairs by shearing
action between reticular lamina and teclonal membrane Based on von B£k^sy a description (From
Davis in Physiological Triggers American Physiological Society, Inc

,
19o6 )

foT&xna was placed lengthmsealong the vibrating

membrane it provided a sensory surface represent-

ing the organ of Cortu As the frequency of vibra

tion was changed the maximum oould be felt to

mo%ealongthearm AlUiough the maximum was
quite broad and flat, the sensation of vibration

was much more concentrated, so that any fre-

quency shift could readily be recogmred by a
shift m the place of stimulation Even with very
brief tones lastmg for only two cycles, the “pitch”

discnirunation was excellent Some inhibitory

process in the cutaneous innervation on either

side of the maximum was presumably responsible

for “sbarpening' the pattern of stimulation A
similar mechanism is thought to act m the organ

of Corti to aid m the discrimination of pitidi

The Organ of Corii

The nVE woveseevts Although the gross pat-

tern of movement of the cochlear partition pCT

mita the cochlea to perform a frequency analysis.

it does not account for the actual transfer of

energy to the hair cells This stimulation occurs

as the result of a double transformation, first of

the up-and down movement of the basilar mem
branc into a rocking motion of the rods of Corti

and reticular bmina, and then into a shearing

motion between the lamina and the tectorial

membrane The shearing motion causes a bend

ing of the hairs, which are embedded at one end

m the cuticular plates of the hair cells, firmly held

by the reticular lamina, and extend at the other

end into Uie tectorial membrane Von B^k&y has

studied these fine movements under the micro

scope by stroboscopic illumination He has ob-

served that the direction of bendmg of the hairs

vanes from one side of the position of maximal

amplitude of vnbration to the other On the side

toward the stapes the haus are bent radially
, i e ,

toward the Hensen cells Further toward the apex,

the hair cells move up and down only, whereas

still further along, where the wave length of the
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tra\el]ing tvavc is shorter, the clLrcction of bend

mg IS longitudinal Although the bending of the

Viavts «> iVift t98cntia\ metViaTnta\ step in sUmuWV
mg the hair cells, the significance of the different

direction** of bending ls not jet understood

The elfctrical RtsvovsEs Attempting to

observe the patterns of impulses m the auditor!

none in response to sound, ^^ever and Braj

(1930) made the surprising discovery that the

clectncal potentials picked up from the nerve re-

produced almost perfectly the frequencies and

wave-forms of the sounds reaching the car A!

though this finding seemed at first to support

Rutherford’s telephone theory, it was soon

demonstrated b> Davis and Saul that two distinct

tjpes of potentials were involved the cocWeir

microphonic potential (CM) and the action po

tentials of the audvtorj nerve fibers (AP) A1

though the AP response showed the typical

threshold and refractor} period, and differed in

no ivaj from the action potentials of other nerves,

the CM response which pn ceded it in time had

no all-or none properties, but closelj reproduced

the wave form and pohntj of the stimulus More
recent studies by von Bfkfsj and bj Davis and

Vns cofisboratejrs have sViown iVial five tiifiererrt

Ij^pcs of electrical potentials can be recorded from

the cochlea bj meaas of fine electrodes inserted

into the scalae Two of these are DC resting po-

tentials The others are responses to sound stimuli

ItUracelluiar polentiait Like other cells, the

cells of the organ of Corti and the auditor} nerve

fibers have a negative intracellular potential As
recorded with a microelectrode, these potentials

range from -20 to -80 mv referred to the

pcnbinph
EndococMear potenhol The endol} mph in the

cochlear duct shows a remarkable posilwe po-

tential of 80 mv referred to the peril}Tnph m the

vestibular and t}Tnpanic scalae Thu? high po

tential B a unique propertj of the cochlea, since

the potential of the endoI}'niph m the utricle is

only +5 mv It depends, not upon the ionic

compo<’ition of the endol}™?!!, but upon the

metabolic activ it} of the stru vascularis During

asphjxia it decreases, and returns to its normal
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TYPICAL

INPUT-OUTPUT

FUNCTIONS
FROM

BASAL TURN

WITH

INTRACOCHLEAR
ELECTRODES

7000 CPS

TONE BURSTS
WITH I MSEC
RISE TIME

INPUT IN OeCtBELS SPL

Fia 7711 Intensity (unctions of the cochlear microphonic (CM), action potential (AP) and neg
stive summating potential (SF-), in response to brief tones of 7000 cps, as recorded fay mtra
cochlear electrodes from the turn in the guinea pig The voltage of CM is proportional to
the sound pre^suro lei el up to SO db hPL, then groirs more slonl; to a isaxiffluzs of almost 1 mv
at about 105 dh SPL Al* gron-s rapidly from threshold then more elonly The groieth of SP—
ajiproximaletj parallels that of CM (Unptibh«hcd, reproduced by special permission of Dr Hsllowell

level only ti hen oxygen i3 readmitted Injection of

azide or cyanide into the scala media abolishes

the potential completely The positive potential

can be modified by movements of the basilar

membrane It is mcreased when the membrane is

pushed “downward" towards scala tympam, by
inward movement of the stapes, or bj injecting

fluid into the cochlear duct Convereely
,
it is de

creased by outward movement of the stapes,

causing an "upward" movement of the basilar

membrane Movement of the tectorial membrane
with respect to the organ of Corti causes similar

changes m the endocochlear potential, su^est-

mg a close relationship between the endocoddear

and the cochlear microphonic potentials

Cocfifear microphomc poUnlial Unlike the DC
intracellular and endocochlear potentials, the

microphomc potential is an immediate response

to acoustic stimulation For many years it has

been known to be associated with the hair cells,

and at one time it was thought to be produced

by compression and elongation of the«e cells m

much the same way as the piezo-eloctnc potentials

arc produced m tlic crystal of a microphone Re
cent studies have shown that the essential move
ment is the bendmg of the hairs as a result of

vibration of the tectorial membrane The response

has no true threshold or refractory period, but

closely reproduces the wave form of the stimulus

Its amplitude is linearly proportional to the dis

pbeement of the cochlear partition, and therefore

to the sound pressure of the stimulus from mo-

ment to moment As the stunulus intensity is

increased, the amplitude of the response grows

proportionately (fig 7711) At higher levels the

respoase becomes nonhoear, goes through amaxi
mum, and eientually dcclmes U«mg mtra

cochlear electrodes to record from individual

turns of the guinea pig cochlea, Davis and his

coUaiioratora have sliown that the basal turn re-

spoods to all frequencies, nliereas the tlurd turn

responds only to frequencies below 3000 c pji

Tlus IS further evidence of the broad tumng of the

basibr membrane (fig 77 12)
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Fio 77 12 Cochlear microphon*c res|»Dses re

producing the smasoidal ^ave (orni o[ the ^imu
lua 08 recorded with intracochle^r electrode in

scala vestibuli and seala tympani the basal and
third turns in the guinea pig The basal turn re

sponda to all Irequcnciea out the third turn only

to frequencies below about 300w c p a (From
Davis, Laryngoscope, 68 , 350 1958 )

2\J5 KC
60 OQ RC CM

I-
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Fio 77 13 Above the stimulus a bnef tone of

21 500 c p 8 Below the response, including coch

lear microphonic Bununating and action potentials

recorded from the rourid the gwrw^pig
CM IS at the frequency of the stiinnlus SP w the

downward di«placernenl of the baseline and the

action potentials are the peaks and valleys on the

descending limb of SP (From Pestalozxa and
Davis, Am J Physio!

,
183, 593, 1^56 )

The microphonic potential is dependent upon

an adequate oxjgcn supply During anoxui it

falls to a very low level which persist for

«ome time after death Tlie precise relationship of

the microphonic to Iho endococblcflr potential is

not known, m spite of some erndence sugge«tmg

that the microphomc may be simply a modulation

oJ 1S» by movemenls Ibe twbltsiT parti

tion In any case it furnishes an excellent means

for the experimental study of events m the middle

car, the transmission of sound energy m the

cochlea ami the effects of toxic agents on the

organ of Corti

Summaiin^ potentials Two DC potential re-

sponses to acoustic stimulation can be recorded,

the positive and negative summating potentwLs

As seenm figure 77 13, these potentials reproduce

the envelope of a bnef burst of tonal stimulation

and are proportional to the root-mean square

value of the stimulus They apparently represent

a rectifier or detector action resultmg from longi

tudinal movement of the tectorial membrane

accompanied by a persistent bendmg of the hairs

tn tJic same direction The summating potentials

appear at levels where the microphonic potential

IS becoming nonhnear The positive summating

potential, which is more sca«jtive to oicy gen lack

vs thought by Davis to otigmate in the ontee avt

cells, whereas tlie more resistant negative po-

tential which actually increases in amplitude

after mild mjury to the organ of Corti, is at-

tributed to the inner hair cells

Action potenfia?# Although the action po-

tentials can easily be recognised among the ialx

ture of potentials recorded from the round window

membrane, special electrode placements or can

cellation procedures axe required to record them

uncontaminated by the microphonic potentials

They show the typical all-or none behavnor of

axon spike potentials of myelinated nerve fibers

having a defimte threshold and a rcfractorv

penod The response to a click at a moderate

mten'ity level consists ol three successive volleys

of "spike” potentials, called Ni, Nj and %i,
representing synchronous repetitive firmg in

many fibers These action potentials arc readily

‘masked” by noise, which stimulates the fibers

in random fashion, so that the click finds many

o! them relractory and therefore unable to re-

spond synchronously

Synchronous volleys of action potentials occur

m respon'se to the sound waves of a steady tone

of low or middle frequency Above 1000 cps
fibers may be responding in alternation ^or in

rotation smee the refractory penod of almt 1

msec prevents a given fiber from responding to

each successive sound wave At higher frrauen

<acs, synchronization of the action potentials
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decreases, to disappear complete]^ above 4000

cps
Tl>e action potential Iwlimd the micro

phonic potential by 0 55 to I 0 m'^eo Tins latcnQ

nipe,«tsa “sjnapticdeLij” betneen the hair eeJb

and the nerve endings, but it maj also be ascribed

to the conduction time of the nonmcdullited

fibers within the organ of Corti Other properties

of tlic action poUntnls al«o support the h}poth

e«is that a sjmaptic tj-pe of transmission octura

at this point Their scnsitnitj to ovjgcn lack

grcatl> cNCceds that of tlie micropliomc response

furthermore, thej can bo fatigued, and their

rcco\cr% after masking is not as prompt as it

should be if masking reflectwl onlj the refraetorj

state of the nerv e fillers Mlicthcr a ncuroliumoral

step occurs between the hair cell and the none
fiber has not been ascertained Davis’s vacw is

that the cochlear microphonic and negative sum
matmg potential excite the nonmeduKaled den

dntic tomiinab diroctlj

llie responses of single auditor} nerve fibers

have been studied b} Tasaki b} means of ex

trvmcl} fine pipette electrodes Some fillers gave

single and others repetitive rr«ponsos. «ome had
low, others high thresholds Mo«t of them re-

Rpondctl to a wide range of frequencies liclon a
sharp cut-off frcquenc}, above which the fiber

would not respond no matter liou much the

mtcnsit} was increased As the frequenej was
increased, fibers would stop firing abruptlj, and
the higlier the frequency, the smaller became the

number of active fibers These findings are m full

accord with Bikisy’s description of the behavior

of the travelling waves and their sharp dccUnc

just above the point of ma-xunum amplitude of

vobration of the partition

The action potentials can be inhibited bj

stimulation of the olivocochlear tract of Rasmus
senm the medulla, but the microphonic potentials

are unaficeted The functional significance of this

efferent inhibitory action is unknown, but it fur

mshes an example of the control of the responses

of a sense organ by the central nervous ^’stem

and presumably represents a sort of feed bade
mechanism

The Central Auditory Pathvay

Responses of medpliuvry neurons The re

spouses of the second order neurons of the

cochlear nucleus as recorded with microclectrodes

closely resemble those of the auditor} nerve fibers

Galambos and Davis have observed that each
unit responds to a limited range of frequencies.

whiidi IS narrow at threshold but gradual)}

broadens as the mtensit} of the stimulatmg tones

IS increased As in the nerv e, the high frequency

cut-off IS sharp (fig 77 14) MaO} of the units

show a "spontaneous” rh}'t}imical discharge,

which ma} be mhibited when a tone is sounded

Furthermore, when a uml is responding to a tone,

presentation of a second tone ma} inhibit the

discliargo Tlie effect of this inhibition is to

sharpen the cut-off at the low frcquenc} end A
tonal stimulus therefore increases the actmt} in

some units and decreases or abolishes activit} in

others Galambos suggests that each tonal fre-

quency produces a cliaractenstic pattern of

"islands” of active and inactive neuron'i In

tins wa} the broad tumng of the ba«ilar mem
branc maj be made more precise by a {ilace

principle operating at the medullar} level super

imposed upon the repeated point to-pomt projec

tion of llic organ of Corti which lias been found

in anatomical studios

Responses of monEn aupironv centers The

neurons of the inferior colliculus and medial

gonicubte bod> follow in general tlio patterns of

activity «eeD in the cochlear nucleus Di-charge is

increased by certain tones and suppressed b}

others, and tlic response areas of individual units

arc sharply defined The point-to-pomt ‘ tono-

topic” projection of tlie cochlea is less firml}

established at these leveb, but the ph} Biological

evidence tends to support it

The responses of the cortical auditor} area liave

been most extensn el} studied in the cat In this

species and m the dog the area i« located on the

tcmporo-paiietal surface of the hemisphere It is

bounded on three sides by the supras} Inan sulcus

and extends ventrally almost to the rhinal fissure

On the basis of anatomical and clectroph}-sio-

logical data, as well as behavioral studies before

and after cortical ablations, the six subdivisions

shown m figure 77 15 have been delimited AI

receives the major projection of the medial

gcmculate body (pars principalis), and it is from

this area that "onset responses ' to clicks and

pure tones are most easil} recorded m anesthe-

tized animals Accordmg to Tunturi s experiments

m the dog, using str}chnine to sensitize 1 mm®
areas of the cortex, subdivision AI shows a tono-

topic organization Indivndual tones activ ate

narrow bands of cortex 8 mm long with the

lower frequencies represented more caudally and

the higher frequencies more rostralh A weak

suprathre^bold tone pre<ented to the contra
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Fio 77 14 Response areas of four neuroos iq the cochlear nucleus of the cm Each neuron baa a
specific frequency at which a minimal acoustic enersy is required to excite it Each responds also to
loner frequencies at higher intensity, but shows a sharp cut off for higher frequencies, in accordance
with the pattern of vibration of the basilar membrane described by B^k^sy (Prom Galambos and Davis,
J Neurophysiol , 6, 1943, 1930 )

Fio 77 15 The cortical auditory areas of the

cat os described by various authors Al and All,
first and second auditory areas, EP, posteriorecto
syJvisnarea, SII, secoDdeomsticares, IJV, insular

region, TE, temporal area (Reproduced by per
mission from H W Ades in Ilandbaak of Ph}/»t

oloff!/. Section I Neurophysiology, Vol 1, Amen
can Physiological Society, Inc , 1959

lateral ear activates the entire band The same

tone presented to the ip«ilateral ear actn ates only

the dorsal portion of the band, but as the m

tensity is increased more and more of the band is

actuated Thus it would appear that pitch alone

IS represented in the contralateral cortex, but

pitch and loudness are both represented in the

ipsilateral cortex A roughly similar tonotopic

oi^tuzation in the cat was re% ealed by the studira

of Woolsej and alzl, who stimulated nerve fibers

at xarious points m Uie osseous spual lamina of

the cochlea and recorded the responses from the

cortex On the other hand, single unit studies with

microel«:tfodes haxe re\ ealed that relati\-ely few

cortical units respond selectn ely to tones, whereas

more respond to noise and clicks only Galambos
has recently reported single umts which appear to

be sensitne to auditory stimuli only when a cat

“pays attention" to the sound source

The auditory cortex is not necessary, in the

cat at least, for learnmg responses to tones or for

discrimuiation betw een tones It is requircwl, how-

ever, for the recognition of simple auditory

patterns, such as the difference between two dif-

ferent sequences of three tones each, the first

hi^iAou! hi^hy and the second loio-ht^h-loio This
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tJTK: of (iLscrinunation depends upon the

ritj of the in®uUr (IX) and temporal (TE) areas

(Diamond and XefI)

ACDITORT LOaiUZATION IN THE COIITEN Both

cars are represented about cquallj in the right

and left auditory patlnvaj-s, tliajiks to the trape

zoid liber crossing in the medulla, and to other

intercommunications m the midhram and corpus

callosum A sound applied to either ear alone

c\okcs equal electrical responses m both cortices

On the other hand, nhen a Round is presented to

both cars simiiltaneou«lj, Die responses of the

two sides are equal onlj if the sound is in the

methan plane Aa the source is mo\e<l to one siile

of the head, the response of the contralateral

corlcK becomes greater, and that of tlie ipsilateral

cortc'c lees (Boeenzneig) In spite of this tmpor

tant cortical correlate, auditory localization per

eibts after bilateral destruction of the auditor}

areas

Summaming our stdl unsatisfactorj knowledge

of the auditon functions of the central neraous

aj'stein, ire may saj tliat the rather broad fre*

quency analysts performed b} the lodilea is

Bharponed in the cochh ar nucleus, where mforma
tion coneermng place of stimulation along the

basilar membrane an<l frequenev of stimubtion

ts procirssed Affhougfi a more or pemC-to-

point projection of tlie cochlea at aanous levels

seems to lie the rule, the frcqucnc} sensitiv e units

become proportionatclj fewer and more sharplv

tuned, whereas more and more units appear which

have other functions

Loudness has long Iieen assumed to be corre

lated with the rate of di«charge id imlividual

fibers of the auditor) none and with the total

number of fibers discharging At the same tune,

according to the voUej principle, the rate of dis-

charge Signals the frequenej for low tones To
re«ol\ e this apparent conflict, the suggestion has

been made that loudness is not a simple function

of the total number of impulses per second, and

that the inner hair cells, nith their higher thresh

olds, ma) make a significant!) greater contnbu

tion to loudness than the more sensitive outer

hair cells How loudne«s is mediated in the central

ner\ ous sj stem is still quite unknow n One of the

few hints that we have comes from the studies

of Bremer on the enc^phale tsoU in the unanestbe-

tized cat In this preparation a sustamed activa

tion of area AI occurs in response to tones Kais

mg the intcnsit) of stimulation causes an mcrease

in the frequenci of the rhj thmical cortical dis

chaise

Thus far no auditor) function has lieen found

to have an exclusnch cortical representation m
animals cveept the discrimination of tonal pat

toms Tins fact does not in an) wa) call into

question the importance of the auditor) cortical

areas It does suggest that the experimental ques-

tions which wc have been asking of the cortex

ma\ have been too simple

IIEFCUCNCCS

BftEUOR F Asn Dow, R S J Neuroph)aiol
,

1935, 2, 30S
Bjiimeji, F ,

Bonnet V anu T£R2 Loi.o, C Arch
intcrnat de ph> siol 193i f)2, 390

Davis H L«^^ngoscope, 1158 68,359
DeaorsHiRi. A J anoDwis II 4nj J Pbjsiol

,

1935 113,476
Diamond I T anuNeff tt D J Neurophysiol

,

1957 20. 300

CauLKAR S D ,
Rose, J E and Davies P

Bull Johns Hopkins Hosp 1956 99, 55

Galamsos R and Da> is H J Veuropbisiol
,

1913, 6, 39

Galambos, R and Davis H J Neuroph)aioI
,

1944 T.2S7
Neff \\ D Fisher J F Dujiosd I T and
\ela, M J Neuroph>8iol 1956,19, 500

Rosevzulio M R j Comp «l.Ph)sioi Paicbol

,

1954, 47, 2C9
Rltiieriord, J Anat and Ph)siol 18S6 21,

166

Sstt. L J AND Davis, H Tr Am Otol *<00
,

1932,22, 137

Siv/AN, L J AND TViiirfi, S D J Aeoust Soc
Am ,

1933 4 . 2S8
Tasaki, I J Seurophjsiol , 1954, 17 , 97

Tasaki, I, Davis H and Cldbedce D H J
Acoust Soc Am 1954 , 26, 765

TbOgeb, J Ph\8 Ztschr,1930 51,26
TtATDBi, A R Am J Phjsiol 1950 160,395
voNBfeB^SY, G Akus 2,1941,6,1
voNBfeifisT, G J Acoust Soc Am ,

1947 19,452
voNBfsfiST, G J Acoust koc Am 1949 21,245
VON B6k£st, G j Acoust Soc Am , 19o2 24, 72

VON B£.k£st, G Acta oto-laryng
,
1952 42, 197

VON B£k£st, G Ann Otol , Rbin A. Lar)rg,
1954, 63. 44S

VON B£k£st, G Science 1956, 123 , 779

IVALZI, E M AND ttoOLSET, C N Bull Johns
Hopiuna Hosp , 1946, 79, 309

tVEVEB, E G AND Bray, C W Science, 1930, 71,

215
\\ iBNER, F M AND Ross, D A J Acousl Soc
Am . 1946 18. 401

ttiGGERs, H C Am J Phjsiol , 1937, 120, 771

WOOESET, C X AND tVALSL, E M Bull JohOS
H^kioa Hosp

,
1942, 71, 315

Monographs and Rttnevs

Ades. H W In Handbook of ph)aJo)ogy, V'ol I,

Section 1 EditedbyJ Field, H Magounand



1448 THE SPECIAL SEXSES SecUon IX

V E Hall American Physiological Society,

\Vashington, D C ,
1959

Dams, H Phjsiological Heviews, 1957, 37,

1

Davis, H In Handbook of physiology, Vol I,

Section 1 Edited by 3 Field, H W Magoun and
V E Hall Amencan Physiological Society,

Washington D C
,
1959

Davis, H and Silverman 8 H (Editors) Hear
\ng and Deafness Revised ed

,
Holt, Rinehart

and Wilson, Inc ,
1960

Galawbos, R Physiological Reviews, 1951, 31,

497

GBirriN D R Listening m the dark Yale Uni

versitj Press New Haven, 1958

HtLiinoLTZ, II L F On the sensations of tone as

a physiological basis for the theory of music

Ed 4 (1877), translated by A J Ellis, 1SS5 Re
printed Dover Publications, Inc New York,
1954

Stetevs, S S and Davis, H Hearing Its pay
chology and physiology John Wiley and Sons,
Inc New York, 1933

VON BfisfisT, G Evpenments in hearing Trans
lated and edited by E G Wever McGraw Hill

Book Company, Inc , New York, 1960

VOS B£k£st, G and Rosenblith W In Hand
book of experimental psychology Edited by S
S Stevens John Wiley and Sons, Inc

,
New

York, 1951

Wersall R The tympanic muscles and their re

flexes Acta Otolaryngologies, Suppl 139 Stock
holm. 19SS

Wever, E G Theorj of heanng John Wiley and
Sons, Inc

,
New York, 1949



78
THE MEASUUEMEIST OF AUDITORY SENSATION:

DEAFNESS

Audiowfiry

Pure tones In the prc\ lous chapter the mcas
urement of the absolute tlireshold of hcarinf; ftas

discuescd, i e
,
the smallest amount of acoustical

energy that the car can detect nhen pure tones

of \anoua frequencies are presented in quiet eur

roundmgs vVn adaptation of this type of measure

ment 13 most commonly used in the chnic The
basic instrument, the audiometer, la an electro

acoustic device consisting of an oscillator, an

amphfier, an attenuator for controlling intensity,

and an earphone Its frequency range usuallj ex

tends from 125 to 8000 c p^ ,
in discrete steps of

an octave or less whereas its intensity range

coi ers approximately 100 decibels (db) m steps

of 5 db It must be remembered that the “scro-

db’ Iciel of the audiometer is not the same as

the standard reference level of 0 0002 dyne/cro *

Instead, it \ancs from frequency to frequency,

representing the aAeragc normal threshold for

each frequency, as determined in extensive hear

mg surxeys conducted by the TJ S Public Health

Service The present American audiometer stand

ard conesponds closely to the 50 per cent contour

m figure 76 7 It is 10 db higher than the British

and the proposed International Standard, which

correspond closely to the thresholds of normal

joung adults as measured in ideal conditions in

the laboratory

A subject who is just able to detect all of the

frequencies at 0 db is said to have normal bear

ing If he can hear certain frequencies only when
their intensity is mcreased by 30 db, he is said to

have a hearing loss of 30 db at those frequencies

A graph showing the audiometnc thre^old

plotted as a function of frequency is called an

audiogram The shape of the audiogram of a

patient who is liard of hearing gi\ es the otologist

important evidence about the nature of the hear

mg unpamnent (figure 78 I)

Other FOKS« OF AOTiosiETBY VonB^k^has
invented an audiometer which enables the patient

to control the stimulus and at the same tune to

have his audiogram recorded automaticallj So
long tui the patient hears the tone, he presses a

button which causes it to dimmish in mtensity

When the tone disappears below his threshold, he

releases the button and it grovvs again in mtensitj

untd he hears it and presses the button once more
At the same time the frequenej gradually in

creates Tlie recording pen therefore moves up
and down on the intensity «ca!e writing the pa

tient 8 reports of the disappearance and reappear

ance of the tone, and at the same time moves

from left to right oo the frequency scale In this

nay a complete auebogram can be recorded in a

few minutes The sue of the excursions of the

pen also gives an indication of the rate of mcrease

in loudness As shown below , an abnormally rapid

increase m loudness called recruitment is charac

tcnstic of certain forms of senson neural deafness

OSR and BEG audwmetry Two other forms of

audiometry are available for use with very young

children or with patients who cannot understand

or carry out the instructions for routine hearing

tests In one type of test the patient is condi

tioned to expect a mild electric shock whenever

he hears a tone The shock evokes the galvamc

skin response (GSR), a sudden transient change

in the clectncal resistance of the skin and the

tone, as the conditioned stimulus comes to have

the aame effect By recording the skin response

and noting whether a change occurs when tones

are sounded at various levels the operator can

determine the patient’s threshold of hearing In

the BEG test, a change in the electroencephalo-

graphic patternm response to sound, the so-called

electroenccphalic response (EER), which occurs

m %ht sleep, is used as an indication that a given

tone has been heard Both of these tests require

considerable skill in the mterpretation of the

records

Speech axidiometry The frequencies of greatest

importance for the understanding of speech are

those in the middle of the audiometer range If

the hearing for 500, 1000 and 2000 c p s is sig
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Fig 78 1 t Audioeram showing conductive
hearing loss id otosclerosis The brackets repre
sent bone conduction thresholds showing that
cochlear function is normal Broken line shons
improvement of hearing after fenestration (By

E
ermission from TAe /nner Ear by H O Kobrak
opj right 1959 The University ol Chicago Press )

fiords of tnosjUablesequallj stressed (spondees),

each as baseball and railroad Groups of six m ords

are presented at successively Ion er inteasitj levels

in steps of 4 db until the patient can no longer

hear them The intensitj at which he can repeat

half of the words correctlj is taken as hia thresh

old for speech, and the difference between this

value and the average threshold for normal Ils

teners represents his hearing loss for speech

Additional information can be obtained bj the

use of the phonetically balanced (PB) lists of

monosyllabic words In these lists of 50 words

each the various speech sounds occur with ap

proximately the same frequency as m norma!

conversational Engksh Each list is presented at

a uniform intensity and the percentage of words

the patient is able to repeat correctly is his artic

ultttton score His average articulation score for

Db

Fio 78 2 Von B^ki^sy audiogram showing hearing impairment for high frequencies ( nerve
deafness ) caused by dihydrostreptomycio (By permission from L J Itanta Acta Oto laryng buppl
136 Stockholm 1958 )

nificantly impaired, the hearing for speech is also

affected Tlie average hearing loss for these three

frequencies usually gives a reasonablv close esti

mate of the hearing loss for speech

Tlie hearing loss for speech can be measured

directly using phonographic recordings of espe

cially selected test words These mav be familiar

faint (55 db) normal (70 db) and loud (85 db)

conversational speech is a useful measure of liis

abihty to hear in everyday situations Davis has

given it the name Social Adequacy Index (SVI)

For a person with normal hearing the S\T lies

between (M and 100 A score of 33 rep^e!^ents the

lower Umit for "socially adequate hearing
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Patients wnth hearing impairment due to purclj

conductne lesions (sec below) can usually attain

an articulation score of 100 per cent if the apccch

IS made sufTicientlj intense Other patients with

lesions in the end organ or ner\e maj not achieve

a score of Iwtter than CO per rent no matter at

whatintensitj the apccch is presented Thcihffer

ence between this maximum articulation score

and 100 per cent is called the dvscnHunafion has

(Dl») Prom it and the hearing lo'^s for speech the

SAI can be estimated

Bone conductwn awdtoHicfry Sound can lie

transmitted to the cochlea in two wajs b) air

conduction, through the external canal and across

the middle car, and by bone conduction as a result

of xnbrations of the skull Bone conduction fur

nishes a means of testing the mtegritj of the

cochlear meclianism in patients mlh damage to

the middle ear Bdrdny and von Dtfki'sy have

shown that tlicre are in fact two forms of bone

conduction Wien a vibrator is placed on the

forehead, the *kull can move as a rigid body,

especially in response to frequencies below 800

c p B The o«sicles, however, are suapendevt in the

middle car cavity Thej do not move with (he

skull because of their inertia The cochlea and
oval window therefore move with respect to the

atapes, but the result is the «ame as if the foot-

plate of the stapes itself were vibrating Stimula

tion of the cochlea by this means « called tnerfio

bom conduclwn The second form, compressutn

bone ccnduclum, occurs at higher frequencies,

where the skull no longer moves as a rigid body
but vibrates in sections The vibrations are trans

mitted directly to the cochlea As its honj waffs

vibrate and set the fluids in motion the round

window membrane moves more freely than the

stapes in the oval window, and thus the Insilv

membrane is made to vibrate and stimulate the

hair cells

A calibrated bone conduction vibrator is usu

ally furnished with the audiometer The vibrator

IS applied to the mastoid process or to the fore

head Since the vibrations are transmitted to both

inner ears, it is necessary to applj a masking

noise to the ear not being tested m order to avoid

confusion The diagnostic use of bone conduction

audiometrj and the cl issical tuning fork tests are

discussed later in tha chapter

Differevtial thresholds Discrimination, ss

m the understanding of speech, means the recog

nition of differences between sounds in terms of

inteneity, frequency, pattern, etc Considerable

interest has attached to the measurement of the

dxSerenlidl Ihxesholi, also called the diference

limen (DL) or just noficcabfe diiferenee (JND) for

the intcnsitj and frequonc> of pure tones Weber’s

law (1834) states that the increment of a stimulus

that is just noticeable is a constant fraction of the

intensity of the stimulus itself In other words,

for inten8it>, the fraction AJ/1 (or AI in db,

which expresses the ratio) must be a constant if

Weber’s law holds Actuallj the law does hold

reasonably well over a considerable part of the

intcnsit} range, altliough the actual size of AI
vanes with frequency For tones near threshold

AI IS rclativcl> large, but it declines rapidlj to

reach a more or less constant value above a sensa

tion level of 50 db (Sensation level SL means

drabels above threahold ) Thus for a 1000 c p s

tone at 5 db SL, AI is 3 db, whereas at 50 db

SL, it IS only 0 5 db For white noise, AI is less

than 05 db at 20 db SL, and remains almost

constant at least up to 100 db SL,

For frequencies above 1000 c pj at a sensation

level of 40 db or more, the relative DL (Af/f)

remains almost constant at about 0 003 as the

frequenej is increased At 1000 c p s the normal

listener can detect s change of 3 cps, but at

5000 cps he would fail to notice a change of

less than 15 c ps
MASKmo In spite of the abihtj of the ear to

analyze complex tones and separate out mdmd
ual frequencies, weak sounds may be completely

inaudible m the presence of sounds of greater

intensity This familiar phenomenon os called

moslanji White noise is particularly effective m
masking other acoustic stimuli

The degree of masking is measured as the

number of decibels by which the mtensity of the

masked sound must be increased above the quiet

threshold to become just audible m the presence

of the masking noise Fletcher has shown that

when a tone is masked by noise, the frequencies

effective in maskmg it are those lymg m a rela

tivelj narrow band centered about the frequency

of the masked tone Hicse frequencies make up
the eniical band For a tone of 300 cps, the

critical band is about 50 c p s wide, for 2000

cps it is 100 c p B wide, and for 5000 c p s ,
it

IS 600 cps wide Beyond these limits, further

increase in the width of the band of frequencies

docs not increase the degree of masking

The masking of tones by other pure tones has

been extensively studied, but it is compheated by

toe fact that tones close together m frequency

interfere with each other and cause fluctuations

m loudness, or beats, which make the degree of
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TTiffsVing difScult to judge In general, low tones

are much more effective m masking high tones

than vice \ ersa This findmg is m accord with the

patterns of excitation of the basilar membrane

described by Bdk&y, who noted that low tones

affect the whole length of the membrane, whereas

high tones affect only a limited region near the

stapes

Masking by noise is frequently used m climeal

audiometry to “block” the belter car bo that it

will not respond to loud sounds or to bone-con

ducted sound used m testing the worse ear and

thus give a fake result

Loudness Loudness is the psj choic^cal attn

bute of sound most closely associated with the

physical property of intensity Being a subjective

quantitj
,
loudne«3 cannot be specified directly m

terms of phj*sical units, but must bo expressed m
terms of special psychophjsical scales One of

these is the scale of LouHnesi Lciel, w hich is based

upon judgments of equal loudness If the expen

menter takes a tone o! 1000 c p s at 40 db in

tensity level and asks the subject to adjust the

intensity of other frequencies until each is equal

in loudness to the 1000-c p s tone, he obtains an

equal loudness contour The loudness level of the

1000 c p 3 tone is said to be 40 phons, and all

other frequencies on the contour have the same

loudness level We may therefore define the loud

ness level (in p/tons) of any tone as the intensity

level (in db) of the 1000 c p 8 tone which is equal

to it in loudness A set of equal loudness contours

IS shown m figure 78 3 From the spaemg of the

curves it is e\^dent that the loudness level of

low frequency tones grows much faster than that

of medium and high frequency tones

A toudness ccale can also be based on judgments

of loudnesses that are multiples and fractions of a

standard loudness Stevens has set up «uch a scale,

usu^ as a unit the tone, which is defined as the

loudness of a 1000 c p s tone at 40 db intensity

level A tone that sounds twice as loud has a

loudness of 2 soncs, whereas one that sounds one-

half as loud has a loudness of 0 5 sone Stevens

has shown tliat the relationship betw een loudness

m soncs (S) and sound pressure (p) is a simple

power function 5 * ip" * MTien plotted in the

form shown in fig 78 4, this equation gives a

straight line The plot shows that for each m
crea«e of 10 db in sound pressure level the loud

ness is approximately doubled

An abnormallj rapid increase m loudness can

often be demonstrate m cases of unilateral hear

log impairment due to injury or degeneration of
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SOUNO PfiesSURE LEVeu IN OCTAVE BAND
IN 0£Cie£(.S RC 0 0002 MiCROBAR

Fjo 784 LoudnessjasonesforoctavebandsofDOJseasjfunclionof tbesoundprewurelerelof the
bands (By permission from S S Stevens J Acoust Soc Am 28,807-832 1956 )

the organ of Corti If an alternate binaural loud

ness balance la carried out, it is seen that e\cn

though the threshold of the ahaormai ear tnay be
much higher than that of the normal, foudness

increases so rapidly in the abnormal ear that at

higher intensities botli ears bear the same loud

ness when both are stimulated at the same mien
sity level Tins phenomenon is called rccrutfmenl

0/ loudness It is of diagnastic importance in cases

of perceptive deafness (fig 78 5)

Pitch Although ve usually think of pitch as a
function of frequency only, Stevens has shown
that pitch can change with intensity For fre-

quencies below 1000 c p s
,
pitch decreases as la

tensity IS increased, whereas for tones above SKW
c p s pitch mcreases with intensity For tones m
the middle range, slight clianges may occur m
either direction, depending upon the intensity

level

Ste^en3 and Volkmann have established a nu
Clerical scale of pitch by a fractionation method
similar to that used for the scale of loudness The
unit of pitch IS called the mel A ptch of 1000

mcls IS assigned to a 1000-c p s tone, a pitch of

SOO mcls to the tone which sounds one half as

high in pitch, and so on Pitch uitenals 50 mels

wvi<i •Miu.nd to the. ear to ha ecvial xn. suhi,ectwe

extent ft maj be noted that there is close agree-

ment between the width in c} cles of the SO-mel

pitch intervals and the width of the critical bands

which are effectixe m masking pure tones

The same frequency docs not necessarily pro-

duce the same sensation of pitch m both ears In

Cases where a umlateral partial loss of hearmg has

occurred as a result of localued damage to the

organ of Corti, a tone maj sound higher m pitch

in the abnormal than m the normal ear This

sensation of false pitch of which the patient is

usually unaware, is called diplacusts A small dif

ference m tuning can sometimes be demonstrated

even in “normal ’ ears

Localization Judgment of the direction from

which a sound is commg demands the use of both

Cars The unportant cues are differences in time

of amval (or phase) m the case of frequencies

below 1200 to 1400 cps , and differences in in

tensity m the case of higher frequencies TVTicn

two tone differmg onlj in intensity are led sep
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aratelj to each ear of an observer, he w Ui localize

the source on the side of greatest intensitj If the

tones differ only in phase, he tends to localize it

on the side of the leading phase A sound nhiidi

arrives simultaneously at the tivo ears and b
equally loud in both is localized m the median

plane Slight head movements producing changes

in these mteraural differences are also important

in localizing the source I\’]th earphone**, the

source is judged to be in the center of the head

if the sounds they produce at the two cars are

sjTichronous and of equal intensity If the sound

m one earphone is made slightlj more intense or

IS advanced slightly in phase, the source seems to

move toward that side of the head

Deafvess Any abnormal condition or disease

which interferes wath the conduction of sound to

the inner ear, with the settmg up of nerve im
pulses m the cochlea, or with their transmission

to the appropriate levels of the nervous system

can cause an impau-ment of hearing The otologist

distinguishes between ccnduclite deafnett, caused

b> interference with the passage of sound waves

through the external and middle ear, and ieiuon

neural {nerve) deoSnena, caused bi damage to the

cochlear mechanism or to the auditory nene
Cenlral deafneaa m\ olvmg the auditory pathwa>’8

of the nervous sjstem, is also recognized Con
ducltie deafness has man> causes One of the

commonest of these is an accumulation of hard

dry wax in the external canal Fortunately, it is

a condition that can easily be corrected The
tvmpamc membrane it«elf may be altered by dis

ease remlting either in ‘hardenmg of the ear-

drum’ vnth fibrous and calcareous deposits, or m
a perforation The effect of a perforation upon
beanng depends upon its position and size, but it

usually involves the low frequenaes Stiffening

or mtemiption of the ossicular chain by destruc-

tion of an ossicle can occur m chrome otitis media

The hearing loss may amount to 30 db or more,

when the drum membrane, malleus and incus arc

absent, it may be as great os 65 db

Otosclerosis (or otospongvms) is a localized dis-

ease of the Ixjny capsule of the labyTinth and a

common cau^e of conductive deafness It involves

destruction of bone m the neighborhood of the

windows and replacement by new bone, which

may be deposited around the stapes footplate m
such a way as to mterfere with its motion and

ultimately to fix it m the oval window The m
creasmg stiffness causes a progressive loss of hear-

ing for the low frequencies, usually beginning

between puberty and the early thirties Later the

HEARIN6 Leva, (db) RIGHT EAR

Fig 78 6 Binaural loudness matching Curve
A represents two normal cars m which the same
heanne level in the right ear asm the left produces
equal loudness Curve B represents a right ear
with a neural impairment snowing recruitment
matched against a normal left ear The right ear
requires a 40 db greater hennng level at threshold
but the loudness increases more rapidly with in
tensity than in the normal ear so that a tone at
80 db sounds equally loud to both ears Curve C
shows a right ear with a 40 db conductive impair
ment The loudness increases at the same rate as
in the normal left ear (By permission from The
jl/easurCTient of Heanng by i J ilirsh Copyright
I9a2 McGraw Hill Book Company, Inc, Sew
kork )

high frequencies may be affected by pathological

changes in the cochlea itself

In recent years, two surgical procedures have
been perfected for the restoration of hearing m
otosclerosis One is Lempert’s fenestratwn opera

tion, m which a new window is made between the

middle car and the lateral Bemicircuiar canal In

this way the immobile ossicular cham is bypassed,

and sound is once more permitted to reach the

inner ear no the round window and the new
"oval window ’’ The Bccond procedure is that of

stapes moliheation, developed by Ilo«en In this

operation the ankylo^ed margins of the footplate

are cut through with fine picks or chisels The
operation is performed under local anesthesia,

and the restoration of hearing is sometimes dra

matically sudden A Bcnous problem in the de

vclopment of both operations has been the tend

enqy of deafness to recur with closure of the

fenestra or re-ankylosis of the footplate An ct

ample of otosclerotie deafness and the improve

ment in hearmg after fenestration is shown in

figure 76 1

Tympanoplasty, the surgical reconstruction of

the sound conducting sy stem, is another example
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of middle car surgerj It maj be recommended

m eases irhere tlie midtlle ear metjianism has been

damaged bj chronic otitis media The operation

must ncce^ssanb take \nrious forms, depending

upon the degree of injurj found In somt. cases a

single ossicle between the drum and the o\al

Window, resembling the aMan cohimtlla, is sub-

stituted for tlie defeclu c O’^icutar chun
In all tj-pea of conductive deafness, the amphfi

cation pronded bj an electronic hearing a«l ma3

be of great assistance to the patient The tar

phone is usuallj nisi rted m the external canal,

but m some cases a bone conduction oscillator

placid on the mastoid process maj be preferable

A temporarj con<lucti\c deafness can occur

when the drum membrane is stronglj retracted

(and its stiffness therefore increased) b} a nega

tivo pressure in the middle ear Tins condition is

commonly experienced in aircraft during descents

from altitude Wlien the external pressure exceeds

that in the middle ear, the Eustachian tulie, the

onlj means bj which the two pressures can lie

equalized, remains tightly closed, and tlic weak

dilator muscle at its pharyngeal orifice, the Unsor

veil palatim, is unable to open it Tlie drum mem
brine docs not rupture unlc>is the pressure differ

enco amounts to 100 to 500 mm Hg Usually the

retraction persists for only a sitort time until (he

pressure difference is relieved by reiieatcd swal

lowing, or by making a forccvl expiration with the

nose and mouth closed (Valsalva’s maneuver)

When the tube remains closed for any length

of time, air trapped in the middle ear is gradually

absorbed It the partial pressure of oxygon in the

cavity IS reduced below the level of the hydro-

static pressure in the capillary bed, fluid leaves the

capillaries and enters the middle ear, which may
fill m mmutei Such an accumulation of fluid in

creases the fnction of the system, and thus de

creases the transmission of sound

iSensori neural (ncrie) deafness Deafness due to

interference with the process of excitation to the

cochlea or with the transmission of impukes by

the auditory nerve may be caused m many ways

In its mildest, reversible form it appears as a
temporary threshold shift after exposure to sound

or noise of more than ordinary intensity If the

exposure is very mtense or occurs day after day,

as in a noisy mdustnil situation with sustained

levels in the neighborhood of 100 db, it can re

suit in the permanent unpainncnt called acousiu

trauma Hearing for the upper frequencies is more

affected than for the lower, and a “dip” in the

audiogram at 4000 c p s is a common finding

The reason for the special vulnerability of this

region of the basilar membrane is unknown
111 tlie temporary nerve deafness after exposure

to a pure tone, the maximum loss is found about
half an octav c abate the frequency of the exposure

tone, but never below it Tins result fits well with

the known shape of the tnvcllmg wave A loss

of 40 to CO db at one or more frequencies is u<ai

ally accompanied by a ringing or sizzling (iiimfus

or subyectnc noiee, presumably representing a
sustained spontaneous discharge of injured hair

cells Recruitment of loudness is present so that

in <pite of the elevation of threshold for certain

frequencies, the loudness of sounds at higher m
tensity may t>c normal Diplacu^is with an up
ward sluft of pitch m the region of the hearing

Io«s can usually be demonstrated (Davis el al)

In animals exposei! to intense tones degenerative

changes are found m the hiir cells of the organ

of Corli The outer hitr celLs are more lusccptible

to such injury than the inner, and the region of

damage is usually localized m the basal half of

the cochlea (Luno ef ol )

Nerve deafness can occur at any age In child

liooil it cm rouJt Irom meningitis, or occasionally

from certain virus infections such as mumps A
form of nerve deafness accompimed by violent

attacks of vertigo is Minieres sijndrome which

occurs mo'st frequently m middle aged persons.

Hearing for the low frequencies is afficted and a

roarmg tinnitus is often present The attacks are

attnbutcxl to an mcrca'od hy drostatic pressure of

the cndolympli Oiydrops), causing a bulging of

the walls of the cochlear duct which has been

demonstrated post mortem Tlie function of the

auditory nerve may also be impaired by the pres-

sure of a tumor in the ccrebello-pontine angle

Fiually, a gradual perceptive loss for the high

frequencies occurs with advancing age and is

calleil preshjcusis

A new hazard to hearing i? found m the anti

biotirs of the etreptomy cm group, especially dihy

i/rostreptomyein, Lanamyctn and neomycin, all of

which can cause profound deafness by their oto-

toxic action Tlie lieanng loss starts with the

highest frequencies and may progrpes even after

antibiotic therapy is discontinued In expen

mental animals, the antibiotics hav c been show n

to cause degeneration of the hair cells and (Ii«ap

peirance of the organ of Corti The electrical

responses are diminished, especially the cochlear

microphonic potential

Bone conduction audiometry plavs an irapor

tant part in the diagno«is of nerve deafness Be
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cause cochlear function is affected, the bone con

duction audiogram shows the same pattern of

loss as that for air conduction In conductive deaf

ness on the other hand, hearing by bone condue

tion may be perfectly normal, in contrast to the

loss shown in the air conduction audiogram The
comparison can also be made in the classical

i?inn^ lest usmg the tumng fork The vibratmg

fork IS first placed on the mastoid process When
the patient reports that he can no longer hear its

tone by bone conduction, it is removed from the

bone and the vibratmg prongs are held up to the

open ear canal The normal ear should then hear

the fork by air conduction and contmue to hear

it for about 45 seconds This "positive” Rinn^

test IS also characteristic of partial nerve deafness

If the fork IS beard longer by bone conduction,

the test 13 negative, and a conductive deafness is

present

In the Sehvahach test, the patient’s bone con

duction hearing is tested against the presumably

normal heanng of the examiner If there is a con

duetive lesion, the patient will be able to hear

the fork longer than the examiner, because the

presence of the lesion excludes masking noise If

a neural lesion is present, the patient will hear the

fork for a shorter time than the examiner The
bone conduction test made with an audiometer

18 essentially similar to the Schwabach test

The occlusion or Bing lest consLsts m placing the

fork on the vertex of the skull and determining

the effect of gently occludmg the canal on the

thresholds for low frequencies If the ear is nor

toa! or nerve deaf, sensation at low frequencies is

increased because the bone conducted sound sets

up vibrations m the air enelo«ed m the canal

which are transmitted to the cochlea and reinforce

the vibrations reachmg it directly If a conductiv e

lesion 13 present, occlusion of the canal has no

effect on the sensation

The Weher test is valuable m the diagno<ti3 of

otosclerosis and highly reliable m spite of the

difficult tiieoretieal problem it has always raised

It consists simply in placing the vibrating fork

on the patient’s head and askmg him to report

m which car he hears it If one ear has a nerve

lesion, the sound will be heard m the opposite,

I e ,
the better ear If, howev er, one car has a fixed

stapes, the sound will be heard m the same, i e

,

m the iforse ear Mao> hj^potheses have been put

forward attempting to explain this paradoxical

result, but none has yet been generally accepted

One of the most attractive is that of Langeobeck,

who has pointed out that onlj compression bone

conduction can be effective m stimulatmg the

cochlea of an ear with a fixed stapes and has

shown how the locvluation of the sound may de*

pend upon a difference in phase between the com
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prcssion bone conducted sound reaching that

cochlea and the inertia bone conducted sound

reaching the other cochlea
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THE SENSES OF TASTE AND SMELL; COMMON
CHEMICAL SENSE

Taste, Gustation

Taste IS a chemical sense, that is to saj, the

receptors (chcmoreceptors) for this «ense respond

adequately to chemical stimuli In order, there

fore, for a 'ubstance to arouse a sensation of taste

it mii«t lie dissohed—either taken in solution or

(Imihed in the sali\a. a solid taken into a per

fcctlj drj mouth is tasteless For this reason the

org tas of taste or latte budt are present onl> upon

a moist surface, being confined to the mouth

region of all air breathing vertebrate*, but maj
be anj where upon the bodj surface of aquatic

forms

The OROAsa or taste The taste hudsof man
are maml) situated on the tongue but a fen are

aUo found in the mucous membrane covering the

palate, fauces, epiglottis and tbe Ur>DX in the

region of the ar)tenoid cartilages Taste buds arc

more widely distributed in children and are es

peciall) plentiful over the anterior part of the

tongue In the adult thej are much fener at the

tip of the tongue and are almost absent from the

middle third In most fishes the skin of the general

bodj surface is plentifully supplied with taste

receptors, and id the catfish and certain other spe

cies of fish thej are contained in the filiform proc

esses kno«n as barbies projecting from the snout

and angles of tbe mouth In insects (flies, bees)

taste receptors ate located at the end of the pro-

boscis antennae or upon the tarsal segments of

the legs

The mucosa of the human tongue is studded

uith large numbers of small elevations—the

linffual popil/ae—caused by projections of the

lamina propria and called secondary papillae The

papillae are of three mam tjpes, filiform, fungi

form and vallate The filiform papillae arc very

minute conical structures covering the antenor

tw 0 thirds or so of the dorsal surface of the longue

Thej are arranged in rows running roughly paral

Icl with the ro«sof vallate papillae The/unpt/urm

papillae are considerabh larger than the preced

ing tj^w, round m shape and situated mainly at

the tip and edges of the tongue The lallale pa

ptllae are much larger and become e*peeislly

prominent po*tenorly where from 6 to 12 are ar

ranged coospuciously in the form of a V with its

limbs open anteriorly A vallate papilla consists

of a central round elevation with perpendicular

sides and surrounded b\ a sulcus, the taste buJ-<

are situated in the muco*i forming tbe walls of

this circular trench The filiform papillae rareh

contains taste buds but each fungiform papilla

usually holds from 8 to 10 embedded m the epi

thelium covering its free surface

A section of a taste bud is shown m figure 70 1

It measures about 70 p long and 50 u broad and

lies with Its long axis perpendicular to the epi

thelial surface It consists of groups of supporting

cells (peripheral supporting cells) shaped some
what like the sections of a musk melon and ar

ranged side bv side to enclose a small oval cham
ber which opens superficially through a circular

gap—the inner faite pore—surrounded by the con

verging ends of the supporting cells The inner

taste pore usually leads into a short canal which
o|>ens in turn through the outer latte pore upon the

surface of the longue The cavity of the taste bud

IS occupied b\ other supporting cells (cenfroi sup
porting celU) in tbe intervals between which the

taste receptors (taste cells) are lodged The taste

cell IS spindle-shaped and provided with a fine

hairlike process which projects through the inner

taste pore into the short canal mentioned above
The taste bud contains a variable number of these

sensory cells usually from 5 to 18 Nerve fibers

after losing their medullary sheaths penetrate

the bud aod arborize upon the surface of the taste

cells

The total number of taste buds vanes widelv

between different species from an estimated 800

in the bat to 33 000 m the ox, there are about

9,000 ID man
The chief nerves of taste are the chorda ii/mpani

branch of the facial nerve and the glossopharyngeal

nene (see fig 79 2) The former nerve supplies

tbe taste buds over the antenor two thirds of the

tongue, the latter is distnbuted to the postenor

third The roiius neri« innervates the taste buds

present on the pharmgeal aspect of the tongue

on the soft palate, epiglottis and the region of the

aQ tcnoid cartilages The Ingeminai nerve mediates

1438
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Fio 79 1 ^ erlic il «cction through a taste hud

common chemical aeo<e (p 14G9) and eensations of

touch, temperature and pressure (common ecoai

biht>) from the entire buccal mucosa, it does not

contain taste fibers Cushing observed, for exam
pie, that rcmoral of the Gassenan (trigeminal)

ganglion did not cause an) permanent lo«3 of taste

Section of the nerves of taste in animals is followed

by degeneration and gradual disappearance of the

ta«te buds Olmsted has shown in experiments

upon the catfish that taste buds reappear upon
regeneration of the nerve fibers The latter evi

deotly exert a formative influence, possibly

through the medium of a chemical substance, upon
the development of the taste organs

The central connections of the nerves of taste

are deecribed in chapters 64 and 66 (see fig 79 2)

The SE^SATIO^s op Taste

There are four simpU, primary or fundamental

tasts

—

sueet, eoitr (oetd), salty and biller Two
others are sometimes added, namelj , alkaline and

niclalfic* Tlie various other tastes whidi we cx

‘ Opimons differ as to the nature of these two
sensations, most imestigators contending that
the former is a compound sensation, resulting
from the excitation of several tjT^s of end organs,
including tho^e for sweetness and for touch Sun
ilarly, the metallic taste caused by the salts of

hcav) metals, copper silver, mercury, etc
,
is be

heved to be a complex of sour and sweet Some
maintain indeed that it is due chieflj to the stim

penence are (a) blends of two or more of the pn
mary «cnsation3 or G>) combinations of the latter

with sensations aroused bv the stimulation of the

nerves of common sensibilitj For example, ginger

IS rcco^iired not ool) bj its taste (i e
,
through

impulses from the taste buds), but also by the

burmog sensation caused by the atcitahon of the

ordmarj sensorj nencsofthe mouth and also, we
ma> add, bj its odor Manj other substances,

such as fats and oils and pungent condiments,

arc "felt” as well ns tasted

Manj of the finer flavors are in reality sensa

tions of smell, and olfaction enters very largely

mto many of the sensations which we generally

class as tastes For this rea'on when the no«e is

held or the nasal passages blocked, as during a

common cold, the sense of taste is blunted It

may then be impossible if two bland foods are

of the same consistency to distmgmsh between

them, thus an apple and a pear, or a turmp and a

potato, taste pretty much alike On the other

band, certain substances which we think that we

detect by smell are actually tasted The sweetish

smell of chloroform is an example, the vapor

reaches the taste buds m the mspired air

The four pnmary gustatory sensations are cot

aroused with equal mtensity ov er all parts of the

tongue Apparently there is a functionally dis

tmet type of receptor for each primary taste, and

the distribution of each ty^ie is not uniform over

the lingual mucosa End organs sensitive to sweet

and salty materials are most plentiful at the tip,

those responsn-e to acid are distributed mamly
along the margins, whereas those aroused by bit-

ter substances are towards the ba^e of the tongue

and in the region of the epiglottis The«e facts are

recognized generally in practice, for one would no

more think of sipping beer than he would of gulp-

ing a gla&s of wme, and a child prefers to hek

rather than munch a stick of candy The taste

receptors adapt rather rapidly, for this reason

food which ire enyoy is mov ed o> cr the surfaces of

the tongue and mouth and brought into contact

contmually with fresh receptors Some substances

stimulate two tyiies of taste bud For example,

sodium talicylale, rhamnose and pco’clrom-lienzoK

mtjinvie, a substance related to saccharine, gn e

a sweet taste when applied to the tip of the tongue

but wlien straUowed, and thus brought into con

tact with the vallate papillae, taste bitter Ortho

leneyl hemoate, on the other hand, gives a bitter

followed by a sweet taste JfiUTnestum and sodium

Illation of olfactory receptors Stimulation of the
tongue by an cJectnc current causes a metallic
taste



14G0 THE SPECUL SENSES Section IX

sulfates arc «alt3 bitter, causing a saltj taste at

the tip of the tongue and a bitter taste at the base

tMien the papillae are axplored mdivi(luali3 with

different sapid substances it ls found that the

filiform tjpe are insensitive Of the fungiform

papillae, some respond to both sweet and saltj

compounds others to acid and sweet and others

again to bitter and acid A few respond to all four

tjpes of stmiulus These results indicate the

existence of functionalh distinct tjpes of taste

receptors and that different tjpea are present in

the same fungiform papilla Only taste buds

responsne to bitter substances arc present in the

\allate papillae (fig 79 3)

Theeen«cof taste maj be aroused hj aulwtances

reaching the taste buds in the blood stream Thus
the intravenous injection ol tustamine causes a
metallic taste ^lucinum a sweet taste and in

jaundice a bitter taste may be cxpenenced as a

result of the high concentrations of biltar> con

atituents in the blood

Theories of taste perception The results of ex

penments in which action potentials were re

corded from smgle nerve fibers when sapid sub-

stances were applied to tlie tongue strongl>

support the conception of four specific tjpea of

taste receptor Pfaffnun identified three tjpes of

nerve fiber in tlie cat (a) those which respondeti

to acid, (b) those which responded to acid and

salt, and (c) those which responded to acid and
quinine Although fibers responsne to sweetness

were not found b> this investigator, others using

an improved method have obtained responses

with sucrose No difference was observed m the

character of the impulses which might serve to

distinguish the tj pc of stimulus cmplo>e<l Such a
finding is in accord wath what we know of other

sense organs, namely, tliat the quality of sensa

tion is determined by the central connections of

the nerve fiber, i e upon the part of the brain

where the impulses set up in the receptor organ

by an adequate stimulus, arc delivered

It IS quite evudent that stimulation of the dif

ferent tj^pes of receptor in suitable proportions

accompanied bj the excitation of nongustatoiy

nerves of the lingual and oral mucosa as well as

of the olfactorj receptors, could account for the

wide range of taste sensations that are cxperi

enced

The mechanism through which the taste reecp

tor IS stimulated, and an impulse set up in the

nerve fiber is unknown but a theory has been pro

po'ied based upon the inhibition of enzyme ays

terns m the taste cells by the sapid substance

ouriic, for example found m various mammala

a relatively high concentration of alkaline phos

^patase in the epithelium ovcrlving^ the taste

buds and El Baradi and Bourne have demon
eiraled that a 0 03 per cent ceneentration of

Ytmillin strongly inhibits the action of this en

zyme Also a simple esterase is present m the

taste buds in fairly high cooceotration, it is in

hibited by quinine but not by salt or sugar

Discrimination of differences in intensities of

stimuIalioD IS relatively crude for taste and smell

In order for a change to be produced in either of

these eensations the intensity of stimulation roust

alter by about 30 per cent whereas the eyo can

detect a change in illumination of 1 per cent and

tho ear a change in sound intensity of 10 per cent

Taste sE^s4Tlo^s and chevhcal co\«rnTO

Tjov The sireet taste is associated predominantly

with organic compounds, especially the suyars

(e g , sucrose, maltose glucose, etc ) certain

piftysacchandes, trfyeeroi and other alcohols, al

dehydes and ketones of the aliphatic senes, and

tacchanne, duleine and chloroform But certain

inorganic substances, such as lead aeetaie (sugar of

lead) and alkalis m high dilution are also sweet to

the taste

Substances which arouse an acid or a salty taste

arc always electrolytes, but bitter or sweet sub-

stances may be either electrolytes or nonclec

tfolytes

Several attempts have been made to relate the

sWeet taste to chemical constitution Oertly and

Mycra, for example, from a study of a large num
of sweet organic compounds have proposed

the theory that every sweet molecule contains

tifo particular types of radical or an atom upon

which the sweet taste depends One of these they

caff a glucophore the other an auxogluc A giueo

phore makes a given compound a potential taste

stuff, if It IS bound to an auxogluc a sweet com

pound IS produced Some six glucophores and nine

Boxoglucs have been identified, four of each are

listed in the following tabic
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0) -co-cnon-(H) (i) n
(2) CO,U CIIMU— (2) CHjCn,
(3) CII OH CHOH— (3) CHjOH
(^) CH ONO:- (-1) CHiOH CHOn

Thus the hexoses coatnin the glucophore (1) and
tho auxogluc (4), ghcerol the glucophore (2) and

the auxogluc (3), and ammo acetic acid the glu

cophore (2) and the auxogluc (1)

The saftr/ taste 13 evokcil primarilj bx inorganic

compounds, notabl} thcehlondca of sodium, polos

Slum, magnesium, ammonium and ItUttum, bj

certain sulfates, bromides and iodides and b> so-

dium and potassium nitrates The saline taste of

such compounds is attributed to the anions (Cl,

anh'^tt)j), a conihusion amirh a'l^rom

a comparison of their tastes when in high dilution

with that of an equallj weak solution of sodium

acetate For example, a 004 molar solution of

XaCl, of KCl or of LiCl has a shghtlj saltx taste,

whereas sodium acetate m equal or somewhat
lower dilution >a tasteless or at least is not saltj

Similarlj sodium bromide, iodide or nitrate loses

lb) Ealmc taste at a much higher dilution than does

the acetate Of tho halogens the dilution at nhieh

theMlti taste b^ust perceptible is highest for tho

chloride, next for the bromide and lowest for the

iodide ion The saline taste is not cooTined to m
organic compounds Certain organic compounds,

such as the hydrochlorides of monomelhylamineand

dietfi^famine al o possess this property

The sour taste is produced b> acids or acid «alts

It !:» general!) agr^ that tiie effcctixe agent is

the hjdrogen loa Tins statement would seem

to be contradicted b) the fact that solutions of

certam organic acids such as acetic, tartanc,

citnc, etc are more acid to the taste than a solu

tion of a mmcral acid haxung a con«ideraM)

greater h) drogen ion concentration For example,

the a id taste of a solution of acetic acid is about

equal to one of HCI ina dilution one third as great

F et os compared with the latter solution, the solu-

tion of HCI, since tlus acid is higbl) dissociated,

IS from four to fixe times as great The greater

effectiveness of acetic acid for a gixen H ion con

centration is attributed to its greater power of

penetrating the tissues and therefore to its

greater effcctixeness in raising the hx drogen ion

concentration watlim the taste buds The aslnn-

genl taste is attnbuted to acid in ver) high dilu

tion, that IS, to a great!) attenuated «ensation of

sourness

The bitter taste, like sweetness, is associated

chiefl) xnth orgamc compounds especial!) the

aUdloids (quinine, strychnine, morphine, etc') and

certain glucosides Pune acid, dejlromannose and
itfe salts arc among the other bitter organic com
pounds Of inorganic substances witli a bitter

taste arc rnognesium, ammonium, and calcium

sails The bitterness of these salts is due to the

cation X slight change in the chemical constitu

tion of a substance often alters its taste from bit-

ter to sweet Saccharine, for example, is intenseJx

sweet, but some of its dcnxatixes are bitter, dul-

cm IS «some 500 times sweeter than cane sugar

)ct phenyfthwcarbarnid'’, m which one ox)gea

atom in the dulcm molecule is replaced b) a

«ulfur atom, is bitter to most persons Phenxl

thiocarbaimdc is peculiar m that to 3 persons out

of 10 It IS tastclc«s The taste deficiency (“taste

blindness”) in respect to this substance is lieredi

fciry, being transmitted as a Mendehan recessive

Man) organic compounda baxmg a bitter taste

contam NOt groups If the molecule contains two

such ^ups the compound is usuall)
,
atlthough

not necessanl), bitter, if tliree are present it is

imanabl) so

Inadequxtb aniiDLi Of agents other than

chemical which are capable of cxoking a «en-a

tion of taate, b) far the most effective is tho

electrical current Electrical stimulation b\ means
of the constant current using a pair of electrodes

placed upon the tongue causes, upon breaking

the current, a metallic taste which persists for

a little lime If one electrode is placed id con

tact with tlie surfsce of (he tongue and the other

upon some indifferent part of the bod> a con
slant current during its passage causes an acid

or alkaline taste, depending upon the direction

of the current If the lingual electrode is the

anode an acid taste is experienced whereas if

the cathode is the stimulating electrode the taste

IS alkabne Two factors apparent!), arc con

cemed in the production of the acid or alkaline

taste, namel)
,
direct electrical stimulation of the

taste cells and the production of H and OH ions

at the anode and cathode, respective!) as a re

suit of electrol)'sis of the buccal fluids That
a gustatory response can be produced by direct

electrical stimulation is evident from the fact

that It IS more readil) aroused by a rapidl) al

temating current which has no appreciable elec

trolytie action, than by a direct current Further
more, when two persons are connected each to

a pole of a batter) and the circuit completed b)

bringing the lips of their tongues together, the)

experience different taste sensations one acid the

other alkaline Isow the two sets of taste buds
must be exposed to the action of the same ions,

the only condition of the experiment which is

different iQ respect to the taste organs of the

two persons is itic hirecUon dl fhe current Toe
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electrical taste evoked by a constant current is

a rather complex sensation and cannot be de

scribed as purely acid or alkaline in quality It

frequently has a bitter metallic component nhich,

as mentioned above, is usually the only taste

caused by a single break shock Very probably

electrolytic products as veil as the direct sbmu
lating effect of the current are responsible for

evoking the complex response The gustatory sen

sation caused by a single shock is apparently due
purel> to direct electrical stimulation, since a

current of such bnef duration would not have

any electroljtic action

Thermal and mechanical types of stimulation

may arouse faint sensations of taste but, as a

rule, are ineffective

Tkreskoldj of the pnmary taste eensatuma Mini-

mum concentrations of the four mam groups of

sapid substances n hich will e\ oke the correspond

mg sensations are given m table 79 1

An:ER TASTE AND TASTF CONTRASTS The sense

of taste exhibits phenomena analogous to posi-

t j%T3 after images and auccessn e and simultaneous

contrast, vhich have been described for vision

(pp 1341,1372) Itisafamiliarexpenencethatthe

tastes of certain substances (e g ,
qumiDe) “cling”

to the tongue But it is unlikely that the persistent

taste IS a true after sensation comparable with an
after image, it is most probably due simply to the

continued action of the stunulating agent which,

having entered the taste pore, is removed with

difBcultj by the saliva or even by rinsing the

mouth with water On the contrary
,
the metallic

taste which outlasts a single break shock is m all

likelihood an example of the persistence of sensa

tion

Several observationa exemplifying svcceeeiie

contrast can be cited A sweet taste is enhanced

by a preceding salt or bitter taste and nee versa la

the same way sour and sweet tastes intensify one
another Even distilled water tastes sweet after

nnsing the mouth v ith a weak solution of sulfuric

acid, and lemon }uice seems much more acid fol

lowing a sweet stimulus Other examples which

should probably be placed under the heading of

successive contrast are the sweet taste which js

experienced upon smoking a cigar or cigarette

after v ashing out the mouth with a weak solution

of copper sulfate, and the bitter taste caused by
smoking if the bongue or buccal mucosa has

been treated with a solution of silver nitrate

Simultaneous contrast is also demonstrable For
example, if one border of the tongue is rubbed

with salt the sensitivity of the opposite border

to a sweet stimulus is increased This contrast

effect must, of course, be of cerebral origin Salt

and acid also show simultaneous contrast, but

TABLE 79 1

Scosstioa uid subsUoce
1

COnctidtraton

Siccet cane sugar 1 part in 200

dulcm 1 part in 100,200

a autialdoxine

perillaldehyde 1 part in COO 000

Sally, sodium chtonde 1 part in 400

Acid, hydrochloric 1 part ID 15 000

BtlUr, qumme 1 part in 2,000 000

strychnine 1 part ID 2,500,000

the phenomenon cannot be demonstrated for the

bitter taste

The effects of drugs ujion taste Certain drugs

have a selective action upon the taste sensations,

abolishing some while leaving others unaffected

For example, after the application of a decoction

of the leaves of Gymnema syheslre to the tongue,

sweet and bitter substances cannot be tasted,

but saline and acid tastes are retained, and are

only slightly if at all depressed Stoiatne acts

similarly to Gymnema but is less effective Cocaine

abolishes all taste as well as common sensibility,

the several sensations disappearing in the follow

ing order, pam, bitter, sweet, saline, acid and
touch

Smell, OlefacUon

The oLrACTORT EmHELimi The mucous
membrane lining the greater part of the nasal

cavity has no true olfactory function The ol

factory receptors are confined to the nasal

mucosa over a relatively small region—the of

factory area This area comprises, on each side,

the walls of a narrow niche (fig 79 4) formed by

the supenor nasal concha, the upper part of the

septum and the roof of the nose (cribriform plate

of the ethmoid bone) The olfactory epithelium

differs both in its gross appearance and histo

logically from the rest of the nasal mucosa It

13 yellowish or brownish yellow m color, its total

area, i e on both sides of the nose, is about

500 square millimeters *

* The vomeronasal organ (organ of Jacobson)
IS a short tubular structure which, although well
developed m certain loner vertebrates, is rudi
raeutary in primates It can be identified in a
vestigial form in infants but, although it may
persist throughout life, it is commonly absent in

the adult When present it is situated in the
lower anterior part of the nasal septum and opens
into the cavity of the nose by a minute pore o
short distance within the external nares In the
dog and cat it receives both olfactory and tn
geminal fibers and contains epithelium similar
to that of the olfactory area The function of the
voiueronosal organ la not known with certainty
but Its general structure and innervation suggest
very strongly that it is a subsidiary olfactory
sense organ
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Flo 70 ‘I (.Upper) sagittal t-ectian through
skull to show position of olfactory area (b), (o)
frontal bone, (c) nasal conebae (Lower) coronal
eeciMct tisnugte th^ itseal csfrtfw cevstet gal
he, (b) olfactory area, (c) nasal conchae, (d)
maxillary sinus, (e) nasal septum

The olfactor> epithelium is composed of three

types of cel! (a) supporting cells, (b) basal cells

and (c) bipolar nerve cells The eupparftng cells

are of a very high columnar tyiie with largo oval

nuclei Superficially, they form a continuous cpi

thelial surface, except for small round gaps be
tween them through which the olfactory vesicles

With their tufts of hairs project (see below) Their

tytoplasm contains granules of a golden brown
pigment to which the color of the olfactory epi

thelium IS due Proximalh, the supporting cell

tapers into a long slender process which extends

as far as the lamina propria (fig 79 5) The basal

reffs are sejuat conical structures w hich extend for

only a short distance above the lamina ptopm
They are believed to develop into supporting cells,

thus serving as a reserve from which the latter

when destroyed can be replaced

The bxpolar nene cells are the essential olfoe

lory «en«e organs Their two processes arise from
opposite poles of the fusiform cell body, the den
dnte from its superficial and the axon from its

deep aspect The dendnle is a long straight and
relatively btout cylindrical process It extends

lo the epithelial surface and projecting through
one of the gaps between the supporting cells,

expands slightly to form the cljaetory leticle The
latter contains from six to eight granules eich

of which gives rise to a hairlike protopla‘«mic

process The axon of the bipolar cell proceeds cen

tratiy from the deep aspect of the perikaryon

and after traversing the lamina propria joins

with the central processes of neighboring cells

lo form some 20 nerve strands—tlie^lo olSaclorta

or olfactory nertes The latter ascend m grooves

m the ethmoid bone anJ entering the skull

through perforations in the cribriform plate end

within the olfactory ((be (bulb) in a tuft of deli

cate filaments which synapse with dendrites of

the mitral cells (fig 79 5) The synapses form

conspicuous spherical structures called the ol

/actor]/ glomerxili The axons of the mitral cells

constitute the olfactory tract Most of the fibers

of the latter are continued into the lateral of

factory stria which convej's the impul cs to the

cortical center for smell (ch C7) The olfactory

nerves are nonmcdullated hut possess a neiiri

lemma The lamina proprm of the olfactory mu
cous membrane contains glands of the tubiilo

alveolar lypc—the glands o/Bouman Tliej secrete

a serous fluid which bathes the epithelial surface,

thus providing a sohent for odorous matenaN

Pio 79 5 Le/t, diagram ehoivirig olfactory epi
thelium and connections of olfactory nerve faliers

1, olfactory tract, 2 mitral cells 3 glomeruli,
4 cribriform plate 5 olfactory nerves 6 olfac
tory epithelium Jiiffbl enlarged drawing of cells,

B basal cell, U olfactory receptory cell, S, sup
porting celt
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The fluid 13 delivered by fine duets which take

a perpendicular course to the surface

It will at once be recognized from the fore

going descnption that the end organs of smell

differ from those of any other sense in that the

cell body of the pnmary neuron is situated in

the peripheral organ itself and is stimulated di

rectly without the intervention of a specialized

receptor cell No other sensory mechanism pos

aesses both these features Although the primary

neuron of the visual pathway is situated m the

retina the stimulus is received bj the rods and

cones pam sensations are subserved by bare

nerve endings the cell bodies of the pain fibers

are located in the posterior root ganglia It is

also Important to remember that here as nowhere

else the nervous system is m direct contact with

the external environment The terminations of the

dendntes of the olfactory cells namely the ol

factorj hairs are covered only by a layer of fluid

Furthermore the sheaths of the olfactory nerves

are continuous with the subarachnoid space Ex
perimental work indicates that the olfactory

nerves constitute one pathway through which the

virus of anterior poliomyelitis raa^ reach the cen

tral nervous system Schultz and Gcbhardt have

shown for example that monkey's are protected

against the lotranasal injection of poliomyelitis

virus by a previous section of the olfactory nerves

Intranasal sprays consisting of solutions of zinc

sulfate and other substances have been employed
in monkeys with the purpose of blocking these

channels The encouragement derived from the

success of these experiments m protecting animals

from the disease has led to the trial of similar

measures in poliomjclitis epidemics but unfor

tunately they do not appear to have any value

in reducing the number of cases It is very dif

ficult especially IQ children to bring the solution

into contact with the olfactory epithelium and

this IS probably the reason that reliance cannot

be placed upon mtranasal spraying as a preven

tive The recent experiments of C G Smith are

enlightening The olfactory areas of rats were

treated with a 1 per cent solution of zinc sulfate

and examined histologically at penods of from

2 days to 2 months thereafter In animals so

treated destructive changes amounting even to

sloughing of the entire olfactory epithelium were

found and in all cases the bipolar cells showed

widespread degeneration Regeneration of non
sensory cells (supporting and basal) subsequently

occurred but of course the nerve cells were

not restored It would appear from these expen

ments that zinc sulfate solution if it is to be ef

fcctive in protecting against the virus of polio

m>ehtis must entail permanent loss of the sense

of smell

Tke Ptitsioloqy of the Sense of Smell

Olfactory sensations Smell is very closely

ftllied to taste and has been aptly described as

‘ taste at a distance " In many animals the sense

of smell is almost incredibly acute, a relatively

large part of the brain being given over to it In

the life of such macrosmatic ammals the olfactory

sense w of paramount importance, wammg the

atiimal of the approach of its enemies guiding

it m the quest for food and motivating the sex

reflexes Certain species of moth (e g ,
great pea

ct*ck and banded monk) ate credited wth a de-

gi-ee of olfactory acuity which seems almost myth
jcal to microsmatic man the female being able

it IS claimed to attract the male bj the odor of

it3 secretions from a distance of a mile or more

The olfactory organs of moths and most other

insecta arc located in the antennae Even man
m whom smell is a comparatively rudunentary

sense can detect certain substances (e g mer

eaptan and artificml musk) in a dilution of 1 part

III several billion parts of au- smell is therefore

much more acute than the sense of taste

The odequate stimulus for the olfactory recep

tors as for those of taste is chemical* An odorous

rpstenai continuously emits particles of molecular

size which reach the olfactory area through the

air Substances which pass readily into the gase

oils state eucli as turpentine, gasoline, the es

sential oils etc have strong odors whereas non
volatile malenaU e g the heavy metals, are

nearly or quite inodorous Arsenic which ordi

nanly is odorless gives of! a characteristic smell

however, when heated to a temperature at which

tt volatilizes andElsberg Brewer and Levy found

that the olfactorj coefficients (p 1467) of a num
ber of odorous liquids vary directly with tlieir

boiling points The niche at the roof of the nose

which 13 lined by the olfactory epithelium con.

stitutes a bhnd pocket from which the mam au"

currents caused by the ordinary respiratory move-

ments are excluded Experiments upon the human
cadaver have shown that the reapued air does not

cume mto direct contact with the olfactory area

A head was bisected in the median plane and the

luisal septum replaced by glass When smoke was

forced back and forth through the nose by means

of bellows neither dunng the artificial inspiratory

nor expiratory movement was the current ob-

*An electric current acts as an inadequate
stimulus When the nose is filled with normal sa
Iitie and a constant current passed through the
aolutum an odor which is difficult to describe u
eiipenenced upon opening or closing tbe current
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served to enter the olfactory region The air flow

takes a curved course, the highest point being

about the middle of the nose and bolon the supc

nor concha The stream reaches a lower level

dunng expuation than in inspiration In order to

excite the olfactorj cells the odorous particles

must, therefore, be earned upward from re

Fpiratery passages either bj diffusion or bj eddy
currents In the aforementioned experiment eddy
currents wore observed both dunng the insj ira

tor> and expirator> movements In the hvmg
subject it 13 probable that the ascending currents

arc more pronounced during inspiration, at this

time air movements caused bj convection ore

likelj to occur, due to the rouxing of the cooler

ingoing stream vnth the warmer air vvathm the

nose But, however produced, whether bj convec

tion or simplj as a result of the mcclianical mixing

of the inspired air with that withm the nasal

passages, edd^ currents constitute the mam fac-

tor in the stimulation of the olfactoiy endings,

and a sharp inspiration is the most eHcctivc

means bj which such currents arc sot up When,
for example, wo wish to smell some particular

scent more acutely wc automatically make a
sharp inspiration or “smS Diffusion is a rela

tivelj slow process and is probably of minor un
portance in bnngmg the odorous material to the

olfactory endings £v*en though the nose is filled

with odor laden air we cannot smell while the

breath is held It is dunng expiration that odorous

materials liberated from the food as it is masti

cated and swallowed enter the nose through the

posterior nares and ascend to the olfactory area

It will be recalled that the olfactory hairs are

immersedm a la> er of fluid secreted hj Bowman’s
glands The odorous particles must therefore enter

into solution before they can come mto contact

«nth and stunulate the sense organs Tbis fact

emphasiaes again the sumlanty between the

senses of taste and smell It is probable that odor

ous materials before th^ can act as stimuli must

also be dissolved m the substance of the olfactory

hairs themsclvra These structures, since they are

stained best by osnuc acid, are believed to be

composed largely of Iipoid material One would

expect, therefore, tliat odorous substances must

be solublem oil os w ell as in water, and that those

which are most freel> soluble m both media would

be the most potent m arousing an oUactor> sensa

* The mechanism of the “sniff appears to be a
compressing together of the septum and the outer
wall of the nose at the front of the respiratoiy
passages so as to divert the inspired air to the ol

factory area (Ogle)

tion This supposition is borne out to some extent

by experiment Ethyl and methyl alcohols, for

example, which are freely soluble m water but

only slightly in oil, have weak odors as compared

with butyl alcohol which dissolves very freely in

oil and 13 also soluble m w atcr Chlorohemol, brom

beniol, ether, nlral and many other substances

with strong odors are soluble m botii water and

oil It would appear that high solubility in oU is

ofmore importance for olfactory stimulation than

high water solubility
,
because, taking two sub-

stances, one with a high solubility m oil but spar

uigly soluble in water, and the other possessing

solubilities of a converse kmd, the former has the

most powerful odor

Although it IS no longer questioned that the ol

factory nerves sub'serve the sense of smell, some

of the earlier investigators (e g ,
Xfagendie) con

tended that olfaction was a function of the tn

geminal nerve The confusion arose from the fact

that c«lam agents, eg, ammema ntlrtc and

fumes, ehhnnc, pepper, menOtol, peppermint and

many others, cause nasal sensations, usually de-

scribed as pungent, aend, irritatmg or cooling

These are not true olfactory sensations but ore

due to the stunulation of the trigeminal, which is

the nerve mediating chemical sense and common
sensibility in the respiratory part of the nasal

muco«a It IS often very difficult, however, to

disssociate these sensations from smell when the

two types of ending are stimulated concurrently

A simiiar confusion arises, as already mentioned

in the case of taste

Strong reflex effects, eg , sneezmg, lachryma

tion, respiratory mhibition vasomotor reactions,

etc
,
result from irritation of the trigeminal end

mgs, whereas reflexes imtiated from the olfactory

receptors are as a rule imld in character, and in

man are concerned mainly with sabvary and gas

trie secretion In animals olfactory reflexes play

their most important role in the reactions of sex

and m self preservation—the search for food and

protection from enemies Olfaction is paramount

among the senses m its power to awaken a tram

of associations in consciousness Everyone is fa-

miliar with the strange reminiscent aura of long

post events which is aroused by certain familiar

scents

TniiESBOiiD smiuu Among the most effective

olfactory stimuli are arlifictal musk, mercapUtn,

butjnc and, iodoform and otf of peppermint For

example, methyl mercaptan (garhe odor) is per

ceptible to the av erage person m a concentration

of I/23,(X)0,000,000 mg percu cm of air Assum-
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mg fmt 50 cc of aw is required for arousing an

olfactorj sensation, this would moan that

1 7460,000,000 mg of the substance is an cficctne

stimulus The sense of smell is therefore many
tliousand times (about 25,000 times m the case of

oth%l alcohol) more acute than the sense of taste

The mmiraum perceptible concentrations of \an

ous odorous substances are given m table 792

SE^soRT ADAPTATION The olfactory receptors

adapt fairly rapidlj It is a common etpenence

that "v disagreeable odor which when first amelled

IS almost overpowering soon becomes impercep

tible But although lost for one particular odor

the sense of smell is retained for others, the

phenomenon therefore la not due to fatigue of

the olfactory mechanism (although il w often

referred to o,s such) but is an example of sensory

adaptation (p 1147) The rate of adaptation vanes

for different odors The receptors becomes inscn

sUive to oil of orange or to oil of lemon after

an exposure of from 2 5 to 11 minutes (average

3 minutes) whereas cumarin (0 2 per cent aqueous

solution) cannot be atnelled longer than from I 75

to 2 3 minutes and adaptation for the odor of

benzoin is more rapid than for that of rubber

Olfactorj adaptation commences to develop

from the moment that the odor is first smelled

the threshold rising graduall> until complete in

aensUivitv to that particular odor is reached

Even ft previous period of exposure to a given

odor raises the minimum concentration at which

it u perceived for a considerable length of time

afterwards Etsborg found for example, that the

olfactory coefilcients (p 14G7) for peppermint

camphor and sassafras were increased to double

tbcir normal values if the subject had previouslv

been smelling these substances, and the sensi

tivity of a person who had been for a time id the

operating theater to the odor of ether was below

normal several hours later

ClltMlCAL CONST1TV.T10N IN BEVSTION TO ON
FACTORT sTiMLLVTioN Generally Speaking theol

factorj potenc> of chemical compounds belong

ing to an homologous series increases progres

sivcL from the lowest members of the series to

a maximum and then undergoes a gradual rcduc

lion in the upper members The odors of the

monatomic alcohols, for example, increase in

strength from methjl through eth>l, propyl and

bufjl to amjl, the relative potencies of methyl

and amyl alcohols are as 1 to 10,000 Also, com

pounds which as a group resemble one another

in their chemical and physical properties tend

to have odors possessing certain common char

acteristics For example, the elements sulfur, se

lenium and tellurium, which belong to the sixth

group in MendeljelT s periodic table, when com

Lined with hydrogen, methyl or ethyl, etc , have

TABLE 79 2

SubsUnce Jf* per liter of Air

Ethyl ether 5 S3

Chloroform 3 30

Pyndine 0 032

Oil of peppermint 0 024

Iodoform 0 018

Buty ric acid 0 009

Propyl mercaptan 0 006

Artificial musk 0 00004

(From Allison and Katz )

strong disagreeable smells Similarly members of

the seventh group, chlorine, bromine and iodine

have kindred odors, the odors of chloroform and
iodoform compounds of the first and third ele

rnents respectively, are linked together by that

of bromoform in which the fragrance of chloro

form and the unpleasant odor of iodoform can

be delected Of chemicolly allied organic sub
stances ethyl, propyl and butyl acetates have

an acetic odor whereas emyl acetate has not

nevertheless the smell of the lowest of the series

i« linked with that of the highest through the

two intermediate compounds
Thus—
Ethyl acetate acetic odor

Propyl acetate acetic odor with slight pine

apple flavor

Butyl acetate, slight acetic odor with pineapple

flavor

Amyl acetate no acetic odor, strong pineapple

flavor

Though the foregoing are interesting examples
of cbemico olfactory correlation it is not pos

sible to make anything more than broad gener

alizatioDs in respect to chemical structure and
smell, for compounds which closely resemble one

another chemicalh may have quite different

odors and others which show little resemblance

in iheir chemical or physical properties (eg
hydrocyanic acid and nitrobenzme, garlic and
certain arsenical compounds, and artificial and
natural musk) may smell very much alike Many
nitnie compounds have an odor resembling bitter

almonds or hydrocyanvc acid whereas certain

compounds of phosphorus and bismuth, as well

as of arsenic, have a garlicky smell An attempt
has been made in the case of aromatic compounds
to relate odor to a particular radical on the ben
zene nng Hydroxyl, aldehyde, ketone, ester,

mtea and nitril grouping—the so-called osmopAo
rte jjroups—have been suggested as deternung the

character of the odor, it is believed, however,

that the latter is dependent not so much upon

which particular radical ls present as upon the

position which any one of them occupies in the



Chapter 79 THE Cnr\IICAL SENSES 14G7

benzcno rmg and the general architeclure of the

molecule

A physical propertj common to manv odors is

their strong nh'-orption of infrared ra\s Tlie sir

nificance of this fact, first remarked upon l;j

Famclaj , is unknon n

0LF\CTOifETRY Tlic most Widely known
method of inveatipitins the 6cn«c of smell w that

of Ziraardcmakcr IIi5 olfactometer con<w5t9 of

tiro glaAS tubes sliding one nithio the other, as

shown m figure 79 6 The inner tube (a) is gridu

ated m sections 0 7 cm long The inner surface

of the outer tube carries a funtlj odorous sub

stance Tlic cur\ cd end (c) of the inner lube w
introduced into a nostril the opposite one being

closed, the subject breathes cjuictlj Tlic outer

tulw IS graduallj withdrawn, thus cqiosmg a

greater area of its inner surface to the air current

and thereby increasing tlie concentration of the

odorous particles m the insptrctl air Tlie highest

figure ^'lslble on tlie inner gnduatc<! tube when
the odor is just perceived indicates the subject’s

threshold for smell m units termed ol/aeties Thus

method gives at the best onlj approximate ro

suits, chiefij because the \ olume of inspired air

drawn through the tubing vanes considerablj

from subject to subject and m the same person

at different times or even dunng a single period

of observation In the 6fa«f method of Cisbent and
Levj this factor IS controlled Thirty cubic centi

meters of an odorous liquid (e g ,
beoscnc citral,

Oil of orange, oil of turpentine, butjTic and, etc.)

Fio 79 6 Diagram of ZwaardemaWer s olfac

tometer See text

Fig 79 7 Illustrating the blast method of

factometry (After Elsberg and Levy )

arc pUced in the bottle shown m figure 79 7 The

rightband tulx* is connected to a double nosepiece

which fits into the nostrils Bj means of a sjTinge

connected to the other tube a measured volume

of air 13 forcotl from the bottle m one blast at a

constant pressure while the subject holds his

breath An cquivailcnt v olumc of odor laden air

w thus forced into the nose The volume of the

mjection-s is gra^luall} increased m successive

hKsts until the o<lor is just perceived and can be

nametl Tlie sm.illcst volume necessarj. for identi

fication K calWl the minimum idcnfi^aiilc odor

(MIO) or the otjactory coejficient

Tins method has been emplojed b> Elsberg

as an aid in the localization of tumors in the

anterior part of the skull In this situation a tumor
(c R of the frontal lobe) is hkelv through direct

pressure to involve the olfaetorj lobe or tract

of one or of Iwth sides or the olfactory nerves

ma\ l>c torn in fractures through the cnbifomi

plate Unilateral involvement of the olfaetorj

nerves lolic or tract raises the MIO or completeU

abolishes the *ca*e of smell on the affected side

A tumor involving both olfactory lobes or tracts

will result m lowered aeuitj of smell or complete

anosmia on both sides Elslierg states that tests

for olfactory ' fatigue give valuable localisms

aid the “fatigue ’ phenomeDon is prolonged be

)ond the nonnal limits by tumors within the

substance of the temporal lobe but not by those

«ituated extracerebrally (e g beneath the fron

lal lobe) In cases of a gesoralired increase of

intracranial pressure due to other causes the MIO
IS often lowered

CuissincATiov OF oooRs Thedivisionofodore

into categories lias proved an extremely difficult

problem There are no basic quahties of olfaction

comparable to sweet, salty
,
sour and bitter tastes

The number of different and distinct smells is

legion, and no comprehensive clasaification upon

the basis of chemical constitution or physical

properties can be even attempted The earliest

classification of odors was made by the Swedish

botanist Linnaeus (1750) The following one pro

posed by Zwaardemaker, which is little more than

an cUboration of that proposed by Linnaeus,

consists of nme categories It has a purely sub

jective basis and is therefore of little scientific

vmlue

1 Ethereal odora, e g ,
of fruits beeswax

ethers

2 jflromafie or re«no«s odora, e g ,
of cam

pfaor, bitter almonds cloves, lavender

3 Fragrant or balsaimc odora eg of flowers

extracted or artificial perfumes
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4 Ambrosial odors, eg of musk, ambergns
5 Garlic odors e g ,

of garlic onions and of

sulfur and selenium compounds

6 Burning odors, e g , of burning feathers,

tobacco, roasted coffee and meats

7 Goal odors, e g ,
caproic acid, sweat and

ripe cbeese

8 Repulsne odors eg, of hyoscyamus and
several of the family of the deadly night

shade, bedbug

9 hausealing odors e g , of excrement, de
casing meat and vegetable matter

Actiov potentials from the olfactory path
WATS Gerard and "i oung have recorded the ac

tion currents from the olfactory bulb of the frog

A spontaneous rhythmical discharge occurs m
in this part of the isolated brain at the rate of

about 4 per second The discharge is taken as

representing true automatic activity of the nerve

celts of the bulb itself, for the possibility that

It vas due to the irritation of traumatized struc

tures seems to have been excluded

In certain fishes (catfish, carp and tench) the

olfactory bulb is connected nith the forebrain

by a nerve strand (the olfactory stalk) which meas
ures about 2 cm long and is composed of from
500 to 1000 raedullated fibers Adrian and Ludwig
studied the action potentials m the olfactory

stalk of the catfish during stimulation of the ol

factor} end organs The latter arc contained in

a small sac nhieh opens through a nippfe upon
the surface of the skin above the mouth Potential

changes of small amplitude pass up the stalk as

long as the preparation survives although nothing

but distilled water has been introduced into the

sac This resting discharge is of very low frequency

When the sac was irrigated with fluid containing
containing small fragments of some odorous ma
tenal, eg putrefying earthworms, a burst of

impulses occurred at high frequency after a latent

period of from 0 5 to 5 seconds or longer It was
found that the irrigation was more powerfully

stimulating if the fluid contained small fragments

of the material than if it had been filtered

The quESTiov or olfactory DISCRIUl^ATlOV

The great multitude of distinguishable odors

brings up a question for which no answer is forth

coming, namely “Itliat is the mechanism under

Ijmg olfactorj differentiation? ’ ‘ How do we de

tect the difference between two scents such as

tho«e of the violet and the ro'ie? ’ Or, to make flie

question still more ilifficult, “How does a d<^

recognize the smell of his master among the smdls

of other persons? ’ ere there a limited munber of

basic odors, as there ore of fundamental tastes, the

problem would not be difficult A theorj of color

vision can be conceived (ch 02) based upon the

evistence of receptors responsive to different

wave lengths, and which discharge impulses

along specific nerve paths (pp 1148, 1149) The

resonance \ oUey theory explmns the pitcb-dis

cruninatmg function of the ear (p 1439), and

four functionally distinct types of taste bud, each

with its specific nerve fiber, for the perception of

the fundamental sensations of taste But it is not

conceivably possible that every one of the im

nense number of different odors is subserved by

a specific type of end organ with its own nerve

fiber Furthermore new and distinct odors are

being created in industry every day.

Theories of the mechanism through which an

odorous sul»tancc sets up an impulse m an olfac

lory nerve fiber are of necessity almost wholly

speculative The following catalytic theory of ol

faction has been propcsed by KistiaJcowsky simj

lar to that already described for gustation He
postulates a series of catalytic reactions which

may be represented ns, A A' -* A', B -*

B' -»B*, C—vC'—*0', etc Each step IS effected

by a specific enzyme, and each compound formed

A', B'. C', etc
,
stimulates an olfactory receptor

and gives nse to a cortcspondiog distinct ' basic

odor Presumably, the odoriferous substance itself

inhibits one or more of the enzyme systems Tins

would lead to differences in tbe combination of

the stimulating compounds, and even a slight

change m their relative concentrations could

arouse an olfactory sensation The difficulty here

13 m defining a basic odor and having to assume

an unreasonable number of functionally different

receptor cells, for the nerve unpulses themselves

possess no differentiatmg characteristics which

could serve tbe brain as cues But if in addition,

areas with different physical or chemical proper

ties were distributed over the olfactory membrane
which permitted a selective penetration or adsorp-

tion of the odorous substance to or upon the re

ceptors, some sort of pattern of excitation might

be established which could be interpreted by the

cerebral cortex ns a smell of a certam kind, or the

different areas might possess specific affinities for

certain chemical groups A mechanism of this

nature would not require an immense number of

different types of receptor

From what we know of other senses we can

presume that the intensity of the olfactory sensa

tion 13 related to the frequency of the impulses

disdiarged to the olfactory center This is borne

out by tbe experiments of Adrian and Ludwig

just described

EFFECT OF ONE ODOR UPON THE PERCEPTION
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or avotheh Strong odors tend to mask ^leakcr

ones If two scents are of about equal strength a
blend of the t«o i« smelled or both arc identified,

but if one IS considerabJj stronger than the other

it alone, as a rule, is smelled On the other hand,

certain pairs of odors m appropriate relative con

centrations are antagonistic, and ^\hen the two
are sniffed together both are diminished lodo

form, for example, is antagonized by balsam of

Peru, musk b> bitter almonds and ammonia b>
acetic acid Other pairs of neutralizing odors are

cejarwood and rubber, beesiiat and baNam of

Tolu benzoin and rubber, and camphor and cau

de Cologne Although the neutralizing effect nja>

m «ome cases be simplj chcmicnl or physical in

nature, m others there seems to be a true phjsio

lo^cal antagotu'rn, for the yihenomcnon is ob

«er%ed when mixing is a\oidod bj leading the

two odors dircctlj one to each nostril

Anomalies or OLFAcnoN Loss of the sense of

smell or anosmia is not infrequent as a temporary

condition, eg, as a result of inflarnmation of

the nasal mucosa or of the local application of

cocaine or adrenaline Complete and permanent
anosmia is rare m otherwi«e normal persons and
IS usuall} due to absence of the oUactor> bulb

or olfactorj nertes, but bilateral or unilateral

olfactory deficiencies are frequentb associated

With lesions in the region of the olfactory lobes

Albinos are said to be onosime, which suggests

that the pigment m the supporting cells of the

olfactory epithebum, which possibly serves an

essential function, is lacking Inabilit) to smelt

certain odors is not uncommon Some persons,

for example, cannot smell hydrocjanic acid, the

odor of mignonette, benzoin, metb)I alcohol or

vanillin cannot be smelled b> others Even such

a strong, disagreeable smell as that of a rotten

egg or of feces maj not be sensed Partial anosmia

for all scents may result from excessive smoking

Hyperosmia is not unusual m hjstena, in certain

cerebral diseases in raised intracranial pre«sure

and during the initial stage of the action of co

came OUactorj hallucinations may occur in le

sions of the temporal lobe (ch 67) In cerebral

tumors, especially of the frontal or temporal

lobes an odorous material introduced into one

nostril maj be referred to the other This phe

nomenon, known as olfactory alloeslhenta, is anato

gous to allocheina mentioned on page 1140

Common Clicmical Sense

Tlie general bodj surface of fish and many

other aquatic forma is sensitive to various types

of chemical irritant, as are also the moist skins

of amphibians The elicitation of reflex responses

from the foot of a pithed frog stimulated b\ a
weak solution of suUunc acid is a well known
laboratory excrci'c In man the common chenucal

6CO«c ts restricted to surfaces which are kept con

stantly moist, namely, the buccal and posqI mu
cous membranes, the con;uncti\ae and the mu
coxa of the anal canal The common chemical

sense of the first three is sub^erv cd by the tn
gcrainal nerve, tliat of the anal canal by the

pudendal nerv’e It has already been pointed out

that the sen^e organs subsen ing this sense m the

mouth and nose are distinct from the gustatory

and olfactory endings, and apparently they are

not identical with those subserving pain for

dissociation of chemical and pam sensations can

be effected by cocaine, the latter being abolished

before the former Thus, after the application of a

1 per cent solution of the anesthetic to tlic foot of

the frog no rcxpon«e is given to pinchmg, pncking

or scratching, whereas reactions to chemical

agents can for a tune be elicited
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Akemia(b), 77
achlorhydna, red cell diam

eter distribution curves
in, 80

achrestic, S3
Addison’s See Anemia, per

nicious
aplastic, 78
blood color index in, 79
blood indices in, 79
causes of,

bone marrow aplasias 7S
defective bloou formation,
78

crjlhroc) te destruction, 77
hemorrhage, 77
incomplete utilization of

antianemic factor, 78
infections, 79

cerebral blood flow in, 3J4
classification of, 77
according to mean corpus

cuiar volume. 79
Cooley’s, 78
definition of, n
dvspnea in, 504
effects of, on coronary cir

culation, 329
erythropoesis in, 79
erythropoietic activity in,

total, 79
hemoglobin in, 525
mean corpuscular, 79

hypochromic microcytic, 79
See alio Anemias, iron defi

ciency
idiopathic aplastic, 65
causes of, 86
description of, 85
effects of. 80

iron deficiency , 78. 79
essential defect in, 79
general discussion of, 79
incidence of, 79
of infants, 80
causes of, 80
cure of, SO

Lederer’s, 78
macrocytic,

intrinsic factor in, 83

of infants, 8)
related to pernicious

anemia, 80
with normoblastic bone
marrow, 85

megaloblastic, 83
nutntional, 78

ANEMrxfs)—conf
pernicioiig,

association of, with an
aciditj, 616

blood picture in, chief fea
tures of, 80

cause of 80
c’sent/aJ factor in, 81

characteristic lesion found
in, 82

hemoblobin concentration
in, rise in, 84

large cells in, 80
red cell diameter distribu

tion curves in, 80
related macroeitic ane
mias, 80

signs of, 81
treatment of,
antianemic factor and, 81
kidney tissue in, 81
liver and liver extract

in, SI
rise of reticulocytes m,

84

vitamin B,» in 81
porphinnuna in, 60
protein deficiency, 78
red marrow in. 104 (footnote)
sickle cell, 77
spberocAtic See Jaundice

chrome congenital hemo
lytic

splenic, 70
enlargement of spleen as

sociated with, w
treatment of, pteroilglu

tamic acid in, W
tropical nutritional,

in pregnancy 83 (footnote)
intrinsic factor in, S3

Anesthetics
action of,

theories on, 1135
cell membrane permea

hility theory
,
1135

lipid solubility theory,
1155

metabolic theory, 1135
effects of, on action of m

sulin, 822
Anebtrls

definition of 1078
uterus in, 1077

Aneurin See Thiamine
Angina
agranulocytic, 96

bone marrow in, 96
causes of, 96
definition of 96
treatment of, 96

AnGIOTENSiv
inactivation of, 3S6
production of, 3S4

Abciotensin I, 384
Angiotensin 11,384
Angiotonin See Angiotensin
Abgle alpha, definition of,

1315 (footnote)
Anhydremia, reduction of

blood volume following,
effects of, 29

Anions, 124
poorly reabsorbed, excretion

of, 555

Bold fact number* indicate major discuitton
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Amoss

—

coni

s»il)jpct to liilmltr excretion,
655

Am'seikonia, 1410
Am^octtosis, 1G
Ankle

cJorni*! of, 1101
lerk. 1163

AvNUU) srmAL nerve eno
INCS, 1)51

Annclls of ear, 1420
Anodvl closino coRRrmos,

1122
ANODaL OrEMNO COSTR^CTtON

1122
AKouALO‘?copr, Xage) 1337
Anosmia, 1460
Anoxemia, 508
ovjgcn thernpi jn, 527

Anoxia Ste Hj^poxia
Antunemic Factor 81
See also 4 itamin Bu
chemical idcntilication of, 81

gaatne ti«sue and, 81
liver and, SI
liver extract and, 81

Antunemic fnixapLE
effect of, upon bone marrow,

83
production of, 82

extrinsic factor See Vita
mm Djt

ANTlBOmEA
production of,

b} blood serum proteins 7
by spleen, 6S

ANTICOAOUIjANTS 114
a'iapbiiactu sheck, U5
avoidance of blood contact

with foreign materials
or notinded tissues, 114

aro dves 115
biological substances, 115
cold, 124
container with a smooth sur

face, 114
decalciCcatiOR, 114
dicumarol, 115
hepann, 112, 115
hirudin, 115
neutral salts, 114
peptone solution 115
snake venom, 115
sulphuric acid groups m, 113

Aktidiubesis, reabsorption of

aster m distal tubule m,
564

Anxidiueetic bobmone
effects of, on urine concen

tration, 552
role of, in regulation of vmne

concentration, 548
Antidiubetic phinciple, 982
Anticravity muscles, 1151,

1)64
ANTHIEMOrillLIC GLOBULIN

See Antihemophilic fac

lor
Antihobiiones, general dis

eussion on, 979
Antimetabolites 937
Antipeeistalsis, m the esopb

agus C91
AxTIPtRETIC DRUOS, SCtlOn Of,

897

AnTIRAOIITIC PORTION OPSPEC
TRUM 907

Antjbemn titer, efTccta of
reoin on, in renal liypor
tensive dO{^ 385

AVTITIIROMBIN, 112
ANTITMTnoM> ORCCS, 1013

action of 1013
clinical use of, 1014

ANTiTRvrsivs, sceretioR of,

5S6
ANTtMTAMlVS, 037

action of first observation
of. 937

examples of, 037
Antrlm. coordination of, with

sphincter and duodenum,
GOG

AVDBtA
general discussion on, 573
lu traumatic shock, 407

Aorta
arch of innervation of, 2G0
arterial branches of, 155
blood volume in, 155

nacending, pressure in trac

mg of, 285
blood pressure in at sufi

claviao artery yunetjon
2S5

blood vea«els in, lumen of

157
blood volume m, 153
central arterial pressure

pulses recorded from, 282
coarctatioQ of 443

arterial pressures id, in

trarsdta} and tntrafem
oral 445

collateral circulatios id

444
effects of on coronary cir

culation, 328
eeneral discussion on 443
heart sounds m, 443
hemodynamics of, 443
hyTicrtciwion in, upper

body, 444
treatment of, 444

distcnsibility of, active
changes in, 16G

pressure in,

drop lietircen two points,

2S5
tracing of, 285

pressure volume relationship

ID, general discussion on.

root of, pressure pul^ at, 2S2
terminm, pressure in, tracing

of, 285
thoracic, isolated aegment of,

pressure volume dia

grams obtained from 156

volumO'pressure relation

ships of, influence of age
on, 155

Aortic arch, pressure tn, trac

ing of, ^5
Aortic insutpicienct
murmur of, 425
valvular, pressure in left

ventricle and femoral
artery m, 425

Aortic nerve
fall in blood pressure after

stimulation of, 259
role of, in control of cireula

tion, 259
Aortic stenosis See Stenosis,

aortic

Aortic x ai.ve(s')

regurgitation by, 424
cardiac output in, 426
causes of, 424
heart sounds of, 424
hemodynamics of, 425
high pulse pressure m, 425
isometric period of left

ventricle in, 425
treatment of, 426

stenosis of See Stenosis,
aortic

Aobticorenal oanglion, 1299
APP See Mtamm Bn
Aphasia
auditory 1251
Brocas, 1250
classification of, Head s,

12ol

due to lesion of temporal
lobe, I24S

general discussion on, 3249
motor, 1250
naming defects in 12o3
semantic defects is, 2253
seventy of, tests for deter

mination of, 1251
syntactical defects in, 1253
theories regarding early,

12oO
\erba) defects la 1253
visual, 1251

Apneuses, 4S9
demoQStratiOR of 4S9
effects of COi tension of

blood on, 489
Apocrine cells, definition of,

585
APOCRtVE SECRETIOV, 1099
Apoeerrittn, 73
Appetite
and hunger, differentiation

between 734
definition of, 734
hunger contractions in, 694
increase of, in obesity, cause

of, 867
inhibition of, by distention

of stomach, 737
poor, use of insulin m, 827
to satiety, mechanisms tafc

ing part in, 738
Apraxia, general discission

on, 1253
Aptyausm, 597
Agueocs humor
general discussion on, 1399
refractive properties of, 1379

Arachidonic, dietary require
luents of, 945

Arbor vitae, 1277
Abchicerebellum 1276
ARCHTFALLIcnU, 1233
Arccate fibers

dorsal external, 1279
ventral external, 1279

Area sthiata, 1234
Abeae gastricae, 599

Bold face numben indicote snajor discussion



AREOLA-ALDITORY 1476

Areola, 1094
Areolar tissue, lymphatic

ajstem of, 34
Argestaffine cells, 666

secretion of serotonin by, 666
Argimve
as a precursor of creatine,

783
chemical structure of, 774
formation of, from ornithine,

780
Arm, blood flow in, detcnnina

tion of, 220
Arneth count (or index), 8S
determination of, 88
effects of certain pathologi

cal conditions on, 89
Arneth stages, 88
ArRHYTI!MIa{s)
hemodynamics in, 415
perpetual, 198
respiratory, 269

Arterenol See Noradrenaline
Arteria centralis retinae,

1314, 1317, 1326
Arterial system, quantity of

blood in. effects of, on
ortenal blood pressure,
277

Abteeiole(s)
afferent, 534
blood floa mg through, effects

of, on venous blood pres
sure, 2S9

blood volume in, 157
efferent, 634

Arteriovbnols anastomoses,
347

in skeletal muscle, 355
Artery (ies)

arcuate, 5^
interlobular, 533

,
534

peripheral, phasic flon in, by
orifice meters 286

renal, pattern of flow in, fol

losing increase in arte
rial perfusion pressure,

umbilical, 522
walls of, increase in elastic*

rial blood pressure, 280

Articulation scorf, 1450

Artificial respiration, 628
back pressure arm lift

method, 528
Holger Nielson method, 528,

529
mechanical devices for, 530
mouth to mouth,
diagram of, 529
method, 529

object of, 530
of newborn, 530

Asciieim Zondek preonanct
test, 1093

Ascites, definition of, 40 (foot-

note)
Ascorbic acid

acceosory factors, 936
chemistry of, 934
content of, in some common

foods, 936
deficiency of, 935

Ascorbic acid—cob<
depletion test, for assay of

corticotrophin, 969
dietary allovranees, recom

mended, 947
discovery of, 901
distribution of, 936
general discussion on, 934
isolation of, 934
of adrenal cortex, factors ef

fecting,
precursors of, fQ4
requirements of,

daily, 935
to prevent scurvy, 935

status of patients, deter-
mination of, 936

Ash content, of edible por
tions of common foods,
748

Aspartic acid, chemical struc-

ture of, 774, 864
Aspect disparitt, examples of,

1414
Asphyxia, 509

circulatory adjustments in,

392

Astasia, caused by excision of
cerebellum, 1282

Abtereoonosis, 1146
general discussion on, 1254

Asthenia
caused by excision of cere

bellum, 12^
general discussion of, 1287
in cerebellar disorder, 1287

Asthma
bronchial, 617
breathing in, 517
cause of, 517
definition of, 617
hereditary nature of, 517
treatment of, 517

cardiac, 503
subdivisions of lung air in,

618
Astigmatism

correction of, 1397
curvature, 1396
general discussion on, 1395
index., 1397
irregular, 1396
regular, 1396
testing for, chart used in.

1397
Astnercia
caused by section of po

duDcles, 1283
general discussion on, 12S7
III cerebral disorders, 1287

Asystole, vagal induced, ef

fects of, on coronary
circulation, 325

Atelectasis, 620
definition of, 520

Atherosclerosis, 859, 1069
and hypercholesterolemia,

859
dietary factors in, 946
general discussion of, 859
production of, fat metab

oliam in,^
Athetose, double, 1224
Athetosis, 1224

Boldface number* indicate major di»cvsti\

Atonia, caused by excision of
cerebellum, 1282

Atrial contraction, irapor
tance of, in ventiiculat
filling, 244

Atrial cycle, semi volume
elastic curves of atrio
venous ventncular cavi
ties at various points of,

434
Atrial septal defect(b), 433

circulatory effects of, 435
differences in atrial pressure

in, 435
heart sounds in, 433
hemodynamic function in,

436
hemodynamie picture in, 438
in combination with other

lesions, 436
pulmonary hypertension in,

436
pulmonary vascular resist-

ance in, 436
treatment of, 436

Atrium, transmembrane po
tentials of, 136

Atrophy
optic,

general discussion on, 1384
primary, causes of, 1385
secondary, 1384

Atropine
effects of,

on cardiac output, 307
on choli Deceptive effectors,

1309
on gastric secretion, 618

Attitude See Posture
Attitudinal reflexes, 1171

Atwater Rosa Benedict res
PIRATION CALORIMETER,
755

Audibility, threshold of, 1435

Audible field, minimum, 1435

Audiogram
definition of, 1449
showing conductive hearing

loss in otosclerosis, 1450
showing bearing loss for high

freopencies., 1450
Audiometer, 1449
Audiometry, 1449
bone conduction 1451
in diagnosis of nerve deaf

ness, 1455
electroencephalographic,

1449
forms of, 1449
galvanic skin response, 1449

speech, 1450
Auditory area(8)

cortical, responses of, 1445
critical, in the cat, 1446
of cerebral cortex, 1247

Auditory nerve fibers
responses of, 1445
single, responses of, 1445

Auditory pathways
central, 1427
nuclearma-sses of, major, 1426

Auditory radiation fibers,
1204

Auditory responses, 1445
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AuDiTonY 8ESSATIOV, mcasurc
ment of, 1449

Auditory stimuli, ^^avcforms
and spectra for, 1431

AuDiTORTsisTtii, anatomv of,
1420

Auditosessoby AREA, of ccrc*
bral cortex, 1217

Aura, m cpilcpsj
, 12il

Albicle
of external ear, anatomy of,

1420
right, of dog, spread of noti

vation through, 141
Auricular fibrillatios Ste

Fibrillation, auricular
Auricular FLUTTER See Hut-

ler, auricular
Auriccloxestricular block,

general diseu«ision on,
Aoiuccloventricular bun-

dle
i]ela}cd conduction in,

complete heart block
cau'icd hj

,
1092

effects of, on heart beat
rbjthm, 191

missed beats due to, 191
partial heart block cau«ed
bj, lai

Autonomic nerxols system,
1294

diviaiona of, 1294
drugs acting on, 1308
effect of,

upon bronchi, 1303
upon exe, 13CO
upon elands, 1301
upon heart, 1303
upon smooth muscle, 1303
upon vessels, 1303

from a functional viewpoint,
plan of, 1295

functions 1302
ganglion of, drugs acting at,

1308

parasympathetic division of
IMO

paraax-mpathctic fibers,

bulbar outflow of, 1301
paths of outflow of, 1300
sacral outflow of, 1301
tectal outflow of, 1301

rotation and, 1183
sympathetic division of, 1294

cells of origin of, 1294
cervical part of sympa

thetic chain, 1294
connections of, 1297
ganglia of, 1294

Autoprothrombin 1 See Clot
ting factors, factor VII

AUTOPROTHKOMBrN 2 S«
Plasma thromboplastin
component

Autobeqdlation, of renal ar-

teriolar resistance, 537
Autotransplant, definition

of, 955
Auxoqlucs, 1461
Axon, Ills

hillock, 3116
Axonotexiesis, 1118
Aterza’s disease, erythrocjde

increase in, 13

Ayapetinb, effects of, on
adrenoceptive effectors,
1309

Azo dyes, anticoagulant action
of, 115

D
Darisski

response, drawing of, 1211
sign of, general discusaton on,

1205, 12H
Bacterial jnfectiom, role of,

in production of gastric
ulcer, 024

BALLtBTOCARDIOCRAM, t}piCal,

Balubtocardioorapii, 223
DtLLISTOCAROIOaRArUT, in

measurement of blood
flow, 221

Baxiinoxlciiolise, effects of,

on autonomic nervous
system, 1301

Barant, past pointing test of,

BAROxiEirRic rnessuRE, effects

of, on basal melabolic
rate, 7GG

BARORECErtORS
arterial, 262
circulatory

, mechanism of

action of blood prosaure
on. 262

reflexes of,

cardiac effects of, 263
extraresistance effects of,

263
Darospirators, 530
Basal osncua, 2215
anatomical components of,

1215
and parkinsonism, relation

snip of, 12^
circular pathway involving.

1219
connections from, 12£6
definition of, 1215
diseases of,

effects of, 1219
manifestations of, 1218
significance of, in phvsio

logical activity, 1218
functions of, 1217
m abnormal inxmluntary
movements, 1220

in control of autoiuatic as
sociated movements,
1220

in reflex muscular activity,
1219

in voluntary muscle activ
ity, 1210

localization of, 1218
general discussion on, 1215
intrinsic connections within,

3217
nuclei of, 1215
connections from, 1218
cytology of, 1216

Basal hetabouc rate, 764
below normal, conditiona ap

pcaring in, 766
factors increasing, 766
factors influencing, 765

Basal metabolic rate—coni
factors influencing—con(
age, 765
barometric pressure, 766
chemical substances, 706
climate, 765
diet, 7C6
habits, 766
pathological, 766
physiological, 765
pregnancy, 7W
race, 765
sex, 765

general discussion of, 764
standards, 764

Basal sietabolism See Basal
metabolic rate, Metab
olisro, basal

BaseCs)
concentrations of,

in water of blood plasma,
21

in water of miiocle tissue,

21
ionization of, 125
weak, excretion of, effects of

pH on, 565
Bisepows pibease See

Goiter, exophthalmic
B^31LAR MEMBRANE, 1422

anatomy of, 1423
mechanical functions of, 1439

Basket cells
definition of 587
of cortex, 1278

Basophil cells
of pars distalis, 057
staining of, 057

BAsoPiiiLa
functions of, 90
general discussion on, 8S

punctate, 16
BE.1TS, JQ sound, 1450
Behavior, hormones and, 0S4
Bel, definition of, 2433

Belchino, 691
Bell’s palsi, 1201
Benadryl, effects of, on gastric

secretion, 618
"Bevos," 512
Benedict Roth respiration

APPARATUS, 760
sectional view of, 760

Benzedrine See Ampheta
mine

Bbnzodioxakes, adrenergic
blocking by, 1029

Bbnzold Jarisu reflex. 269
Beriberi, role of, in discovery

of vitamin B, 809
Bernstein’s

theory of nervous conduc-
tion, 1I30

triple allelomorph theory, 45
Beta carotene, chemical

structure of, 1332

Betaine, chemical structure

of, 933
Bicarbonate
plasma, relationship between
reabsorption and excretion of

bicarbonate and, 562
reabsorption of, effect of

glomerular filtration rate

l2old face numbers xndieaU major discussion



BICARBOSATE-BLOOD 1478

Bicarbovate—coni
on tubular capacity for,

561
tetan}

,
1050

Biceps
jerk, 116-1

reflex, facilitation of, 1156
Biconcave lens See Lens,

biconcave, 1378
Biconvex lens See Lens,

biconvex
Bile

acid • cholesterol ratio,

changes in, as cau«e of

gallstones, 651
acids, hydrocholerctic action

of, on liver, 644
alkalinity of,iDduclioncif,by

gallbladder, 656
concentration of, by gall

bladder, 655
discharge of, stimulus for,

657
ductfs), 654
common,
anatomy of, 664
contractions of, C55

diseases of, 659
duodenal end, smooth mua

cle surrounding, C55
sphincters of, 664
system of, pressure equali

zation ID, 656
effects of, on fat absorption

m intestines, 673
flow of,

course of, 637
regulation of,

by hepatocnnin, 645
by secretin, 646
nervous system in, 646

relation between duodenal
contractions and, 668

slowing of. as cause of gall

stones, d52
function of, in digestion, 646
gall bladder See Oall blad

der bile

greenish, cause of, 666

IQ body fluids, Gmehn’s teat

for, 641
liver See Liver bile

organic constituents of, se

cretion of, 645
pH of, as cause of gallstones,

652
pigment(8), 641

circulation of, 642, 643

concentration of, icteric

index for determination

of, 650
course taken by,

in disease, 617

normal, 617

formation of, location of,

642
origin of, 612

production of, daily, 612

salts,

choleretic action of, on
liver, 644

circulation of, 641

I’ettenkofTer test for, 641

Bile—cOTif

salts—eont
Rowntree test for, 641
tests for, 611

secretion of,

regulation of, 644
by liver, 645

storage of, by gait bladder,
656

viscosity of, factors effecting,
636

volume output of, effects of
food on, 644

white,
dcflnition of, 656
source of, 656

Biliary couc, symptomatic of
gall bladder stones, 669

Biuary msKiNEsiA, 659
Biuctanin, 642
Biufuscin. 642
Bilirubin 641
derivalivea of, 642
formation of, 5S
injection test, for liver func

tion, 653
origin and function of, 642
quantitative estimate of, use

of indirect van den Berg
reaction m 649

OlLIRUBINCLOBIN
chemical relationship be

tween various bile pig
ment derivatives and,
642

chemical structure of, 642
Biliveroin, 641
Ding test, 1455
Binocular MsioN 5ce Vision,

binocular
Diouicroscopy, I3S5
Biot s breatiiing, SOO
Biotin
chemical structure of, 928
chemistry of, 928
debciency of, 928
factors of, 9^
fractional components of,

928
general discussion of, 927
bomologs of, 928
ideniiScalMa of, 9S8
requirements of, daily, 928
sources of, 923

Bipolar celi^
brush, 1325
flat, 1325
midget. 1325
mop, 1325
rod, 1325

Birth, expansion of lungs at,
468

Bite, force, of, 684
Bitter taste, chemical con

atituenta of, 1461
Bitters, effects of, on gastric

secretion, 618
Blacswater fever, hemolysis

in, 64
Bladder
parasympathetic effects on,

acetylcholine as inter
mediary of, 1305

urinary,
afferent nerves from, 5S1

Bladder—eonf
urinary—coni
anatomy of, 677
capacity of, 678
efferent nerves to, 5S0
filling ofj 578
innervation of, 580
muscles of, 677
pressure in.

changes auring filling and
emptying, 578

effects of, 578
tone of, regulation of, 578
wall of, stimuli for, 678

BLErniNO TIME
determination of, 116
m hemophilia, 118

Blind spot
demonstration of, 1403
general discussion on, 1403

Blood
See alto Erythrocytes,

Plasma, Corpuscles,
Lymph, etc

acid base balance of,

maintenance of, by blood
serum proteins, 7

normal, diagram illustrat

inz, 131

regulation of, 128
variations of, 181

acid base states of, 132
acidity of, effect upon oxygen

disassociation curve, 467
acids in, buffering of, reac

tioDS for, 129
albumin in, variations of,

nathologieal causes of, 5
alkali deficit in,

compensated, 133
uncompensated, 133

alkali excess m,
compensated, 133

uncompensated, 132
amount of,

m arlcnal eystem, 152
in different areas, changes

in, 153
arterial,

gas tensions in, 452
oxy gen content of, changes
in efue to aftitncfe, 5ii

pH of, normal, 131
ratio of platelets to erjth

rocytes in, 108
volumes of oxy gen and car
bon dioxide in, 453

available for perfusion, ef

fects of aging on, 402
banks, storage of blood in,

42 (footnotes)
buffer systems of, 129
cadaver, use of, in transfu

Bions, 42 (footnote)
calcium in,

form.s of, 1055
maintenance of level, role

of parathormone in, 1053
state of, 1055

carbbemoglobin content of,

effect of carbon dioxide
tension on, 464

carbon dioxide tn, 453
calculation of, 460
carrying, 469

Bold face numbers indicate Ptajor diseueaion
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Blood

—

con^

pttuma—citnt

cblonde, m water mloxica
tion, 25

concentration, rue of, in

dcb>ciratioD, 25
constituents of,

compared to those of

ecrebrospina] tlmd,
1201

in dog, 36
inorganic, 3
nitrogenous^ distribution

in, S
phjsiological, 3

globulin fractions of, path-
ological variations in, 5

human, use in transfusions,
40

loss of, reduction of blood
volume following, effects

of, 20
proteins of, 4
calculation of, 3
concentration of, patho

logical variations in, 5
constitution of, effects

of, on erlhrocjte sedi-

aientatioa rate, t>6

electrophoretic sopara
tlOQ of, 4

fractions of, 5
m water intoucation, 2d
punt> of, 5
variations lu, pathologi

cal causes of, 5
separated, 130
speci&c gravity of, effects

of, on erythrocyte sedi
mentation rate, 60

viscosity of, effects of, on
erythrocyte sedunenla
tioQ rate, 66

volume of,

estimation of,

using dextran fraction,

18
using T 1S24, 18
using tagged albumin,

IS
normal values obtained

for, 19
water of, concentrations of

base in, 21
platelets See Thrombocytes
pressure,

See also Hypertension,
Hy polension

action of, on baroreceptors,
meebamsm of, 202

and flow, relationship of in
systemic and pulmonary
circulations in normal
and abnormal states, 297

aortic, relation of coronary
circulation to, 323

artenal, 274
diastobc 275
factors effecting, 279

age, 274
build, 274
changes in blood flow
from ventricle, 279

changes in heart rate,

279

Blood—cunt
pressure—coni

artenal—cont
factors effecting—<‘6>nf

chanfces in iienpheral
rc'i'stance, 279

digestiou, 274
elasticity of vcs«cl

walls, 278
emotion, 274
cxcr(.i«e, 274
iicnphcral resistance,

27(1

posture, 274
pumping action of

heart, 276
quantity of blood m
artenal sistem, 277

radiation, 399
sex, 274
viscositv of blood, 278

in man. 274
mean, 275

relationsliip to cardiac
output, 277

normal,
delemiinants of, 276
values of, 274

perfusion, relation of to
retrograde coronary
flow, m dog, 334

pulse. 275
recorded from central

aorta, 282
relationship to puUc
wave velocity , 2$l

species differences in, 274
systolic, 275

artery to vein, 2o7
atnaf,
nght, effects of, on corn
nary flow

,
324

simultaneous nght and
left, 433

capillary, role of, lo glo
merular filtration, 537

central venous, and pe
ripberal venous, com
parison of. 2SS

changes in,

during apnoeic oxy gena
tiOB, 207

ID different vessels, 162
IQ ssstcmic circulation,
162

coronary

,

yierft^ion, relation of, to
coronary flow, 324

penpheral, relation of
coronarv circulation

to, 323
deviation in, standard, in
healthy persona, at van
ous ages, 400

diastolic,
factors effecting,

changes in penpheral
resistance, 279

chants la viscosity of
blood, 279

elasticity of vessel
waifs, 278

iDcre^einelasticity of
artenal walU, 2SU

index of, 237
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Blood—cont
pressure—cont

diastolic—cont
reaction of, to cold pres
sor test, correlated
with deielopmeat of
hypertension, 3S9

factors effecting,

adrenaline, Iff25

in pregnant cat, 1028
aging, 400
changing from supine to
upright position 294

erect position, 292
ischemia of kidney

,
386

laby nnthectomy 1183
nitroglycenn, 436
renin, in renal bvperten

sive dogs ^
sleep 1270
stimulation of aortic
nerve 2,^9

temperature, m leg of

dog 287
gauges evtcrnalfy record
log 233

hvpertcnsive range 383
livpotensive range, 3S3
ifl exterijs? vein measure
ment of 232

m retina 1326
in vascular circuit

fail of in cases of by
pertenaion 389

m subjects with hy’per

tension, 3S9
interrelation betneen fioir,

re'Utance and 165
mean m healthy persons,

at various ages 400
measurement of 331

amplification of 234
apparatus used for basic

principles 233
auscultatory method of,

236
by manometers with

fluid filled conduit 233

by pressure pick up, 231
direct 231
for nonoscillatory pres

surea, 232
ID conjunction with
measurement of flow

and volume, 237
in pressure pulses, 232
indirect, 2^
m animals, 237
in humans, 235

oscillatory method of,

236
palpatory method of, 235
‘>0UBda of Borotkow in,

237
standard zero reference

plane for, 235
ijonosciJlatOf} , measure
ment of, 232

pulmonary

,

artenal
effects of anoxia on,
298

in initral valve ob-
struction, 421
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Blood—coni
plasma—coni

chloride, m water xntoxica
tion, 25

concentration, rise of, in
tlchjcfralion, 25

constituents of,

coinparctl to those of
cercbroininal flttid,

1201
in doB, 36
jnorgmic, 3
nitrofienous, distribution

in, 8
plij-siologica!, 3

globulin fractions of, path
©logical variations in, 5

humnn, use in transfusiona,
49

loss of, reduction of blood
volume foltovsing, effects

of, 29
proteins of, 4
calculation of, 5
concentration of, patho

logical variations in, S
constitution of, effects

of, on erthrocj to sedi
mentation rate, 60

electrophoretic eepara
(ton of, 4

fractions of, 5
in water intoxication, 25
puntj of, fi

variations m, pathologi
cal causes of. 6

separated, 130
specific gravity of, effects

of, on er)throcyte eedi
mentation rate, <36

viscosity of, effects of, on
er>throc>te sediments
tion rate, 66

volume of,

estimation of,

using dextran fraction,
18

using T ISZi, 18
using tagged albumin,

18
normal values obtained

for. 19
water of, concentrations of
base in, 21

platelets See Thrombocytes
pressure,

See also Hypertension,
Hypotension

action of, on barorcceptors,
mechanism of, 262

and flow ,
relationship of in

sjstemic and pulmonaiy
circulations in normal
and abnormal states, 297

aortic, relation of coronary
circulation (o 323

arterial, 274
diastolic, 275
factors effecting 2T9

age, 274
build, 274
changes in blood flow
from ventricle, 270

changes in heart rate,

279

Blood

—

conf
pressure—cOnt

arterial—eo«f
factors effecting—cant
changes in peripheral

resistance 279
digestion, 274
elasticity of vessel

walls, 278
emotion, 274
exercise, 274
penpheral resistance.
270

posture, 274
pumping fiction of

heart, 270
quantity of blood iii

arterial system, 277
radiation, 399
PCX, 274
viscosity of blood, 278

in man, 274
mean ^3

relationship to cardiac
output, 277

normal,
determinants of, 276
values of, 274

perfusion, relation of to
retrograde coronary
flow

, m dog, 334
pul«c, 275

recorded from central
aorta, 283

relationship to pulse
wave velocity

, 2Sl
species differences in 274
systolic, 275

artery to vein, 2S7
atrtai

right, effects of, on coro
nary flow, 324

simultaneous nght and
left. 433

capillary, role of, in glo
merular filtration. 537

central venous, and pe
Tipheraf venous, com
panson of, 2S8

changes in,

during apnoeic oxygens
tiOQ, 267

in differeot vessels, 162
in systemic circulation.

162
coronary,
perfusion, relation of, to
coronary flow, 324

peripheral, relation of
coronary circulation
to, 323

deviation in, standard, in
healthy persona, at van
ous ages, 4tX)

diastolic
factors effecting
changes in penpheral

resistance, 279
changes in viscosiO of
blood, 279

elasticity of vessel
walls, 278

increase in elasticity of
arterial nails, 280

index of, S37

Blood

—

cont
pressure—cont

diastolic—coni
reaction of, to cold pres
aor lest, correlated
With development of
hypertension, 389

factors effecting,

adrenaline, lffi5

In pregnant cat, 1028
aging 400
changing from supine to

upright position 2^
erect position, 292
ischemia of kidnev 3S6
JabyriDtbectomi

, 1183
nitroglycerin 496
renin, m renal hyperten

sive dogs, 3S5
sleep 1270
stimulation of aortic

nerve 259
temperature in leg of

dog 287
gauges externally record
mg 233

hypertensive range 383
hipotensive range 3S3
in external vein measure
ment of 232

in retina, 1320

in vascular circuit

fall of, in cases of hy
pertension, 389

in subjects with hyper
tension 3S9

interrelation betHeen flow,

resistance and 165

mean in healthy persons,
at various ages 400

measurement of, 231

amplification of 234
apparatus used for basic

principles 233
auscultatory method of,

236
by manometers with
fluid filled conduit 233

by pressure pick up 231
direct 231
for noDOscillatory pres

sures, 232
in conjunction with
measurement of flow
and volume, 237

m pressure pulses 232
indirect, 235

in animals 237
in humans 235

oscillatory method of,

236
palpatory method of, 236
sounds of Korolkow in,

237
standard rero reference

plane for, 235
nonoscillatory, measure
ment of, 232

pulmonary

,

artenal,
effects of anoxia on,
29S

in mitral valve oh
Blraetion, 421

Bold face numbers tndieale moyor discussion
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Blood—conf
pre$tiire—cont
ptilmonarj—<^onl

efTects of respiration on,
200

reEiilation of, 295
piilse, m aortic regurgifa

tion, 425
recording, 234
sjstemic, effects of respi

ration on, 296
sjstolic,

factors effecting,

ctianges in lieart rale,

279
changes in peripheral

resistance, 279
changes in ventricle

blood flow. 279
index of, 237

under gravitational stress,

397
variations in, in healthy
humans, 275

venous,
central and peripheral,

shifting of relation

ship betneen, 290
control of. role of veno
motor tone in, 290

determinants of, 2S9
factors effecting,

contraction of left ven
tncle, 2S9

exercise, 292
external forces, 291
posture, 292
compensator) mech

aiiisms in, 294
qiisntiti of blood flon

ing tnrough arteri

oles 111 relation to
capacity of veins, 2S9

respiration, 291
importance of, 2S7
itv congestive heart fail

ure, 411
measurement of, 287
normal, 2SS
variations in, 288

.ivStAioxicA xen
onar> circulation to, 323

pulse wave veloeitv of, effects

of aging on, 401
reaction of, lines of defence

for protection of, 129

red cells of See Er> throe> les

redistribution of,

during exerci«e, 459
effects of hemorrhage on,

31
role of, in regulation of

bodj temperature, 880

reduced, carbon dioxide dis

association curve of, 461

regeneration of, 71
removal of carbon dioxide

from, effects of, 462

See alto Hemoglobin
renin in, in patient with glo

merulonephntis and hy
pcrtension, 3S4

Rh factor, 47

See also Rh factor

Blood—font
saline concentration in, nee-

ess^r) tostart hemolvsis,
61

samples of, positions in which
taken, by intracardiac
catheter, 522

See also Blood plasma
density pattern of, 10
difference from sea water
of today, I (footnote)

globulins,
Iraclions ol, electroplio

retie separation of. 4
manufacture of, by lym
phocyles, 90

origin of, 6
separation of, 4
supply of, control of, role

of pituilar) gland in,

91
proteins of,

functions of, 7
acting as protein re
serve,

7

blood clotliog, 7
maintenance,
of acid base balance
of blood, 7

of blood stabilit) , 7
of blood viscosity, 7
of^osmotic pressure,

production of antibod
les, 7

production of treph
ones, 7

origin of,

in the adult, 6
in the embryo, 6

sludged, 11

sodium, reduction of, due to
adrenalectomy, 1034

specific gravit) of, determi
nation of, 2

stabilit) of, maintenance of,
bx blood serum proteins,

storage of,

to use in transfusions, 42
(footnote)

stream,
entrance of blood ceils

into, 105
slowing of, thrombosis due

to, la)
sugar,
curve of, eflects of insulin

on, in depancrealized
dog, 815

effects of guanidin on, 836
efTects of tbrroid substance
OR. 833

level of,

prevention and cure of

diabetes in, 832
role of, in regulation of

insulin liberation, 818
oral agents effecting, 836
regulation of, 811

suppl) , of hidney, 533

Blood—cont
suspension slabilitj of, 61, 64
See also Erjthroc>te sed
imentation rate

transfasions of See Trans
fusions, of blood

transport of fattj matenals
bj,S46

urea in,

carrying properties of, 564
concentration of,

relation to glomerular
filtration rate, 565

use in clinical evaluation
of renal function, 569

level of, use m evaluation
of clinical function, 564

unc acid in,

high, conditions associated
with, 806

in gout, 806
venous, gas tensions in, 452
venous return of, efTects of

sjinpathetic vasocon
Btnetor fibers on, 253

ressels,

blood velocitj across, 161
blood velocity changes in,

161
caliber of, inter relation
between mtravessel pres
sure, wall tension and,
IW

chemical composition of,

effects of aging on, 401
effects of aging on, 401
effects of diet on, 946
inter relations of calilier,

mtravessel pressure, and
wall tension in, 164

lumen diameters of, 151
peripheral, effects of aging

on, 402
pulmonary,

circulation in, diatensibil

ity of, 163
distensibihty of, altera

tion of, 1^
ngidit) of, ejects of aging
on, 401

nna'A "pCTiiTiiifrB^, Ttivascnt:

ment of pressure gradient

and resistance across, 2S6

smooth muscle of, local

control of, 261
tissues ID, relative amounts

of, 154

venous capacitance, diam
eters of, changes in, ICO

walls of,

elasticity of, effects of,

on arterial blood pres

sure, 278
tensions in, 154

inter relation between
mtravessel pressure,

wall, tension and, 164

tluckness of, 154

viscositj of,

effects of, on arterial blood

pressure, 278

factors iDvolved in, 278

temperature, 278
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Blood

—

cent

cobime oj,

aUcrationa jn, 28
patfiofofiical states asso

ciated \Mtli, 20
atrial, 239
central, effects of, on renal

circulatton, 37-1

cliangca in,

cHect? of,

on aortic pressure, IGO
on central venous pres

sure, ICO
on left ventricular ili

aslolic pressure, l 60
distribution of, regional,
227

estimation of,

melliods of, 17

carbon dioxulc, 17
direct, 17
d>e, 17
indirect, 17

value of, 17
factors efTectiriR,

desox} corticosterone, 20
emotion, 20
exposure to cold, 20
heart failure, 29
high temperatuTos, 20
muscular cx«rci«o, 29
pathological states, 29
posture, 20
pregninc}

,

29
flow of, measurement of.
20S

in arterial sNstein, basic
control of, i85

in circulation, role of
splanchnic circulation
folloniug 3CS

in systemic circulation, Ifl
increases in, 29
causes of, 29
pathological states asso

ciatcd nith 20
mMsurement ol,

ballistocardiographic

method, 221

bj isotope clearance, 223
by oxygen electrode, 221
by plethysmography, 223
bj pulse pressure, 22l
b> X ray kvmographj

,

221
methods of, 17

dye,
discussion of, 17

dye used in, 17

qualifications of,

17
Evans blue, 17

methods used in, 17

effects of bemafy«i3 m,
18

eflecla of hpemia m, 18
thermal, 223

of cavity, measurement of,

225
of organ, measurement of,

225
of region, measurement of,

225

Blood—eont
tolume of—conf

of aaacular compartment,
measiiremeot of, dilution
technique for, ^6

of vessel, measurement of,

225
reduction of,

causes of, 28
effects of, 29, 36S
pathological states asso
ciated with, ^

regional,
calculation of 226
from cardiac output
and mean transit
time, 226

regulation of, 2S
total, obtaining, 18
variations m, role of, in

regulation of body tem
peratiire, 886

ventnciiiar, OGiO

vi«cosit\ of, maintenance of,

t)> blood serum proteins,

water loss from, pathological
variations in serum pro
tcins in, 6

whole,
concentration of different

forms of sulfur in, 785
constituents of, 3
pliospborus in, 4
use of,

m tratisfusions. 42
advantages of, 42
fate of. 42

vofume of, normal values
obtained for, 19

Blub, mechanism for detection
of, 1361

Body
energy stores m, mamte

nance of, 73S
Jlutd*.

eleetrotyles in, changes fn,

following pjloric ob
struction, 713

function of,

excretory, 2
introduction to, 1

maintcoaoce of water
eonteot of tissues, 2

nutritive, 2
protective, 2
regulation of tempera

turc, importance of

physical properties of

aater in, 2
regulatory, 2
respiratory, 2
temperature regulation

,

2
bypertoDicity of urine to,

mechanism involved m,
549

reaction of,

regulation of,

sikali reserve, 139
Poonaa theory of
membrane equibb
niim, J2S

BoDT—con^
fluids—conl

reaction of—coni
elcctrol3tie dissocia

tion theorj , 124
mechanisms for, 124
physicochemical pna

ciples of, 124
Acaf,

See aUo Body' temperature
effects of protein ingestion
on, SOI

loss of, 8S5
due to convection, 887
due to radiation, 8S7
environmental tempera

ture and, 890
routes of, SSo

production of, 800
factors influencing, 890
environmental temper
ature changes, 890

regulation of, centers for,

892
sources of, 800
stdrage of, 891

radiating surface of, 8S7
TightiDg reflex acting upon

bodv, 1170
Unwerature 884
SeeahoBod} heat
and basal metabolism, rela

tionsbip between, in fe

ver, 895
daily variations in, 8S4
excessive, syndromes re

suiting from, 893
factors effecting,

convection psysiologieal
variations in, 8S6

exercise, 885
radiation variation of
by phy-siological fac
tors 8^

rising air temperatures,
891

fever, 894
general discussion on 881
heat regulating mecha

Disms, 884
heat loss of, 885
high, increased blood vol
ume caused by

,

lowering of, reaction of
anastomosis to, 348

normal, 884
pyTcsia, 894
recognition of, in partial
lobe, 1245

rectal, effects of sleep upon,
1279

reflation of, 684
by evaporation of water,
887

by increseed oreulstion
of blood, 8S6

by redistribution of
blood, 8^

by respiration, 8SS
by sweating, 8S7
by variations in blood
volume, 8S0

depressing of mecha
Disms responsible for,

S93

Boldface numbers tndiea/e nm/er ehecusfion
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Body

—

coni
temperalure-~cont
regulation of

—

coni
disturbances of, 893
endocrines in, S93
food and, 891
properties of water which

are important in, 2
role of body fluids in, 2
role of skin fclood flow in,

346
nse in, following whole

blood transfusions, 43
temporar>

, 893
thermoregulatory centers,
892

upper and lower limit of,

885
variations in, in different

environmental tempera
tures, ^5

water, 19
absolute amount of, regu

lation of, 23
amount of, contained in

various tissues, 20
and blood pla«ma, distribu

tion of sodium and potaa
Slum lietween 20

dehjdration, 21
GYtracellular, 20

constituents of, 20
formation of, by poljTn

enzation, 22
intake of, 21

dail> average, 22
from metabohsm of food,
22

regulation of, 22
interstitial, changes in, iin

der ph}'siological eondi
tions. 21

intracellular, 20
amount of, determina
tion of, 20

constituents of, 20
loss of,

dailj average, 22
in expired air, 23
in hot climates, 23

in insensible perspira
tion, constituents of,

22
in saliva, 22
insensible, 22
through skin and lungs,

22
output of, 22
replenishment of, methods

of, 21

total, effects of diet

changes on, 23
volume of,

determination of, 19

relation of electrolyte

concentration and tis

sue changes to, 23

total, 19
weight,

effects of hjpophjsis on,

733
effects of hypothalamus on,

735

Bolus, movement of, during
swallowing, 6S5

Bomb calobiueter, 750, 751
Bone, 1061

action of parathormone on,
1059

as a living tissue, 1062
calcium content of, 1061
in dog, 10G2

calctumtphospbotiis ratio in,

1061
changes in, in rickets, 1062
composition of, 1061
conduction, of sound,
audiomctr}, 1451
depression, 1451
inertia, 1451
tests of, IQ hcanng. 1456

detoxicating function of, 1062
developing, histology of, 1062
diseases of, 1068
formation of. 1062
growing, effects of vitamin D

deficiency on, M8
growth of, investigating, 1064
healthy, properties of, 1068
marrow of,

effect of antianemie pnn
ciplc on, 83

normoblastic, macrocytic
anemias with, 85

red.
blood formation in, 104
circulation in, 164
general discussion on, 104
hematopoiesis by, 104
role of, in granulopoiesis,

106
\olume of, 104

white cell development in,
106

medullary, growth of, 1062
rickety

,

calcium content of, 1062
effects of cod liver oil

treatment on, 909
Boutons TEBMiNAtx, 1152
Bowel,

iSce of«o Intestines
distention of, due to intes

final obstruction, death
resulting from, 714

large, normal, completely
filled, X ray of, 716

Bowman
anterior elastic lamina of,

1316
capsule See also Glomerular

glani£ of, 1463
Botle's law, 451
BraCHIA CONJUNCtlVAE

fibers of, 1281
afferent, 1281
efferent, 1281
ascending, 1281
descending, 1281

Bbaciiia roNTis, fibers of, 1280
Brschial abtert pressure

CURVE, in aortic stenosis,
424

BRADTCAROIAfa), 193
definition of, 302
effects of^ on bemodynamic

functions of heart, 416

Bold face numbers sndicate major discussti

Bradtcardia(8)

—

eonl
sinus, general di®cus«ion on,

201
Bradyrimn
formation of, in human fore
arm skin during body
warming, 347

vasodilatorj actmty of, 346
Brain

acetylcholine content of,

functional activity and,
1311

circulation to, effects of aging
00,401

effects of hypoglycemia on,
825

expiratory center in, 490
gray matter of,

metabolism of, 1133
ovygen consumption of,

1134
reasons for, 1134

inspiratory center in, 490
lesions of,

effects of, on carbohx drate
metabolism, 834

importance of pupillary re

flexes in determining eile

of. 1411
levartcrenol di<tnbution lo,

1311
lipid function in, 1135
metabolism of, 1131, 1133

factors effecting, 1133
of cat. sections through at

different levels, effects

of, 1174
pneumotaxie centers in, 490
serotonin distribution in,

1311

stem, sensory paths in, 1193

transection of. effects of, on
glucose tolerance, $34

tumor, headache associated

with, diagnostic value of,

1259
vulnerability of,

to anoxia, 1134

to glucose deficiency, 1134

Bread
composition of, 745
energy content of, 745

Breath, analysis of, 485
Breathino
See also Tte«piration
control of, 488
mechanics of, 466
periodic, 600

Breeding season, in females,

1077
Bristle flowmeter, simu!

tancous recording of aor

tic pressure, superior

vena cava pressure, pul
monary artery pressure

and Bupenor vena cava
flow by , 290

Broca’s aphasia, 1230
Brouhobmone, 1272
Bhomsllphalein test, for

liver function, 653
Bronchi

effects of autonomic nervous
system on, 1303

innervation of, 1303
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BROScniAL TREE
blood supply of, 4G7
elastic tissue of, 466
movements of, during respi-

ration, 476
of joung vfoman, 472
parts of, 407

BEONcmECT^SIS
general discussion on, 478
X raj pilotograph of, 478

BROsanoLEs, 467
branching of, 46S
nerve supply of

,
46T

respiratorj
, 46S

terminal, 467
Broschocosstriction, due to

stimulation of vagus, 467
BRONCUOPVEtMOMA
aeration of lungs during, 515
blood oxjgen. changes in, 615

Brcsn zrrECT, 9S2
Brunner’s glands
anatomj of, G®5
secretion of, control of, C6S

Bubble flow mfter, 207
BUEBGEE’SbISIHSE.i;«Throw

boangiitis obliterans
Bpites ststeus, of blood, 129
Bcffers, general discussion

on, 127
Bofotenedine, 1029
Bufotenine, 1029
Build, effects of, on artenal

blood pressure, 274
Bulbocafebnocs reflex, gen-

eral discussion on, 1212
Bundle

See afeo Fasciculus
of Fleischig, 1197

BuBDLB BRANCn BLOCK
electrocardiogram patterns

of. 185
Icftj^^ectrocardiographj in,

right, electrocardiography in,

184
Bcbdach, tract of, 1192

histamine concentration in
blood following, 409

shock caused b^ , 40S
Btpasses

heart,
for measurement of blood
volume flow, 2Q&

left, for measurement of
blood volume flo^^, 206

right, for measurement of
blood volume flow, 206

total, for measurement of
blood volume flow, 206

Cabin, sealed, respiration m,
614

Cabot’s Bl^GS, 16
Cachexia

pituitary, 992
general discussion on, 002

Caffxiv, conversion of, to
unc acid, £05

effects of, on gastnc secre
tion, 6IS

Cais«ov disease, 512

Calcvrtsb cortex, projection
of retina on, 1^7

Calciferol, 907
Calcification
djstrophic, 1069
metastatic, 1069
of arteries, 1069
cause of, 1066

of bone,
mechanisms governing, 1066
pathological, 106S
ph^^atase hypothesis of,

physiochcmical basis of,

vm
process of,

laetorB undcrlnng, dis

cu^sion of, 10G4
drtcnption of 1066

of soft ti^'ues, 1069

Calcinosis, 1069
circum«cnpla, 1069
universalis, 1009

Calcium
absorption of, 1056
from iQtcstme, role of vita

mm D in, 0^
balance. 1056
condttiona reaultmg in,

1057
posiitie, conditions result

log in, 1057
carbonate, effects of, on gas

tnc secretion, 618
deficiency of,

effects of, tetany, 1051

theory on, in tetany, 1052
dietary,

effects of,

on skeleton, 1057
on trabeculae in diet,

1054
requirements of, 946, 947
sourees of, 1057

diffusible, in blood, 1055
distribution of, lo body, 1055
dnnlung water as source of,

1057
eflects of. ID ventricular fi

bnllatioo, 202
excretion of, 1056, 10o7
importance of, in physio

logical processes, 1055
in blood,
forms of, 1055
state of. 1055

IQ bone,
amount of, 1061

forma of, 1061
in dog, 1062
relation to phosphorus,

1061
in cerebrospinal fluids, 1056
in fetus, lOM
change ID, 1055

inorganic, JC^
ionized, in body fluids, assay

of. 1056
ions of, effects of, in electro

cardiography

,

metabolism ot, 1055
milk as source of, 1057
nondinusible, of blood, 1055
salts, absorption of, by in-

testines, 673

Calcium—cont
treatment of purpura by, 119
urinary excretion of, after

excessive parathormone
do»age, 1053

Caloric intake
effects of exercise on, 735
reduction of, m obesity

,
86S

Calories
large, definition of, 742
recommended dietary allow

ances of, 947
requirement of,

in diet,

calculation of, 942
effects of ®ex on, 943
relation of age to, 942
relation of sex to, 942

Calobioenesis, role of thyrox
me in, 1015

Calorimeter
bomb, 750, 731
direct, general discussion on

use ot 754
Haldane, 7G0
ice, of Lavoisier and Laplace,

750
Dvy . for detcmination of

energy values of foods,
diagnm of, 753

TespiratiQn, Atwater Bosa
Benedict, 755

CALOBiuETar
direct general discussion on,

754
indirect,

air current methods of 760
calculation of results in,

T62
closed Circuit, 75S
climcal txp^ of, 760
methods of, 758

defimtion of, 742
dctemination of energy
balance bv, 763

Douglas bag method, 761

gas analysis m, 761
gasnmetric methods of, 761
general disciis<ion on 750
Haldane method of, 760
in determination of heat
production from re'<pira-

tory exchanges, 757
open-circuit, 75S
methods of, 760

Ti«sot method ofj 761
measurement in animals and

man, 754
CaTiAL, semicircular, response

of, to rotation, 1178
Cancer

estrogens and, 10S5
hormone dependent, 10S6
hormone independent, 10S6

Candela, definition of, 1329
Candt
composition of, 745
energy content of, 745

Capillart{ies)
bed, functional unit of, 153
blood content of, 157
cutaneous, state of, influence

of, on depth of cyanosu,
526

Bold face numbers indieofe major discusnon
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CAPILLARY (lES)-CABDIAC um

Capillary(ies)—cent
glomerular See Glomerulus,

capillaries of
increased permeability of, in

creased l3'Tnph flow due
to, 38

loops, 345
permeability of, 158
poisons, increased lymph flow

caused bj
, 38

pressure, increase in, as re

suit of venous obatruc
tion, 37

resistance test, 119

surface, increase m, increased

lymph flow caused b>,

38
Vi alls of,

anatomical structure of,

157
exchange across, 158

intercellular cement in,

demonstration of, 157

Capitellcm, 1422
Carbaminoyl beta methyl

choline, effects of, on
cholinoeeptive effectors,

1308
Carbaminoylcholive, effects

of, on cholinoeeptive ef

lectors, 1309
Carbamyl l aspartate, chem

leal structure of, 8CH

Carbautl phosphate, chem
leal structure of, S04

Carbhemoqlobiv
definition of, 463
detemiinatioii of, 458

effect of carbon dioxide ten

sioD on amount of, 464

formation of, 68, 462
Carborybrate(8)
See alto Glueo*e
adsorption of,

by intestines, 674
small and large, 674

Calories per gram of, 744

conversion of, to fat, 840

estimation of, 809
methods of, 809

in diet, effect on amount of

protein required to es

tabhsh nitrogen equilib

num, 786
in food, determination of, 743

individual, energy content of,

744
linked with fatty substances,

metaboli’m of, 800
metabolic constant of, 753
metabolism of, 808

abnormalities of, m adren
alectomized animals,

causes of, 829
factors effecting,

acromegaly, 829
adrenal glands, 823

adrenaline, 1026
anterior pituitarj* gland,

833
brain lesions, 834

endocrine glands, 828

fasting, mechanisms in

volved in, 835
hypophyscctomy, 830

Carbo»ti>bate(8}—con/
metabolism of—con/

factors effecting—con/
Roradrenatine, 1026
pancreatectoRi}

, 830
pituitary gland sub-

stances, 831
thyroid gland, 833

in fevers,

regulation of, nervous, 634
relation of anterior pitui
tary gland to, 962

relation to citric acid c) cle,

875
role of adrenal cortex in,

828
role of pituitary in, 829

lexpiratory quotient of, 751
role of,

aa a fuel in exerci«e, 8S0
as protein sparer, 786

apccinc dynamic action of.
cause of. 788

stores of, effects of prolonged
exercise on, 882

tolerance to, testing, 835
Carbon dioxide

alveolar, reduction in, due
to altitude, 511

arlenal concentration of,
effects of, on cerebral cir

culation, causes of, 344
role of, in cerebral circula

tion 344
carriage of, by blood, 459
combination of, with hemo

globm, 58
deficit of, in blood, compen

sated, 133
disa«sociation curves, 616

of blood and plasma from
same blood, 462

of reduced blood, 461
m blood,

calculation of, 460
compensated, 133
effects of, on oxygen dis

socialion curve, 456
excess of, uncompen«atcd,

133
measurement of, 454
partial pressures of, 452
volume of, 453

ID inspired air,

effect on amount of tidal
air, 620

effects of, on respiration,
496

in the lungs, evolution of, 463
production of, by nerve 1132
removal of, from blood, cf

fects of, 462
role of, in regulation of

breathing 488
solubility of, in physiological

fluids, at bMy tempera
ture, 460

study of, historical survey
on, 749

tension,
effect of,

on earbbemoglobin con
tent of bIo«^, 464

on rate of hydrogen iod
secretion, 562

Carbon dioxide—eonl
transport of, m blood, role

of hemoglobin in, 4M
vasodilator effects of, 344
volumes of, in arterial and

venous blood, 453
Carbon mosoxidf
combination of, with hemo

globm, 53
poisoning, 623

general di«cus»ion on, 523
Carbonic Aau

buffering of, 130
production of, 129
regeneration of, 558

Carbonic antjitdrase
effects of, on hvdrogen ion

secretion, 5C>3

in parietal cells of gastric

gland, 602
in tissues. 463
role of, in regeneration of

carbonic acid, 553
Carbonvonoxvhemoclobin,

formation of, 5S
CaRdia, 689
anatomy of. 691
disorders of, 690
effects of esophageal am!

stomach pressure on, 690
innervation of, 690
tone of, effect of gastric mu

coss on, 691
Cardiac (see oUo Heart)
Cardiac asthma, 503
Cardiac cycle
electrocardiogram versus on

set of prcsiure events in

245
information on, from jugular

puUe records, 287
pressure and volume events

of, 242
pressure pul»e osy nchronisms

ID, 245
pressure pulse values in, 244
sequence of events in, 242

Cardiac depressor nerve,
role of, in control of cir

culation, 259
Cardiac dyspne-a, 502
Cardiac glycosides

action of,
in heart failure, 199
upon fibrillation and flut

ter, 199
effects of, on metabolism of

m\ ocardium 200
CaRDI AC OCTPCT, 305
and cardiac viork, compan

son of, 305
basal, changes in, due to age,

400
changes in,
normal 306
pathological, 306

decrease m,
due to pathological causes,

306
normal causes of, 306

definitions concerning, 305
distribution of, 314
factors effecting,

altitude, 512
catecholamines, 315

Bold face nuotbert indicate major dttcuttxon



1487 CARDUC-CELL(fi)

Cardiac outpct—cont
factors effecting—conf

drugs, 307
respiration, 291
simulated oxerci-'c, 312
stroke volume, 310
ventnciilar pressure vol
lime relations, 307

lentncufar volume, 307
general considerations on,

305
in aortic regurgitation, 426
m aortic stenosis, 423
m chronic congestive heart

failure, 410
in mitral inaiifTicieRci, 422
in tricuspid msufficiencj

, 42S
Increase in normal, causes

of, 307
minute volume of, 305

effects of cardiac aecelera
tion on, 311

normal standards for, phi’s
lotogical variations in,

300
regulation of, during excr

cise and excitement, 307
stable conditions m which

this IS the case, 300
stroke volume, 303
sjstohc discharge 303

Cardiac CLEwa, 1208
Cardiac reflexes role of, m

control of heart, 304
Cardiac arm NCTER iSccCardca
Cardiac tauponaub

causes of, 428
Gircu!ator> changes m, 429
heart sounds in, 42S
hemodinamic function m,

428
Cardiac wore, 305
and cardiac output, com

S
anson of 30o
itionof during exercise

and excitement, 207
role of stroke volume m 310
role of ventricular pressure

volume relationships in,

307
role of ventricular volume

in, 310
Caedio inhibitor center, 302
Cardiospasm 703

definition of, 690
discussion on 690

Cardiovascular disease, hj
pertensive, effects of, on
coronarj circulation, 331

Cardioxascular parameters,
effect of changing posi

tion from erect to supine
position on, 294

Cardiovascular reflex
MECHAMSMS, diagram
matic representation of,

258
Cardiovascular reflexes,

of chemoreceptor origin,

264
Caries

dental, 683
factors in, 6S3
mucin content of saliva,

6S3

Caries—tont
dental—conf

factors in—«mf
proteolytic bsctena, 6S3
tooth structure,

prevention of, role of vitamin
D m, 910

Carmine cei ls, 95S
Carottsf

eheniicai structure of, OW
chemistrj of, 9W
comparison with vitamin A,

994
converuon to vitamin A, 905
forms of 091
general discussion on, 994
occurrence of, 994

CaROTIII ARTERY(tb’A)
biJttternl romprcsiion of, ef

fccts of, 202
role of m Inpertcnsion, 3SS

Carotid NFRiE internal, con
ncetiorr* of, 1294

Carotid plexus
external, connections with

superior cervical gang
Icon, 1293

interna) branches from, 1204
Carotid sinls
hjpotension of due to bi

lateral earotid arterj
compression 262

innervTfioo of, 260
isolated, of dog, perfusion of

261
mcchaiii«m role of, in con

trol of circuKtion. 269
nerve, glossopharingeal

nerve and, 1201
reflex arc, 260

role of, ID control of cir
culation, 261

Carpopedal spasm. 1049
CARTiLAoes, epiphjres) bj

pertroph> of, m vitamin
D deficiency, 9W

Casein, effect of, on crowlh,
793, 794

Castration
cells, 1106
effects of, 1074
on androgen action, llOG
on epithelium of seminal

vesicles, 1105
on *exiial activity, IJ09

Cat
respiratorj center m, 490

Catabolism, definitioQ of, 749
Cataplext, in disorders of

birpotbalamus, 1231
CATAHACTfs)
age and, 1393
and fetan}. 1049
causes of, 1392
changes in lens in, 1392
definition of 1392
experimental production of.

1393
followmg parathyroidec

toray, 1393
formation of, mechanism of.

1393
general dncussion on, 1392
glass blower’s 1393
immature, 1392

CATARAcr(s)—coni
incidence of, 1393
letuj m, composition of, com

pared to normal lens,

light and 1392
mature 1392
senile, 1302

Catatorllin effect, 918
Catec«ola«i\e(s), 1023
changes m, during apnoeic

OxAgenalion 207
demonstration of, 316
role of,

in control of cardiac out
put 315

m control of circulation,
257 315

secretion of 316
Catelectbotonls 1122
demonstrating, arrangement

for 1123
Cathartics

establishing dependence on,

peristalsis of inte«tines due
to 709

Catiiemocuibis 57
Catheter intracardiac blood

samples taken b} po<i
tions for 622

Catiiodex
doling contropfjon 1122
definition of 11^
opening contraction 1122

Cations 124
CaUDATF MCLEil 1215
connections from cerebral

cortex to 1216
Cavehnols ple\d8 branches

from 1295
Ceccm
mucosa of 669
penstaltic movements of 716
eecretion of composition of

670
Celiac OANOLiov J296
Cbuac plbxls 1299
Cell(s)

aggregates
depolarization of 169

repofanzatioii of, 109
and rods relationship of,

1323
spoenne, definition of 685
basic needs of, effects of

complexity of organism
on, 1

basket, definition of 587
demilune definition of, 5SS
granulosa 1075
granulosa lutein 1076

holoenne definition of, 585
interstitial

of Lexdig, 1101
of Ovanes, 1075

luteal, 1076
membrane of,

lipoid nature of, S45
pcrmeahilitj of, to urea,

503
meroenne, definition of 585
mjoepithelial, definition of,

5S7

Bold face numbers iiKficate major discussion



cell(8)-cerebral 14S8

Cell(s)

—

coni
of salivary glands, innerva-

tion of, 591
of Sertoli, 1101
osseus, 1063
permeability of effects of

insulin on, 821
red blood See Erythrocytes
Becreting, classiffcations of,

585
theca lutein, 1076

Cementlm, 6^
Central nervous system
acetjfcfiofine in, distribution

of, 1311
connections of cerebellum

with 1279
effects of, on specific endo

enne organs, 953
fiber tracts in, mjehnation

of, 1117
humoral transmission in, role

of, 1311
nervous connections to

periphery, 1138
outflow of sympathetic fibers

from, 1296
regulatory functions of,

on cutaneous blood flow, S5l
on endocrine gland activ

ity 952
on endocrine mechanism,
052

on mu<cle blood flow, 351
on secretions of adenoh}
pophysia 978

retina as part of, 1317
role of
m experimental bj^ier

tension, 387
in timing of puberty, 075

tissue of,

electrical activity of, 1169
electro tonic potentials of,

1159
efevCrodes a(, 1153
focal potentials of, 1159
intracellular electrodes of,

1159
Centrifugal force, 395
CcxnciecruL ixtscc, 395
Cefhalin
complex, 811
contained in normal organs,

812
CErHALIN-CHOLESTEROL FLOC

CULATIOV TEST, USC of, in

testing liver function,

654
Cereals
composition of, 745
energy content of, 745
in diet, effect of, on develop

ment of rickets, 90S
vitamin content of, 938

Cerebellar cortex, structure
of, diagram showing,
1279

Cerebellar peduncles, 1279

afferent efferent circuit, 1281

diagram of, 1277
fibers of, 1280
middle, fibers of, 1280
superior, fibers of, 1281

Cerebbllo ouva&t tract,
fibers of, 1280

Cerebellovestibular tract,
fibers of, 1280

Cerebellum, 1276
afferent fibers of, 1279
anatomy of, 1276
and cerebral cortex, circular

pathway mvofviog, 1218
anterior lobe of,

division of, lil6
functions of, 1233

connections of,

diagram showing 1280
to cerebral cortex, 12S2
to reticular formation,

1282
to spinal cord, 1282
with other parts of central
nervous system, 1279

diseases of, signs and symp
toms of, 1^6

divisions of, 1276, 1277
effects of, on muscular tone

and reflexes, 1283
excision of, effects of, 1282
fibers of,

affereot, 1279
efferent, 1280
entering 1279
leaving, 1280

flocculus of. fuDclion of, 1285
functions of,

general summar} of, 1286
localization of, 1285

gr^ matter of, 1277, 1278
See alto Gray matter

hemispheres of, 1276
inferior peduncles of, 1270
lesions of
signs of, 1287
types of, 1288

nodule of. 1276
functions of. 1285

nuclei of, 1278
nerefeus tfentatos of, 1278
nucleus emboliformis of,

1278

nucleus fastigii of, 1278

nucleus globosus of, 1278
posterior lobe of,

functions of, 12S5
subdivisions of, 1276

posterolateral fissure of, 1276
pyramid of, 1276

function of, 12SS

restiform bodies of, 1279

section through, showing
cerebellar nuclei. 1279

somatic areas in, location of,

1284
stimulation of, effects of,

1283
structure of,

general, 1OT6
internal, 1277

studies of, experimental,
1362

tuber of, 1276
unilateral destruction of,

effects of 1283

uvula of, 1276
functions of, 1285

Bold ftice numbers tndteaU major dneuttton

Cerebellum—conf
white matter of, 1279
composition of, 1279
fibers of, 1279

Cerebral circulation See
Circulation, cerebral

Cerebral cortex
agranular, 1234
anatomical structure of, 1278
and cerebellum circular

pathway involving, 1218
area 4,

destruction of, effects of,

1238
function located in, 1235
irritative lesions of, effects

of, 1238
layers of, 1234

area 4s, functions localized
in, 1235

area 6,

destruction of, effects of,

1238
functions localized in,

1235
irritation of, effects of,

1238
role of,

in grasping movements,
1239

ID tonic innervation,

frontal eye field, 1240
functions localized in, 1235

area 17, 1249
area 24, localization of fune

tion in, 1240
area 44,

function localized in, 1235
stimulation of, effects of,

1240
area stnata in, 1240
areas mapped in, showing

function, 1234
auditory focafization in
auditosensory area of, 1247
cell layers of, 1277
connections to caudate nu

clsus and putamen, 1216
connections to cerebeffum,

12S2
control of vasoconstrictor

fiber discharge by, 352
dermatomes m 1241
descending pathways to

cochlea, 1427
discharges from, path of,

12So
externa] granular layer of,

1233
fetal, X zone in, 1037
fibers reaching, via pedun

cles 1231
frontal lobes,
and Intelligence, 1242
associative and synthetic

capabilities of, 1243
defects of, clinical mam

fesiations of, 1242
effect of position in phy

logentic scale on size of,

1242
localization of function in,

1234



HSO CEREBRAL-CnOtESTEROL

Cerebral cortex—font
functions of,

sna.lizinf', 1265
diflerentiation of, 12&5
generalization of, 12G5
B\nthesizing, 1266

fusiform cell layer of, 1233
ganglionic layer of, 1233
granular la>er of, 1234, 127S

internal, 1233
hetcrotjpical, 1234
homot} pic'll, 1234
inactivity of, as cause of

sleep, 1274

lajers of, 1233
localization of function in,

1234, 12&1
location of acoustic anaUzer

in. 1209
location of visual annljzerin,

1269
minute structure of, 1233
molecular Injer of, 1233, 1277
motor and sensorj represen

tations in, 1335
figunnes of, 1241

motor area of, stimulation of,

effects of, 12R4
nerve cells in, 1233
occipital lobe

lesions of, effects of, 1408
localization of function in,

1249
of precentral area, minute

atrueturo of, 123 (

orbitofrontal region of,

localization of function
in, 1240

parietal lobe, localization of
function in, 1243

plevifonn layer of, 1233 1277
portion of, removal of, effects

of, 1269
precentral, localization of

function in, 1235

precentral motor,
control over visceral and

v&rctilsr acitvities 1239
differences in function of

various parts of, 1237
lesions of, effects of, 1236
removal of, effects of, 1236

prefrontal areas of,

connections of, 1241

cortical and subcortical,

1240

localization of functions in,

1240
removal of, effects of, 1241

Purkinje cell layer of 1278

pyramidal cell layer of, 1233

removal of, effects of, 1268
representation of tactile

sensibility in, 1244

role of, in control of vaso
constriction, 256

shoeing representation of

ipsilateral cochlea in,

1247
eigmoid gyms, removal of,

effects of, 1236

somatic receptive area in,

I2S4

Cereoral cortex—COItf

somcsthetie area of, 1243
discriminative faculties of,

1215
speech areas to, 1250
study of, use of conditioned

reSexes in, 1268
ay nthesM of atimuli by, 12C6
temporal lobes of,

extirpation of, effects of,

1249
lesioixi of, effects of 12t8
localization of functions

in, 1274
visual area of, 1406
structure of, 1234

Cerebral ischemia tiieobt or
BLEEP, 1271

Cerebral peduncles, excision
of, effects of,

Cerebral vascular resist
ASCE

deffmtion of, 343
effects of, in delennination of

cerebral hlood flow, 343
extravascular factors con

tributmg to, 343
factors effecting,

arterial concentration of

carbon dioxide and oxy
gen, 344

diameter of cerebral blood
vessels, 344

hypercapnia. 345
hypoxia, 345

Cerebro cebello cebcbral
CTRCOIT, 1281

Cerebrosidcs
general discussion of, 843
occurring in body, fQQ

Cerebrospinal nBER tracts,
1195

Cerebrospinal plotp, 1299
absorption of, 1291
mechanism of, 1291

scelyjcbohne ta, 1311
Btnount of, 1292
anatomical considerations of,

1290
calcium of, 1056
circulation of, 1290
composition of, 1291
compared to that of blood
plasma, 1291

foTTa&lion of,

mechanism of, 1291
site of, 1290

function of, 1292
pressure of, 1292

effects of fluid and salt
injections on, 1292

effects of position changes
on, 1292

Ceroid, 912
Cervical oanguos
infenor,
branches from, 1296
formation of, 1296

middle,
branches of, 1296
formation of, 1296

Cervical oanguoh—coni
superior,
oraacbes from, 1295

to internal carotid nerve,
1295

Cervical Muccs, changes in, at
time of ovulation, lOSO

Ceominols glands, of external
ear, 1420

Chalet boxe See Marble bone
Charles’ law, 451
Ciiemicalsensb, common, I4C9
ClIEMICO OLFACTORY CORRE

latiov, 1466
Ciiemoreceptors, 1139
Chemorefiex, coronary, 269
Chemotaxis

definition of, 92
general discussion on, 92

Chemotropi'sm, 1117
Chest
development of, effects of

Altitude on 512
wall of, electrodes on eleetn

Cal potentials recorded
from, IW

Chewixg, innervation of, 6S4
Ciieyne stokes breathing,

600
after ventilation basis for,

600
causes of, 500
example* of 500

Ciiicsen LEUKosrs, 94
CniLLs 895

heat reduction due to, 895
Chloride
excretion of role of kidney

ID 552
Io*s of. in vomitus fall in

blood chloride due to 713
reabsorptiOD of, 653
shift, m
transport in the blood 462

CHLOROCRLORfM 55
Chloroform effects of, on

liver, 852
Cklorolabc, 1333

curve, 1359
Chlorothiazide, use of, in

treatment of essential

hypertension 390
Cholagogue definition of, 644
CfiOLECYsrOORAPHT, 659
Cuolecystokinin, gall blad

der contractions caused
by. 659

Cholelithiasis, 650
CuoLEBETic, definition of, 644
Cholesterol, 8, 843
absorption of, 843
by intestines, 678

bile acid ratio, changes in, as

cause of gallstones 651

chemical nature of, S43
contained in normal tissues,

844
degradation of, 844
distribution of, 843

excretion of, 843

by gall bladder mucosa,
656

in liver bile, origin and func

ticjn of, 644
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CHOLESTER()I.-<riRrUI,ATIOV 1490

Cholesterol

—

coni
metabolism of, hormonal

factors effecting, 844
of serum, reduction of, S60
phjsiologj of, 844
plasma, rate of synthesis of,

844
regeneration of, 844
synthesis of, 844

rate of, 844
transport of, 843

Cholesterosis, of gall blad
der, 650

Cholic aao
origin of, site of, 640
role of, in liver bile secretion,

640
structural formula of, 640

Choline
and the lipotropic agents. 933
as active component of beef

pancreas 851
chemical structure of, 850,

933
deficiency of, 934
diet low in, effect of, on liver

of depancreatized dog,
851

effects of, when administered
by mouth, 721

E

iencral discussion on 850
ipotropic activity of, 850

Choline acetylase
acetvicholine synthesized hy

,

1303
distribution of, 1304 (foot

note)
ClIOLINERQK

definition of 1303
fibers, distribution of, 1307

CiioLiN4 6TriiAS£B, inhibition
of, 1305

CHOLINOCEPTIVE EFFECTOnS,
drugs acting nt, 1308

Chorda timpam, role of, in

wrwof J45S
Chorea, 1223
hemiballismus, 1223
Huntington’s 1223
Sydenham’s, 1223

Cjfi.'fisf>.t7fis709ts, 133S\ }224
Chorionic gonadotrophin

See Gonadotrophin
Choroid, 1316
blood supply of, 1326

Christmas FACTOR 5ec Plasma
thromboplastin com
ponent

Chromaffin tissue, 1022

CiiKOMATic threshold, deter
ininatioii of, 1347

CltnOMATltlTV CHART
for deuteranopes, 1350

for protanopea, 1355

spectrum locus on, 1353

Chromatin, sox, 1072

Chromatolysis, 1118

Chromium, radioactive, use of,

in estimating red cell

volume, 18
ClIROUOPHIL CELLS

of pars di'‘fali‘', 957
staining of, 057

Chromophobes, 9S2

Chromoproteins
characteristics of, 771
examples of, 771

Chrouosoueb, sex, function
of. 1072

Chbonaxie(s), 1120
determinations of, 1120
in human subjects, invest!

gations in, 1121
variations in,

effects of electrode size on,
1121

phy Biological basis for, 1 121

Chvusteks, sign of, 1050
Chylomicrons, 846
CiiYMOTRYpsiN, activity of, 631
CiiYuoTRVPsiNooEN, activity

of, 631
Cilia, role of, in respiration,

466
ClUARY DOUT, 1316
anatomical features of, 1386
blood supply of, 1326

Ciliary muscle
effects of drugs upon, 1412
fillers of. 1387

circular, arrangement of,

1337

CtUARY PROCESSES, 1386
blood supply of, 1326

ClLIOSPtNAL reflex, 1409
Circuits, splanchnic, 365
Circulation See oho Blood

flow

adjustments in, after acute
arterial hypoxia, 510

and heart, stale of compen
sation, 411

Circulation
cerebral 343

factors determiDing, 343,
344

factors effecting
aging 401
cerebral vascular resist

snea, SiJ
effective perfusion pres

sure, 343
internal jugular venous
pressure. 343

zziAnc.w.u ^4
in polyeytbetnia, 344
measurement of 343

nitrous oxide method of,

343
repilstion of, by local car
bon dioxide concentra
tioDS, 344

relation of arterial blood
pressure to, 343

role of arterial concentra
tion of carbon dioxide
and oxvgen in, 344

changes in, due to excercise,
effects of athletic tram
tng on, 504

control oj.

See aha Circulation, regu
lation of, Circulation,
factors effecting, Vaso
conatnetion, Va^Milator
fibers

by cardiovascular reflexes

of chemoreeeptor ongio
264

Circulation

—

coni
control of—cont

by chemoreceptors, 264
by reflex vascular adjust
ments, 263

by vaseular reactions, 262
extrftresistance effects of

of baroreceptor reflexes
in, 263

factors in,

adrenal medulla versus
Control of blood ves
Sels, 257

aortic depressor nerve,
259

cardiac depressor nerve
259

carotid sinus reflex are,
261

catecholamines, 257
heart reflexes 266
left heart reflexes, 268
low pressoreceptors, 269
peripheral vasculature

reflexes, 269
pres«o or haroreceptors,
259

pulmonary reflexes, 266
respiratory reflexes, 269
variations in blood car
bon dioxide, 265

variations in blood oxv
gen, 365

variations in blood pH,
265

general discussion on, 270
pulmonxry depressor re

flen in. 268
coronary, 319

anatomical details of, 319
basal data on, 321
blood flow through, deter
mioation of, 216

changes in, during ventric
ular asystole, 327

e^}>sieral,

decrease of, 334
effects of drugs on 335
improvement of, 317

IQ animals 337

increase of, 333
natural response of, 313

control of, 332
coronary perfusion pres

sure, and 324
determinants of, 322
factors effecting,

acetylcholine, 329
anemia, 320
aortic coarctation, 328
epinephrine, 320
exercise, in dog, 333
heart failure, 330
heart rate, 327
horniones, 329
hy pcrtensive cardiovas-
cular disea.se, 331

hypothermia, 330
metabolites, 326
nervous influences, 320
pitressin, 320
shock, 331
stress states, 328

effects of aging on, 402
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ClRCDUmON-aRCtrLATIONUOl

RCULATION—fon(

coronary—eanl
factor^ <*frectinR

—

coiit

thjroidf 323
transfusion, 32S
\at;al induced as>stole,
325

valvular lesions, 330
general considerations on,
319

improvement of, proec
aurcs lor, 337

measurement of, 332
relation of,

to aortic pressure, 323
to arterial perfusion

pressure in dogs, 331
to peripheral coronarj
pressure, 323

to ventricular pressure,
323

respoasp patterns of, 32B
schematic representation

of, 320
studies on,
methodolog\ u<-edin,319
preparations used in, 319

Tinthin m>ocardial ^^all,

separation and quanfi
tation of, 321

cufaneoua, 315
iSee also 8kin blood ilo^^ in
anatomj of, 315
blood floir to areas of ekin
other than extremities,
control of, 349

role of, in skin color, 345
deliverj of erythrocytes into,

rhythm of, 103
factort effecting,

See aito Circulation con
trol of

,
Circulation, regu

lation of

elevation of legs, 270
heat, 394
lonumg radiations, 398
norepinephrine, 374
stress, 32S
ventricular fibrillation, 201
whole posterior pituitary
extract on, 9M

fetal, 521

heart as a pump, 239
hepatic, 366

arterial, 3$7
portal venous, 307

m different regions, special
features of, 343

in ted bone marrow, 104
intestinal, 364
See also Circulation,

splanchnic
factors influencing, 504

mesenteric, 364
ocular, 1326
of bile salts 641
peripheral,

control of, vasomotor sys
tern of nerves for, 257

failure of, 410
Poiseuille’s law applied in,

166
pressures, pulmonary, tiefi

mtion of, 414

CiRCPLATlON—coni
pulmonary,
anatomy of, 1C3
blood distribiitfon la, 152
blood prva-uire in,

blood velocity (n, 152
cro«s sectional area of,

152
distcnaihilitx of, 1C3
effects of exercise on, 297
functional characteristics

of 15J.
hemodxnamie character

istica of, 151

kinetic encTg> of 16t
regulation of prcs«ure and

flow in 361 374
resistance to blood flow in,

]&i
vasomotor control of, evi
dence for and against,
29

rciTufafion of
See alto Cireiilation con

trol of. Circulation fac
tors effecting

in anoxia 392
m ftaph> xia 392
in dilation of heart, 331
in environmental tempera
turc changes 394

m gravitational etress 394
m hjpercapma, 392
in hjpertrophj of heart,
3St

m hypers cntdation,
in h) povcnlilation, 392
m hypoxia 392
j/i space flight, 397
under acceleration stress,

394
under gravity free con

diitons, 397
under ionising radiation,
395

under states of stre<>s, 331,
407

renaf, 368
and renal function, 370
animal expenments in, 363
autoregulation Of, 371

cell separation theory of,

372
intrarenal pressure

theory of, 372
myogenic theory on 371
role of preglomerutar
vessels in, 371

role of renal cortex tn,

371
diagram of, 534
factors eflecting,

anesthesia 373
central blood volume,
374

epmepbnne 374
exercise, 374

1 hydraxinophthalasitie,
375

hypercapnia, 373
hypothenma, 375
hypoxia, 373
pharmacological agents,
374

pitressin, 375

CiRCTTL STIOV—conf
renal—coat

factors effecting—conf
posture, 374
reactive hjpei-emia 375
regional cooling, 375
scrotoQiu, 375

intrarenal hemodynamics
and renal function, 370

measurement of, 368
nervous control of 372
normal 369
pressure gradients in, 369
rcguiation -of, nervous 372
relation of, to renal func
tion 36S

skeletal muscle, 352
humoral factors in, 353
mechanical effects on 357
metabolites and, 353
nervous system control of,

333
study of during sustained
muscular contractions,
354

special features of, in differ

ent areas, 364
speed of, effects of aging on,

401
splanchnic 364
See also Circulation, in

testinal

divisions of 364
factors effecting 367

excrci«e 367
following loss of blood in

circulation role of, 368
hemodynamic character

istics of 364
measurement of, 364
normal maintenance of,

365
role of liver m, 367

splenic, 366
nature of 366

stress in effects of, on
adrenal medulla, 10%

systemic 161
blood content of, 151

blood distribution in 153

blood pressure is, 152

in different vessels, 162

blood velocity in 152

blood volume in, basic con
trol of, 155

croos sectional area of, 151,

152

diameter of, 151

energy developed by, 162

functional characteristics

of, ISl
hemodymamic character

istics of, 151

pressure changes in, 152

end, 163

lateral, 162

regulation of pressure and
flow in 2B1, 274

velocity changes in, 161

volume of flow in, 151

time of, 225

changes in, significance of,

225
measurement of, 225
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Cl RCLLATOBY-COLOR (s) 1492

CiRCLLATORT SYSTEM, relation
ship to Ij-mphatic 83s-

tm, diagram of, 35
ClBCLLVS ARTEKI0SL3 MAJOR,

1326, 1409
CiRCrS MOVEMENT THEORY
acceptance of, 199
in production of auricular

fibrillation, 198
Cirrhosis

alcoholic, 852
dietar3, experimental, S52
general discussion of, 852

CJ33.4TE TETAVy, J05J
Citric acid cycle, relation to

metabolism of carbohy
drate and fatty acids, 875

ClTROVOBEM FACTOR Sse
Leucovorum

Clarke’s collmn, 1186
Clasp kmfe effect, of mus

cle, 1166
Claudication

intermittent,
cause of, 358
general discussion on, 358
pam in, cause of, 358

Claloivs, cells of, 1425
Clalstruu, 1215
Clearance,

free nater, 532
term of, use of, 53S
urea, ratio of creatinine

clearance to, 561
use of term, 538

Climacteric, 1080
ClIMBING IIRERS, 12S1
Clock tests, for recognition of

aphasia, 1252
Clonus, 1163
ankle, 11&4
mcchani*m of, ]I&4

Clothso factors
factor V See Ac globulin
labile See Ac globulin
it&tile factor See Clotting

factors, factor VII
terms for, 112

CoA See Acetylation, coen
z3Tne of

COACERVATION, 109
Cobalt
polyC}themia due to, 75
role of, m hemoglobin synthe

COCAHBOXYLASE, 917
Coccygeal ganglion, 1296
ConiLEA
anatomy of, 1422
cells of, 1425
drawing of, 1424
freciucnC3 anal3-8is by

,
1439

resonance theory of, 1439
resonance • valley theory

,

1439
telephone theory of, 1439

hair cells of, general discus

Sion of, 1426
inner sulcus cells of, 1425

ip«ilateral, temporal cortex
of cat, showing repre

scntatioD of, 1247
limbus spiralis of, 1425

Cochlea—

«

m/
mechanical aspects of, 1439
microphonic potential of,

1443
neuroepitheliuin of, 1424
neurons in, response areas of,

1446
pathways from cortex to,

1427
role of, in hearing, 1439
theones on operation of, 1439
transmission of sound to,

1435, 1451
traveJhDg waves id, Jt40
demonstration of, 1440

Gocblear duct, 1423
hair cells of, innervation of,

1426
lateral wall of, 1426

Cochlear fluids, 1423
Cochlear nerve, draWTng of,

1424
Cochlear partition

displacement of, at various
frequencies, 1440

cross section of, 1425
mechanics of, 1439
movements of, 1440
physical cbaractenstica of,

measurement of, 1440
CoENZYUE, of acetylation See

Acetylation, coensyme of
Coenztue a
chemical structure of, 927
function of, 927

Coin bowl test, for recogoi
tion of aphasia, 1252

Cold
effects of,

on blood volume, 29
on circulation, 394

pressor test, 3S9
hyper reactors to, 3S9
hy-poreactors to, 389
Dormoreactors to, 389
reactions to,

ela'sificatioD of, 3$9
of diastolic pressure,
correlated with devet
onment of byperten
Sion, 3S9

receptors for sensation of,

1141
sensation of, localization of,

1140
spots, on palm of bond, 1139
use of. ns an anticoagulant,

114
Colitis, mucus, CTO
CoLLACENosES, cortisonc used

in therapy of, lOtl
Colliculi, superior, role of, in

visual pathway, 1405
CoLUOATI>E PBOPERTIES, of a

solute, factors involved
in, 547

Colloidal gold test, use of,

in testing liver function,
KA

Colloids, solutions of, use of
in trsDsfusions, 60

Colon, 716
See also Intestine, Urge
abnormal motility of, 720
See aho Constipation

Colon—coni
anatomy of, 669
contents of, agitation of,

mechanism of, 716
contractions in, ty'pes of, in

dogs, 716
distal, innervation of, 723
innervation of, diagram of,

718
mass movements of,

confusion with peristalsis,

717
defecation urge and, 717
fuDctioiis of, 7)7

motor activity of, food as
stimulus to, 717

movements of,

in eats, 715
in dogs, 716

mucosa of, 669
peristalsis of, 716

confusion with mass move
ments, 717

effects of insulin on, 827
secretions of, 669
secretory functions of, nerv

ous control of, 670
Colob(s)

blindness, 1354

and central foveal vision,

1359
classes of, 1354
incidence of, 1355
types of, incidence of, 1354

bnghtness of, definition of,

1348
complementary, wave length

of, 1349
discrimination of, by central

fovea, 1358
“impure,” 1349
luminosity of,

definition of, 1348
in mixed colors, 1351

mechanism, blue, 1361
mixed, luminosity of, 1351
naming and recognition of,

in test for aphasia, 1251

nature of, 1347

qualities of, 1348

saturatioa ol,

definition of, 1343

testing, 1348

spectral,

matches on, mean coeffi

cient curves for, 1352

saturation of, 1348

theories, opponent, 1364

trichromatic coefficients of,

importance of, 1354

analysts of, 1350
blue mechanism m, 1361

features concerning
which relate to rods,

1362
spectral sensitivity in,

1363
dilTerence between foveal

vision and, 1360

general discussion on, 1347

increment threabolda of,

1360
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1403 COLOR(s)-COR'nCOBULBAR

CoiMB{B)—cont
—cont

Biechantsm of, 13G0
detection of thresholds

of, 1360
eslirmtion of sensUivitj

of, 1360
foveal center and, 1357

ph\sioIogicaI basis for,

1357

primitive form of, 1364
reduction of normal c\e to
monochromatism, 1^63

retinal function in, schemes
for, 1364

trichromatic character of,

1351
visual differentiation of,

1205
Colostrum

constituents of, 1090
role of, in initiation of

lactation, 1097
Comma tract, of Schulta, 1197
Compass test, for tactile

discrimination, 1140
CoMPLEUEST nXATIO*J, 63
Concave mirror, real inverted

image formed by, 1376
Concha, 1420
CoNDtiiENTS, effects of, on

gastric secretion, 616
Conditioned RErLEXES, 1261
alimentary, 1261
artificial, definition of, 1263
biological siemficaDce of,

1263
concentration of, 1267
defense, 1262
definitions concerning, 1261
dclftNed, 1264
inmbition of 1264

disiohibitiOQ of, 1264
effects of drugs upon. 1270
experiments upon, arrange

ments for 1262
excitatoiv, 1261
generar discussion on, 1261

exUaetton of, 1263
for defecation establishing,

720
induction tn, 126S

negative, 1268
positive, 126S

iniubition of, 1263
concentration of, 1267
conditioned, 1264
differential, 1204
external, 1263
internal, 1263

irradiation, 1267
natural, definition of, 1203
positive 1262
general discussion on, 1262

secondary, 1202
simultaneous, 1264
tertiary, 1262
trace, 1263
use of, in study of cortical

function, 126S

density of, on or near the
horizontal meridian, 1323

distance between, role of, in
visual acuity, 1366

Coves—tonl
distribution of, near center of

retiss, 13^
general dioeussion on, 1321
Illustration of, 1321
inner segments of, 1322
nuclei of, 1323
outer 8C|^ciits of, 1321
role of, in vision 1324
synaptic connections of, 1320

Conjunctiva, 1314
Constipation, 720

caii'cs of, 720
chronic, causes of, chief, 720
headache associated mth,

1250
simiptoms of,

origin of, 722
refcrrable to alimcntarj

tract, 772
Contact lenses, 1397

general discussion on, 1307
ContraCTIUTT

definition of, 144
measurement of, in heart

muscle, 144
of cardiac muscle, measure

mcnl of 144
Contraction, tome, energy

expenditure of, 111^
Contrast
dcmonsfratioo of, 1341
simultaneous, 1341

CoNVECTfON and body heat
toss, 887

Convex ctlinoer, refraction
b>. 1378

Convex less iSce I^ns, convex
1378

Convex mirror, virtual erect
mirror formed by, 1376

Coombs, serum, anti RR t>pcs
of antibodies developed
after administration of,
48

Copper
dietary allowances, recom

mended, 917
roJe of, IB temocfolwo era

thesis, 7S
CopnopoRPOTniN, 54
cbemical structure of, 53
formation of, K

Corps, cortical, I07S
CoHi CYCLE, 811, 1026
Cornea, 1316

distances of cardinal points
of eye to, 1380

epithelium of, 1316
layers of, 1316
refraction by, 1379
vertical section of, 1316

Corona ciuaris, 13^
Corona badiata, 1076
Coronary artert collat

ERALS
pjophylactie augmentation

of,

by natural stimuli, 335
physiological effecta of, in

dog, 338
CoROMABT BED, Yesistaoce of,

to coronary flow, 324
Coronary aiEMOBEVLEx, 269

Coronary aHcuLAUON See
Circulation, coronary

Coronary collateral cth
CLLATiov, 333 See also

Circulation, coronary
collateral

Coronary endarterectomy,
339

COBONaEV StNlTS

catheterization studies of,

325
oxygen saturation of during

ventricular asjstole, 327
Corpora amylacea, 1107
Corpora lute.\, production

and maintenace of, role

of estrogen in, 1084

Corpus albicans, 1076

Corpus cereselli 1276
Corpus fibrosou, 1077
Corpus iiemorruagicuu, 1076
Corpus llteum, 1076
hormone secreted by, 10S6
showing luteal ti«sue, 1076

Corpuscles
See also Blood cells

buffer s> stems of, 129
Golgi 1146
Hassall s, 1110
Malpighian, 67
nitrogenous constituents of,

distribution in, 8
Corpuscles, Pacinian, 1142,

1146
sue of, effects of, on erythro

cyte sedimentation rate

66
white blood See Leukocytes

Cortex
adrenal Sec Adrenal cortex

cerebral See Cerebral cortex

factors effecting, emotional
feeling 620

of thymus, 1110
renal,

dye dilution curves in, 370
roleof inautoregulationof

renal blood flow, 371

CORTt
organ of

action potentials of 1444
synchronous volhya in,

1444
at rest, 1441
cochlear microphomc po

tential 1443
electrical responses in, 1442
endocochlear potentials in,

1442
fine movements of, 1441
intracellular potentials in,

1442
mechanical functions of,

1441
nerve fibers of, 1426
nerve supply of, 1426
summating potentials of,

1444
rods of, 1424
spiral organ of, 1424
tunnel of, 1424

Cortical hormone, natural,

1038
Cobttcobulbab fibers, 1204

of spinal cord, 1203
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COKTICOIDS-DECAiariCATIOV 1494

CORTICOIDS
adrenal, assay of, 1039
androgenic secretion of,

regulation of, 1040
COBTICONIORAL FIBERS, 120J
Corticopontine fiber tracts,

1203, 1281
CORTICORLBRAL nBER TRACTS,

1203, 1204
Corticospinal fibers, 1204

source of, 1236

tracts, 1195
Corticospinal tract, from

precentral gjrus, de
stniction of, effects of,

1238
Corticosteroid release, in

assay of cortieotrophin,
969

Corticosterone
chemical structure of, 1039
general discussion on, 1038
isolation of 1038

Corticostriatal fibers 12&1
tracts of, 1204

CORTICOTROPIIIN, 967
adrenal activities of, 9CS
assay of, methods of 969
control of glucocorticoid se

cretion by, 968
effects of on gaatnc secre

tion, 619
eosinopenic response to, 1045
inactivation of, 969
international unit, 969
pbv Biological activities of,

067, 968
preparation of, 967
secretion of,

regulation of, 969
stresses causing, 970

side effects of, deletenous
1041

CoRTlN, 1033
Cortisol See Hydrocortisone
Cortisone
chemical structure of 1039
side effects of, deleterious,

1911
therapeutic uses of, 1041

COTHROMBOPLASTIN See Clot
ting factors, factor VII

Cough replbn general discus

Sion on 477
COLNTERCURRENT EXCHANGER,

pnnciple of, 551
Cramps, heat, general discus

Sion od,S94
Craniophartnceal canal, 957
Craniosacral outflow See

Autonomic nervous sjs

fem, parasjTnpathetic di

vision of

Cramotaees 90S
Creatine 781
chemical structure of, 781
distribution of, 782
excretion of, 782
in the muscular dystrophies,

782
in urine, conditions appear

tng ID, 782
origin of, 782
importance of arginine in,

783

Creatine—
origin ot—eont
importance of gl5 cinc in,

782
importance of glycoey
amine id, 783

Bite of. 783
phosphate, and adenylic acid

system, 874
tolerance lest, 782

Creatinine, 781
chemical structure of, 781
clearance of, as index of renal

function, 570
dsil) output of, in unne, 783
distribution of, 782
excretion of, 7^

as index of muscle metabo
lism, 783

origin of, 782
output of, effects of etarva

tion on 862
plasma concentration of, as

index of renal function,
569

reabsorption of, 513
Creatinuria, 782
Cremasteric reflex, general

discussion on, 1212
Crenation, 16
Cresol, conversion of UTosine

to 721
Cretinism
endemic, 1000
general discussion on, 1000
infantile, effect of thyroid

treatment on 1001
nervous, of McCarnson. 1001

Crista
anatomy of, 1175
drawing of, 1175
functions of, 1178

Cross UATciiiNO, of blood 45
Crura 1422
Crush syndrome 409
impairment of renal function

in 409
CRTProRCIIIDlSSI 1102
Crypts or LiebereUiin, 6G6
Crystalune lens See Lens,

crystalfine
Crystalloids solutions of, for

transfusions. 51
Comulls oopiiuros, 1076, lOSO
Clshing's disease general

discussion ou 991
Clshino s byndroue, general

discussion on, 991
CUTANFOUS
See alto Skin
nerves, distribution of, 1100
pain, 1143

sensations, dissociation of,

1143
Cutler Power Wilder test,

of adrenal cortical func
tion, 1045

Cyanide poisomno 624

CyaNocobaiauin See Vitamin
B.I

CtaNopsin^ 1332
composition of, 1333

Cyanosis, 624
blood changes in, 534

Cyanosis—cent
depth of, factors influencing,

526
oxjgen therapy in, 526
pigmentation and thickness

of ekm and, 526
state of cutaneous capillaries

in. 626
CrcLOPLEGiA, defimtion of,

1412
Cycloplegics, defimtion of,

1412
Cylindrical lens See Lena,

cylindrical
Ctlinduria, general discussion

on. 572
CtSTIDINE 5' TRIPIIOSpaATE,

chemical structure of,

SOI
Cystine
and methionine interchange

ability of, 793
chemical structure of, 774
role of, in entrance of sulfur

into body, 784
Cytoarciiitectomcs, defini-

tion of, 1234 (footnote)
Cytochrome
components of, 55
dietnbutsoQ of, 54
function of, 54

Cytoplasm, physiological com
ponenta of 1116

Cytosine chemical structure
of, 799

D

Dairy prodccts
composition of, 745
energy content of, 745
vitamin content of, 036

Dalton’s lar
,
451

Dark adaptation
and night blindness, 1846
curve, 1343

plotting, 1343
experimental Btudies on 1543
factors involved in 1344

C

;eneral discussion on 13(2
ight adaptation after 1316
mechanism involved in 1342

Deafness 1449
causes streptomycins, 1455
conductive 1451
causes of 1454
temporary, 1455

nerve 1454
cause of, 1455
diagnosis of, 1455
incidence of 1455
temporary, hearing loss in,

1455
tests for diagnosis of, I45G

perceptive, 1454
cause of 1455

Deamination 774
chemical processes involved

in 776
definition of, 774
mechanism of, 774
Bite of, 776

Decalcification, anticoagu
lant activity of, 114
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1405 DEC^METHOMtJil DIET

Decametiionjlu
effects of,

on auionomic nervous 8}-s

tem, IW
on mjoneural junctjon,

1310
DECtPJTlTE PBEPABATIOV, IIGS
DxCEREBRATEfs)

cat,

extensor ngirfitv in, 1165
child, posture of, llfiO

preparnlion, tome labjnn
tktne itffff tKck reflexes

in, ll&C
npdity, 1165
m man 1167
production of, 1162

central meclinnisms con
cerned m, 1166

Decerebiiatiov. effects of, on
stretch refletes, 1162

DEanEL(s)
definition of, 1433
notation, general di«cussion

on. 1433
scale, for sound, 1433

DECOMPBEaStON
explosne,

technique of, study of djs
bansni using 513

tolerance to, 513
thickness jSeeDNsbansm

Deebcatiov, 717
act of,

mechanism of, 719
voluntarj regulation of,

719
conditioned reflex for, cstali

liahment of, 720
roflcJi centers for, 719
urge,

causes of, 717
Ignoring of, constipation
caused b\,720

inducement of, 718
relation of mass move
menta of colon to 717

Usais'TiTrov S!r.3}knn.<}g
Dehybratiov, 24

causes of, 24
definition of, 24
effects of, 24
exhaustion, general discus

Sion on. 894
secondary, 2i

DEHtDROANDROSTEBONE,
chemical structure of,

1104
DEHroEOAScoHBic ACID, chcmi

cal structure of, 934
7 ' Dehvdrocholesterol,

chemical «!trucfure of,

908
II Dehydrocorticosterone,

chemical structure of,

1039
Dehydrocortisone, thera

peutic uses of, 1041
Debydroqenation, of fat, 855
Deiters

cells of, 1425
in organ of Corli, drawing

of 1426
DejX vu, due to lesions of tem

poral lobe, 124S

D£.rERiNE, and Bouss3 , thala
rntc syndrome of, clinical
feitures of, J2K

DE Keeun , and Magnus ,
< t at I c

and slato Kinetic relieves
of, 2269

Deuriuu cordib, 19S
Demili se cells, definition of,

5SS
Dendrite, 12]5
Dpnritouetbr used in deter

mination of gas satura
troa of lifaatJ, 21S

Dentin, CS2
Dentinal tubolfs 6S2
2' DFOXY 5 AIBTUVLCmnlNE

chenuetl structure of,

SW
2' Deoxtcytidine, chemical

structure of, 804
DEmi prncEpnoN, 1413

factors involved m, 1415
DEnUATOUES, 118S

cortical reprc«cnfafion of,

1243
distribution of, 1189
mapping out, methods of,

11S9
segmental arrangement of,

1189
Dcraicus, 684
Derwoorafhism, 350
Descembt elastic lamina of,

1316
Desoytcobtisone
chemical structure of, 1939

11 Desoxtcorticostebonb
chemical structure of,

1039
effects of,

hypertension induced b\

,

387
on volume of blood, 29

physiological actions of, 1036
compared to those of al

dosterone, 1036
Desonypvridoxine antivita

mia actrnts of,

Desoxybtbonlcleic Aao See
Nucleic acids

Detbdsor
contraction of. lo mictun

tion, 579
unnae, 578

VzVTEttAt.OPES 1355
fhromalicity chart for 1356
foveal centers of. spectral

sensitivitA curves of
1359

Dextran
effects of, on erythroo te

sedimcDtation rate, ^
glomerular filtration of, 536
use of, in tran«fu«ioos 50

Dextrose Glucose
Diabetes

alloxan,
causes of, 836
general discussion on 836

effects of hyperthvroidism
on, S33

effects of removal of pitui

tar} gland on, 820
experimental, prevention

and cure of, importance

Diabetes—cont

of blood sugar level in,

832
hunger, 835
in«ipiduN

general di«cu<9ion on, 992

nephrogenic, general dis

cussion on 576
pituitary, renal function

disturbance in, 577
pancreatic, 813
permanent,.
importance of growth hor

monc m dexelopment of

S32
role of pilmlar} in S30

susceptibiJjt} to infection in

$15
DUSIIVO MONOCABBOVYLlt

ACIDS chemical structure

of 774
Diapedesis, definition of, 89

(footnote)
DtAPlIBArSI
action of 474
cosfo«ternaI 474
irritation of neck pain

caused b> 729

lumbar 474
movement of

during inspiration 474
factors effecting 475

parts of 474
position of during expira

tioD and inspiration 475
DlAPHRAfUA BELLAS 057
Diastasis 214
Diastolic mcrxiur 418
Diastolic pressure 275
Diatherwy

principles of 1119

U''cs 01 1119

utilization time of, 1120

Dibsvaaiine
adrenergic blocking bx llK't

chemical structure of 1029

Zfeec\eriJ%e
adrenergic blocking bx 102S

chemical structure of 1029

Djchboiiats, 1354

Djcumarol
anticoagulant action of 115

hypoprothrombinemia
caused by 117

Dicysteise See Cvstine
Diencepiialon and sleep 1272

Dibvestroc. loss
chemical structure of 1083

Diestrus periods, 1078

Diet
amino acid importance in,

944
arachidonic acid m, require

ments of 915
as a source of potential acid,

556
caJone requirement in, de

termination of, 942
changes in, effects of, on

total body water, 23
deficiency in effects of fatty

liver 849
effects of,

in atherosclcro'i'*, 916

Bold face nundten mdteale major discussion



DIET-DUST H96

Diet—coni
effects of—coni

in Wood clotting, 946
on basal metabolic rate,

766
on hemoglobin regenera

tion, 72
fat in, indispensability of,

945
fatty acids in, 945
fatty liver cau«etl by, mecha

nism involved in, 850
hemoglobin production influ

enced by 72
in fevers, 896
hnoleic acid requirements in,

945
lipotropic factors in, absence

of, fatty livers resulting

frotti,

mineral constituents of, 046
pancreatic ensjTne secretion

adaptation to, 637
planning requirements to be

considered in, 942
proportion of fats carbohy

drates, and proteins in,

948
protein alIo\^ance id, general

discussion on, 943
protein rich, effects of. on

health, 943
recommended 947
average tnimmal amino

acid requirements, 945
calories per day, 943

reducing,
dclav in loss of neight
«hile on, OAing to reten
tion of water, 867

planning, S6S
requirements for, 942
role of, in atherosclerosis

946
Dietart habits, changes in,

following removal of
temporal lobes, 1249

Diethylstilbestrol, chemical
structure of, 1083

Difference, recogmtion of,

localization of, 1245

Digestibility, coefficient of,

791

Digestion
See lartous enlnet under the

Gastnc headtnge which

apply
effects of, on arterial blood

pressure, 274

function of bile in, 946

gastric See Gastric digestion

pancreatic enzjmes in, im
portanee of, 632

serial photographs of etorti

ach during, 695
ultimate aim of, 671

Digestive oiai^ds See Glands,

digestive, Glands, sah
vary, Secretions, sail

vary
Digestive peristalsis, 694

relation of hunger contrac
tions to, 696

Dioitaus
action of

in fibnIIatioD and flutter,

199
in heart failure, 199

effects of,

on cardiac output. 307
on electrocardiographi c

patterns, 189
Diutdroethtutilbesckol

1083
chemical structure of, 1083

DnnDROTACHYSTEEOL, use of,

as substitute for para
t hormone, 1061

Diiiydroxi EsTRiN See Estra
diol

Dimvdroty phenylalanine
See Dopa

3 5 Di lODO-l (4' MBTiioxr
PltBNOXY)BE\ZALDE
HYDE, chemical struc
ture of, 1009

3 5 Di iodothtroninf, ehemi
cal structure of, 1009

Di iodotyrosine. chemical
structure of, 1010

Diketopiperazines, 770
Dinitrophenol, use of, in

treatment of obesity, 868
Diodbast, clearance of, use of,

ID measunng renal
plasma How. 546

Diopter, general discussion
on 1378

Dipbftides, characteristics of,

772
Diplaclsis, 1453
Diplopia, 1413
causes of, 1418
crossed, 1419
introspective, 1413
physiological, 1413
position sense in, 1419
simple. 1419
uncrossed, 1419

Dipole, definition of, 170
Disacchabioases, secretion of,

bv small intestines, 667
Disc, choked See Fapilfedenia
Discobolus posture, 11S3
Discus PBOLIOERLB, 1076
Disequilibriih, caused by cx

cisiOD of cerebellum, 1282
Disk THROWiNa posture, 1183
Dissociation constant, 124
Distance, judgement of fee

tors IQ, 1416
Diuresis, osmotic, ride of, lo

sodium excretion, 555
Diuretics, use of, in treat

ment of essential hyper
tension 390

Donath phenomenon 64
Donnan theory, of membrane

equilibrium 128
Donor universal danger of

belief in concept of, 45
Dopa, chemical structure of

1024
Dopamine, chemical structure

of. 1021
Dorsal mcleus, 1186
Dorsal boot vasodilator

FIBERS, 350

Douglas bag, 761
calorimetry

, 761
Dreams, production of, theory

concerning, 1273
Dreamy states, due to lesions

of temporal lobe, 1248
Drinker respirator, 530
Drugs effects of, upon eondi

lioned reflexes 1270
Drum xiembrane, 1420
mechanical aspects of, 1436
mode of vibration, 1437
normal, appearance of 1420
vibration of

as a ngid cone, 1437
patterns of for 2000 c p s

tone, 1437
Duaustic school of thought

concerning development
of blood celts 99

DLcr(s)
intercalary, definition of, 587
interlobular, definition of,

587
Dlctili efferentes, 1100
Ductus artehiosls

patent, 441, 523
circulatory changes in, 442
general discussion on, 441
heart sound in 441
bemodjoamte effects of
441

“machinery” murmur in,

441
pulmonary hypertension

in, 443
sound of, 441
treatment of, 443

Ducils deferens, 1100
Dlctcs epididymis, 1100
Dlocrinin, 668
Duodenal secretion, fune

tinns of, 663
Duodenal ulcers, 621

iSce also Gastric ulcers, Pep
tic ulcers

anacidity and 622
association of with hyper

acidity, 616
effects of experimental pan

crealic insufficiency on,

633
gastric analysis findings in

622
hypersecretion in patients

with, 622
location of, 621

cause of, 625
duodenal muscle spasm as

cause of 625
relief of, 625
type of, 625

symptoms of, 621
Duodenum

contractions of, relation be

tween bile flow and 65a

coordination of, with spiaoe

ter and antrum, 6^
of dog, myenteric refle*

710
,

peristalsis of, effects of m
sulia on, 827

Dost cells, of lung, Iw
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1407 D^\ABFlSM-ELXCTnOCARmOORAPeT

Dwarfism, general dtscusaion
on, 991

Dttnsuunisu, sponlaneoua,
S24

Dtsartiibia, 1253
Dtsbarism, 512

deGnition of, 512

m rapid ascents, 513
study o!, vswg cvplosiy-e dc

compression technique
for, 513

symptoms o{, causes of, 5J3
DrsoiVisis, ^ronadaJ, J074
Dtsorapiua, 1251

Dtskinesia, biliarj, G59
Dtsmesorrhea, 1031
DrsMETniA

cau«ed bj cacision of cere
bellum, 12S3

general discussion on, 1287

m cerebellar disorders, 1237
Dtsfsea
abnormal conditions asooci

ated with, 502
cardiac, 502

reflex origin of, 603
causes of, 501

acidosis, 505
exercise, effect of training

on, SOI
increased metabolism, 501
pulmooarv diseases,^

deGmtion of, 501
general discussion on, 501
IQ anemia, 504
la congestive heart failure,

503
paroxysmal nocturnal, 503

Dysfneic point, 501
DrSTBOFinA adiposo ogni

taus
general discussion on, 903
types of, 993

E

Ears
See also Hearing
anatomy of, 14%
blood content of, under

gravitstioRal stress, 337
cone of light of, 1420
external,

acoustic properties of, 1435
meatus, 1420
mechanical considerations

of, 1435
impedance of

an transmission Joss in
decibels, 1436

mechanical, 1436
inner,

anatomy of, 1422
blood supply of, 1424
parts of, 1422

within the skull, diagram
of. 1175

innervation of, 1426
mechanical impedance of,

143G
middle,
anatomy of, 1422
transformer action of, 1437

Ears

—

eonf

protection of, against intense
sounds of low frequency.
143S

right, dissection of, 1421
tympanic membrane of, 1437

rccHtsiosEs, 118
Echoes, establtahment of, 1430
Eckolalia, 1231
Eclampsia CRAMDARCst. 391
Edema, 39

ADgronettrotre, -40

as^ociatod with various renal
disorders, 574

cardiac, 39
causes of, 39, 57t

caitliar edema, 39
heat 41

h>iK>proteinemia, 574
innammation, 40
lympliatie obstniclion, 41

malnutrition 40
mochamcal obstruction of

veins, 39
renal disease, 39
toxic substances, 40

defloition of, 39, 40 (foot

note)
general discussion of, 39,

574
giant, 40
causes of, 40

heat, 41

in renal disease, 574
inflammatory, 40
of acute glomerulonephritis,

574
of cardiac failure, 575
salt excretion in, 574
t) pcs of, 574

Edestin, as a factor in groirth,
793

Edinoer Westpiiai, suclecs,
1416

Edropiiomum, effects of, on
m>oneura1 lunctioo, 1310

Effectors
adrcnoceptive,. drugs BtijBg

at, 1309
autonomically innervated,

stimulation of. 1307
cholinoccptive effect of

drugo on, J30S
organ, 113S

Effludgrau of turtle ventn
cle, 139

Eocs
composition of, 746
energy content of, 746

Eivthoten
method of, for placing elec

trocardiographic lea^,
177

triangle, 177
ElSEVMBVOEB'iS rOMPLEX 523

general discussion on 437
Ejaculation, 1108

genera! discussion on IlOS
EjACULATOBT I>ICT JlOO
Electrical forces in the

body, diatnbutiOQ of,

1(5
ELECTBOCARnrOGRArRT, 269
abnormabties in, 182

ELECTBOCARmOORArilT—COTlt

chest electrode positions for

standard precordial

Jeads, 17S

current of injury in, 173

effects of, on depolanra-
tioD and repolanzatioD

waves, 173

dcGnilion of, 169
de!a)ed conduction, 192

depolarization of cell aggre
gates ID, 169

derivation of extremitj po
tcntials 177

dipole
deflmtion of, 170
in heart, direction of elec

tncai forces in, ISO
vectors generated dunug
ventricular activation,

179
distribution of electrical

force in the bodj 17o
electrodes on chest wall, po

tentials recorded from,
ISO

extremity leads m cardiac
activalioD of, 179

factors effecting,

aging 401
calcium ions, 159
digitalis, 159
drugs 189
eJcctrolstes 1S9
high serum potassium,
low serum calcium, 1S9
low serum potassium 1S9

potassium ions 189
procaine 169
quinidine 189

ID extrasystoles, auricular,

196
in heart block, 193

in left bundle branch block,

184
ID left ventricular hyper

trophy, Jf3
in myocardial injury, 186

in myocardial ischemia, 1S6

in myocardial necrosis 186

in nght bundle branch block,

181
in nght ventncular hyTier

trophy
,
IS2

in ventncular exfrisy stoles,

195
IQ Wolff Parkinson 4Vhite

syndrome, 193
instrumentation used in, 269
leads used in, 177
placement of, 177

location of infarction or in

jury by, 187
location of myocardial in

jury b\ ,
187

mammabsR, 175
nomenclature n<ed in 175
on deflections and inter

vafs, 175
of incomplete heart block,

192
of single complex, nomen

clature of deflections and
interxals, 176
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ELLCTROCABDIOCRAPJIT-EI’HEDRINE

Et-ECtRQCARDIQGRAPHY—Conf

potential at extremities, deri

ration of, 177
precordial leads, positions of

chest electrodes for, 178

QRS complex deflections,

ventricular activation

giving rise to, 179

recovery process, 181
ropolanzation of cell aggre

gates in, 169
surface, relationship to

sprssA £>/

169
vector analysis in, 177
vectors, instantaneous, deri-

vation of, 179
ventricular activation, repre

sentation of, ISO
ventricular gradient, 181

Electrocortin Ste Aldoster
one

ELEcrnOENCEPIIALOGRAM
during sleep, 1258
factors effecting, 1256
general discussion on, 1256
in epilepsj , 1257
rhythms in, 1256

Electrolyte(s)
amphoteric, 770
concentration of, relation

of tiaaue changes and,
to volume of body water,
23

definition of, 124
quantity of, reduction of,

dehydration due to, 24
Reak, excretion of, role of

kidney in, 565
Electropxorebis, definition

of, 770 (footnote)
of salivary glands 589

limitations of, 502
of sublingual gland, 500
of submaYillarj gland, 590

ELEcrnoBETiNoonAus
form of, factors effecting,

1335

from the eje of the frog with
d.'.CTp.'ayaf t^pos sS a*aw
uli, 1334

general discussion on, 1334
latent period of, 1335
technique of making, 1334

Electhotonic currents, 1124
Llectrotonus, 1122

Electroturbinometlr, Pot
ter 211

Eliptocytes, 16

Emaciation, level of, at whieh
death is inevitable, 862
(footnote)

Embolus, 120
Embryo
body of, hematopoiesis in,

100
early, hematopoiesis in, 99
hemopoietic function of the

spleen in, CS
late, liematopoiesis in, ICX)

yolk sac of, hematopoiesis

Emmetsupia, 1395
becoming myopia, in certain

light conditions, 1397
gener^ discussion on, 1394
ophthalmoscopy in, 1382
retinoscopy in, 1384

Emotions
effects of,

on adrenal medullary ac
tmty. 1030

on artensl blood pressure,
274

on blood volume, 29
oa pistrie eectetiaa, €19
mechanism of, 620

on large intestine, 720
on metabolism, 767

general discussion on pbysi
ology of, 1230

involvement of cortex in, 620
pupillary reflexes due to, 1400
role of, in gastnc ulcer, 625

Euphtsema
chronic, 617
blood changes in, 519
causes of, 519
chest in, 519
description of, 518
signs and symptoms of, 5W

compensatory, 5^
erythrocyte increase in, 13
physiological, 520
postural, 520
senile, 520
subdivisions of lung air m.

518
Enamel, tooth
comparison of, in animals
and humans, 683

physiology of, 682
proteolytic bacteria attack

on, 6S3
Fncbpiulocrams, 1293
Enpartebectomy, coronary,

339
End feet, making contact

with body and dendrites
of a nerve cell, 1151

End organ sensory, lying in

K
rallel with muscle fi

r>, JJ53
Endocrine(s)

activity of,

feedback mechanism in
regulation of, 953

neuroendocrine hierarchy

in regulation of 953
regulation of, 952

effects of, on fat distribution,

866
glands,

activity of, factors regu
Isting, studv of, 955

anatomical structure of,

950
biochemical process occur
ring in, study of, 955

evolution of, 950
role of, in carbohydrate
metabolism, 828

study of, methods of, 951
venfacation of organs as,

951
in relation to experimental

hspcrtcnaioD, 386

Endocrine (s)—conf

organs, of sex, 1072
relationship of menstrual

cycle to, 972
role of, in thermoregulation,

893
system,
and nervous system, reia
tionship between, 932

central nervous system
control of, 932

role of hypothalamus in

activity of, 953
EsDOCBCMLaav, histaeicat

background, 950
Endolymph, 1175, 1423

collection of, 1424
Endometriosis, 1090
Endometrium, effects of pro

gesterone on, 1088
Endosmosis, 26
Endosteum, 1063
Endothelium, primitive, 99
Energy, law of conservation

of application of, in the
animal body, 742

Energy balance, in metabo
lism, determination of
763

Eneboy content
by bomb calorimetery of

some fuels, foods and
metabolic products, 743

of foodstuffs, 742, 74S
of substances, general dia

cussion on, 750
Enebcv output, and food in

take, balance between
regulation of, 734

Enterocuromatfin cells 666
Enterooastric reflet, role

of, m regulation of gas
tnc emptying, 700

Enterog astrone, 700
effects of,

fat inhibition caused bv

700
on gastric secretion 619

production of, 700
role of, in gastnc secretion,

609
Entebokinase 631
Entoptic phenomena, 13S5

Enuresis nocturna, 582
Enzyme(8)
appearing m intestiml secre

tions, 667
containing riboflavin, 921

effects of, on action of in

Bulin 822
in intestinal secretions

source of, 667
of crvthrocytcs, 10

pancreatic See Pancreatic
juice, enzymes of

proteolytic, synthesis of, 686

secretion of, in small intes

tine, CG7
Eosinophilia, 92
conditions causing, 94

Fosinopiiils
functions of, 90
general discussion on, 88

Ephedrine
action of. 1029
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1490 EPIIEDKINE-EIIYTUHOCTTES

Epjiedbine—fon/
cliemieal structure of, 1029
effects of, on affreoceptivc

effectors, 1309

general discu«ston on, 1029
Epicabdul leads, direct,

taken over area of mjo
cardial injurj

,
ISO

Epicritic sensibility, 1144
Epididymis, caput of, 1100
Epilepsy
convulsions in, explanation

for, 1255
crjptogenic, 1255
electroencephalograms in,

1257

focal, convulsions in, causes
of, 1255

genera! discussion on, 1254
grand jnal, 1254
idiopathic, 1255
convulsions in, causes of,

1255
Jacksonian, 125t
loealued, 1251

petit mal, 1251
psychomotor, 1251
stages of,

Epiuyshtu, S69
EpiSEPimiNE Sfe Adrenaline
Epiphysis, 1110
anatomical structure of, 1110
functions of, lUl
origin of, 1110

Epithelial surfaces, growth
of, effects of iron on, 74

Epithelium, secreting, of aali

vary glands, t>pea of,

£87
Epittmpanic recess, 1422
Equator definition of, 1314
Equilibratort sense, locali

zation of, 1347
Equilibrium

effects of prolonged ivaJteful

ness upon, 1271
physiological mechamaras

jjoverning, 1162, 1182
Ebb’s sign 1050
Erection, 1108

general discussion on, 1108
Ero, definition of, 742 (foot

note), 1329
Ergosterol

chemical structure of, 907
irradiated, effects of, on

serum calcium curve, of
dog 1061

Ergotamine, adrenergic block
ing by, 1028

Ekgotoxine, adrenergic block
iDg by, 1028

Eriodictin, 937
Erythremia See Polycy

themia vera
Erythroblastosis fetalis, 47

causes of, 47
transfusions as factor in de

velopment of, 47
treatment of, 47

Erythhoblasts,
basophilic, 105
early, 105
late, lO'J

polychromatic, 105

Erytiiroslasts—roRf
pol^chrotnatophil, 105
pnmarj

,
99

Ertthrocttes, 10
addition of hemoglobin to, 71
agglutinogens of, source of,

40
aikalinttj of, effects of alti

tude on, 512
anatomical structure of, 10
huffers of, 129
composition of, diagram of,

11

concentration of, local vana
tions in, 15

counting, methods of, 15

delivery of, into eircufation,

rhy thm of, 105
destruction of, 70
anemias caused by, 77
diseases with, hemosiderin

in 67
in the bod), methods of,

70
diameter of,

distribution euncs of, 11

in pernicious anemia, SO
in simple achlorhjdnc
anemia, SO

normal, SO
m various clinical condi

lions, W
difference from leukocytes,

87
dimensions of, diagram of,

U
effect of altitude on, 12, 511

effect of specific liver therapy
upon, 83

enz)’me3 of, 10
estimation of, 15
exchange of inorganic phos

phate across membranes
of. 62

formatiOB of, TO
materials nece«sary for 71

fragility of,

Xacifttp JiffpcJLuig;- C2
testing 62

hemoglobin held in, method
of, 61

inorganic constituents of 3
life span of, 70
measurement of, 70
under pathological condt

tions, 71
maturation of 100, 105

in liver, relationship to

pteroylglutsmic acid 85
necessary replacement for,

105
number of, 12

decreases in, causes of,

physiological 13

effect of altitude on, 12

in hemodilution, 15
in h)dremia, 15
increases in,

causes of, 13

emotional states, 13

bei^tened environ
mental temperature,
13

high altitude, 12, 13

EBYTIinOCYTES—coal
number of—coni

increases in—coni
causes of—cont
muscular exercise, 13
physiological, 12

conditions occurring in,

13

in pathological states, 13

variation in,

daily, 12
due to physiological

causes, 12
role of spleen in, 13
with time of life, 12

osmotic principles of 61
packed cell volume of, 15

nermeabilily properties of,

62
primary^ 99
production of, anoxia as fac

tor in 71
ratio of platelets to in srfe

rial blood, lOS
release of hemoglobin from,

61

resistance of

to disintegrating hypotonic
solutions, 61

to various hemolytic
neents 63

reticulated 13

role of, ID carbon dioxide
transport 461

sedimentation rate of, 84
determination of factors
involved jn, 66

effect of protein fractions

of plasma on, 65
factors effecting various,

66
in pregnancy , 65
increases in,

causes of, 65
cell clumping 66

dextran, 66
/lathological slates 65
phy'«ical changes, 66

in blood, 66
plasma specific grav

ity 66
nonspecihcity of, 66

normal 65
reduction of, causes of, 65
test for, description of, 65
value of 66

shape of 10

in Cooley ’s anemn 78
variations in, 16

size of, 10
vanationa in, 16

stress in, under norma! cir

culatory activity, 70
stroma of,

constituents of, 10

in formation of, 71
structure of, 10

variation in, 16
thickness of, in vanous cJini

cal conditions, 80
tola} circulating,
volume of
estimation of, J8
method of, IS
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EnTTHROCVTES-EyE(s) 1500

rBTTlIROCYTES

—

COnt
volume of, in various clinical

conditions, 80
Erythroi^be, 1333

curve, 1359
Erythromemalgia, general

discussion on, 350
Erythropuores, 9S2
Erythropoiesis, 105
Lsculin, 937
Esophageal plexls, 1298
Lsopiiaco salinary reflex,

697
I SOPHACOSTOMY, use of, in

study of gastric sccre
tion, 603

Esopiiaols
antiponstalsis in, C9I
motor nerves to, ending of,

6S9
peristaltic nave over, pres

sure changes in, 6^
rate of progress of food

through, 6SS
Estradiol
henzoate of, chemical struc

turc of. 1082
chemical structure of, 1082
dipropionate, 1082
general discussion on, 1032
of placenta, 1092

Ebtrin, action of, in *en&itiz

iDg an isolated uterus to
pitocin, 10S5

Estriol
chemical structure of, 1082
general discu«sion on, 1082
of placenta, 1092

EBTROaEN(R)
and cancer, 10S5
ftssn} of, loss
chemistry of, 1082
distribution of, 1081
efTeels of, lOSl

inhibition of lactation by,
1097

On insulin content of pan
croas, 826

toward prolactin, 1097
excretion of, 1083
general discussion on, 1081

inactivation of, by liver, 1083
metabolism of, 1082
origin of, lOSl
phjsiologj of, 1084
progesterone interactioas,

on menstnnl c)clc, 1090
role of,

in mammary de\clopment,
1003

in placenta, 1092
standardization of, 10S5

synthetic, 1083
tenninology concerning 1082

withdrawal of, effects of, on
menstrual cycle, 1090

Estrosf
chemical structure of, 10S2
general discussion on, 10S2
of placenta, 1092

EsTRlS
cicle,

diagram of, 1091
in amnials, 1078

Estrlb—conf
cycle—coni

in rat, vaginal epithelium
IQ 1079

definition of, 1078
detection of, 1078
in immature animals, due to

estrogen, 1081
suppression o{, by progcater

one, loss
uterus in, 1077

EtHINTI. ESTBADtOL, 10S2
Elmciioidisu, 1107

deferred type of, 1107
description of, 1075

Eupnea, 475
Li ass blue, use of, in estimat

ing blood volume, 17

Excitation
concentration of, 1268
irradiation of, 12^

Exercise
alcohol as fuel for, 882
and reactive hyperemia, 353
blood rcdislnbution during,

450
carbohydrate as fuel for, S82
cardiac output aod cardiac

work during, regulation
of. 307

circulatory adjustments to,

elTecta of aging on, 402
dynamic action of fat and

glucose in, utilization of
waste heat of, 783

dyspnea due to, efTeet of
athletic training on, 504

effects of,

in tneuspid stenosis, 426
on arterial blood pressure,
274

on arteriovenous oxygen,
311

on blood flow mechanisms
rc/nilating, 294

on blood volume, 29
on body weight, 735
on calonc intake 735
on coronary circulation, in

dog. 333
on metabolism, 504
on protein metoboli*>m. 883
on pulmonary circulation,

297
on regional (li'tnbution

of blood flow, 313
on renal circulation, 374
on respiratoiy quotient.

on size of heart, 311
on splanchnic circulation,

367
on venous blood pressure,

292
on vital capacity, 504

exce«s metabolism of, 880
fuel of, 880
heart rate during, regula

tion of, 307
bemodynanuc responses to,

313
bemodynanuc variables in,

312
lactic acid production dur

mg, 879

Exercise—coni
mechanisms of hyperpnea in,

499
prolonged, effects of, on ear

bohydrate stores, 882
protein as fuel for, 882
regional distribution of oxy

gen in, 312
simulated, effects of, on car

diovascular events, 312
stimulus, 500
strenuous, muscular fuel

used in, 881
Exophthalmos

in Graves’ disease, patho
genesis of, 1003

malignant, 1004
Exosmosis, 26
Expiration

control of, 488
general discussion on, 476
movement of intercostal

muscles during, 473
position of diaphragm dur

ing, 475
Expiratory center
in cat, 490
localizing, method for, 492

Expiratory reserve volpme,
481

Extensor
crossed, reflex of, 1157
muscles, reflexes acting upon,

1172
reflex, crossed, 1166
rigidity, ID decerebrate cat,

1165
tone, effects of labynnthec

tomy on, 177
Exteroceptors, 1138
Exterofective bysteu, 1302
LxTRACELLLLAR FLlIDfS)

acids in,

disposal of, 557
excretion of, as undissoci
ated acid 557

buffer capacity of, rcstora
tion of, 556

Extraptrasiidal system, dis

cases of, clinical mam
festations of, 1222

Extrasystoles
auricular, 195

electrocardiography in, 196
due to abnormal impuNe for

matiOD, 194
effects of,

on arterial pul«e, 193
on electrocardiograms, 195

expenmental production of,m
interpolated, 195
nodal, 195
emus, 195
ventricular, 194

arising in nght ventricle,

193
electrocardiography m, 195

EteCs)
accommodation of See Ac

commodation of the eye

anatomical features of, 1314

aiiucous humor, 1399

Bold face numben tndteale major dttcu$sion
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Ete(s)—conf

cardinal points of. ISSO

distances of, from cornei,

13S0

cataract of, n92 (See also

Cataract)
color of, reason for, 1400

constants of, 1379

values of, 1379

convergence of, during ac

commodation, 1390

depth of focus of, changes in,

during accomniodalion,

1390

developing, diagrams of, 1318

deviation of, general discus

sion on, J2SS

diagrammatic, construction

of, I3S0

dioptric mechanisms of, 1376

drainage Bj'stem of, 1399
electrical records from, 1334

embrj ological development
of, 1317

factors efTecting,

autonomic nervous sjstem,
1303

labjnnthcctomj , 1177
lesions of trigeminal path
was 8, 1109

rotation, 1179
frontal eye field, in cerebral

cortev, 1240
hjpermetropic, emergent

rajs froEn, 1382
innervation of, 1303
intnoculac Ouids cf, 135?
formation of, 1399

intraocular pressure, 1397
light transmission through

various parts of, 1329
movements of, 1416

redex actions in, 1173
mjopic emergent rays from,

1382
nerve fibers of, effects of

dilTerent types of stimuli
on, 1336

nerve impulses within, stud
les 01, 1338

normal, fields for white, blue,
red, and green m, 1363

opthalmoscopic examination
of, 1381 (See also Oph
thalmoscopy)

passage of light through, 1319
position of rest, 1417
primary position of, 1417
proptosis, m exophthalmic

goiter, mechanism caus
mg, 1003

reflecting surfices of, 1320
refracting media of, 1379
refractive power of, total,

1380

resolving power of, 1364
in different t>'pes of light,

1368

theories concerning abil

itj, 1368
right, horizontal section

through, 1315

Fv rfa)—conf

schematic,
construction of, 13%
reduced, 1380

structure of, 1314

tonic Iibynntbinc and cervn

cal reflexes acting upon,
1173

visual cell in, single, vistbil

itj curve for, 1337

vitreous body , 139S
volume pressure in, distnbii

lion of, in vanous condi
tions, 1398

Ev EBAU.
anterior half of, interior of,

13%
anterior pole of, 1314
ciroilatioo in. 13^
diffraction of light within,

1391
layers of, functions of, 1318
middle layer of 1316
nervous tunic of, 1316
posterior pole of. 1314
retina of, 1316 (See also Ret

ina)
scattering of light mihin,

1394
tumes of, 1315

fibrous, 1316
outer, 1316

vascular layer of, 1316
F.yevid, retraction of, m ex

ophthalmic goiter, 1004

F
Face paralysis of, duo to

lesions of facial nerve,
1201

Facial xebte
central connections of, 1199
chorda tympani branch, 1300
diagram of afferent and effer

enl paths in, 1200
fillers of, 1199
lesions of, effects of, 1200
motor nucleus of, connections

of, 1200
motor root, 1200
parasympathetic fibers of,

1200, 1300
sensory nucleus of, 1200
sensory root of, 1190

Factob U jSc« Pteniylg^utamic
acid

Fascia Bvmi, 1314
Fasctcdlls

latcrscgmenfal, 1197
longitudinal, 1197
septomarginal, 1197

Fastigiobulbar tract, fibers

of, 1280
Fasting

effects of,

on body, 864
on carbohydrate metabo

lism, mechani'’m3 in

vofved in 833
On lipid mobilisation, S47
on non estenGed fatty

acids. »t7

Fat(s)
sbsorpfion of, 845
by intestines, 070, 678 (See

also Infestmcs, ab
sorption by, of fat)

theories concerning, 676
lipolytic theory of, 845
ineeb3ni«ms involved in,

theories concerning, 845
partition theory of, 845

amount of, in liver, factors
effecting, 849

and glycogen in liver, 852
ss stimulus for discharge of

bile, C5S
body

,

cerebrosides, 842
cholesterol, 843
clacaification of, 839
glycohpids, 842
phospholipids, 841

caloric value of S6S
content, of feces, 719 846
conversion of carbohydrate

to, 810
conversion of protein to 840
deficiency of m diet effecta

of. 945
ifcgradation of enzymic,

substrates involved in,

854
depots,

dietary fattv acid re-

covered from 810
functions of, 841

dietary
effects of,

on amount of protein
needed to estabUah ai
trogen equilibrium, 788

on emptying time of
Btomsch 693

on insulin content of
pancreas 826

indispensabiiitv of 945
reipnremenis of 946, 948

distribution of endocrine
effects on, S66

dynamic action of, utilua
tion of waste heat in
exercise 78S

ehmination of, from the
bodv, 846

formation of, effects of fat

on, 820
in foodstuffs,

determination of, 744
energy value of, 744

inhibition of gastric secre
tJon by

, 60S
metabolic constant of, 753
metabohsm of, 839

Set nivo Adipose tissue,

melaboliani of

abnormalities of, So9
and liver,

cirrhosis, 852
fatty livers, 849
lipotropic factors, 849

disturbances of, due to

removal of pancreas, 814
effects of insulin on, SJD
10 fevers, S96
JO Gaucher’s disease, 859

Boldface numbers indicate major dttcussion
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Fat{s)—coni

metabolism of—
in Niemann Pick’s disease,

859
in production of athero

sclerosis, SCO
in Tay Sach’a disease, 859
intermediary, 852
liver and, 848

neutral, transfer of, from
epithebal cells, to cen
tral lacteals, 845

nutritive value of, differ

ences in, 94G
occurring in bodj, trigbc

endes 839
of blood, 846
of milk, 1100
oxidative degradation of, 855
respiratory quotient of, 752
role of,

as insulating mecbanism,
&40

os muscular fuel, 881
as protein sparer, 786

specific dynamic action of,

cause of, 783
synthesis of, 856
enzymic, substrates in
volved in, 854

transportation of, 845, 847
FATiaABILlTT

easy, caused by section of

peduncles. 1283
in cerebellar disorders, 1287

Fatigue, receptor adaptation
and, 1147

Fatty acids
combined as liver phospho

lipids and ghcendes uo
saturation of, compared
iMth fatty acids found in
other tissues, S19

deficiency, eczematous condi
tions due to, 946

in diet, 945
recovery of, 840

metabolism of,

energy required for, 857
relation to citric acid cy

cle, 875
role of cocnzjTTie of neetyl

ation in, 854
non estenfied,

effect of fasting on, 847
formation of, 847
removal of, from organs,

847
of milk, 1100
oxidation of, substances pro

duced during, 853
oxidative degradation of,

lielical scheme represent
mg, 855

resjnthesis of, into triglyc

endes, 677
B>nthe«i3 of, helical scheme

o(,855
Fatit uver See Liver, fatty
Fatty substances, occurnng

through the body, classi

fication of, 839
Feces

color ol, 719

Feces—cont
composition of, 719

effect of diet on, 719
fat content of, 719, ^6

factors effecting, 719
odor of, 719

Feedino reflexes, 736
classification of, 736

Feuales, sexual bfe of, 1077
Femoral artery, contraction

of, 157
Ferrikeuoglobit, 57
amount of, effects of poison

lOg on, 57
Ferritin, storage of iron in,

73
Ferrokeuoclobin, 57
Ferrt Porter law, validity

of, 1371
Fetls
calcium in, 1055
circulation in, 521

Feveb(s), 894
antipyretic drugs used in,

action of, 897
basal metabolism in 893
beneficial effects of. 897
carbohydrate metabolism in,

896
ctulb ID, 895
coRtiDued, 895
diet in, 806
fat metabolism to, 896
infectious, 895
lunit of. favorable to sur

vival, 894
nitrogen metabolism in, 896
protein metabolism m, £96
reducing drugs, action 897
relationship belaeen tx^y

temperature and basal
metabolism in, 895

ngors in 895
salt metabolism in, 896
types of, 894
value of 897
water metabolism in, 696

Fibek(s)
auncuiar, transmembrane

potential of, 138
circular, arrangement of, in

ciliary muscle, 1337
climbing, 12SI
corticoopinal, source of, 1236
moss, 1281
myocardial, transmembrane

potential id, nucroelec
trodes used for determin
mg, 137

Purkinje See Purkinje fibers

secretory, definition of, 586
sympathetic See Sympa

tbetic fibers

tropic, defimtion of, 5S6
ventricular, transmembrane

potential of, 138
Fibrillation

atonic. 201
auncuiar, 198

action of cardiac glycosides
on, 199

causes of. 198
production of, underlyTng

causes of, 11^
venous pulse in, 193

Fibrillation—cont
ventricular, 200, 201
causes of, 201
effects of, upon circulation,

201
essential elements for pro

duction of, 201
factors leading to, investi

gation of, 201
general discussion on, 200
methods of stopping, 202
stages of, 201

Fibrils, of cardiac muscle 143
Fibrin
change of, to fibnnogen, pro

cess of, 109
conversion of fibrinogen to

in blood coagulation, 112
formation of, 109

Fibrinogen
concentration of, patbologi

cal variations in, 5
conversion of, to fibnn, in

blood coagulation, 112
formation of, from fibnn,

process of, 109
functions of, 7
production of, by liver 6

Fibkinoltsin SeePIasmm
Fibrinolysis 112

pathological conditions in
which It occurs, 112

Fibrosinasb, 112
Fice metiiod

for determination of cardiac
output, 214

using oxygen and carbon
dioxide 214

for determination of regional
blood flow, 215

possibility of error in, 214
technique of, 214
use of foreign gases with, 215

Fice principle, 213
use of, to determine cardiac

output, 2U
Fiodbes, vtsubI differentiation

of 1265
Filiform palpillae, 1458
Filling pressure gradient

definition of, 414
Filtration fraction, 546
and renal blood flow, 546

Finger
nail of, bed of, showing capil

lary loops and summits
of skin papillae in, 343

vasoconstnction in, 269
Fish
composition of, 746
energy content of, 746

Fissura posreoliteralis,
1276

Fissura preptramidalis, 1276
Fissua.\ pRiUA, of Elliot

Smith, 1276
Fixation

field of, 1417
lines, 1417
point, 1417
visual, 1417

Flagella, origin of rods from,
1322

FlaVONB OLUCOSIDES, 937
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FtEfscmo
bundle of, 1197
tract of, 1191

FtEtoR RFF-tEXEs, pencral dis
cushion on, 1166

Fucker
critical fusion ireaucnc},

1371
value of, 1371

usual effects of, 1371
FLOrCTJtOVQDCLAR U)BF, 127G

functions of, 12^
Flow METER

differential pressure, 209
electromagnetic, 213
for measurement of blood % c

locity, 224
orifice. 209E'alum, 211

tube, 209
sonar, 213

Flower spRAt SER^E end
mgs, 1153

Fluids
bodj See Body fluids

interehange of, hetneen tis

sues and the vessels, fac-
tors governing, 25

FttoRtNE, effects of, on tooth
structure, 083

Flltteb
auricular, 197

action of cardiac gljcosides
on, ISO

differentiation from parov
J«mal tachscardia, 197

effects of, on nemodjnsmic
function of henrt^ 410

impure, 197
regularity of heart rhythm

in. 107
production of, undcrijnng

factors in, IDS
pure, 197
with ventricular extra

83 stole, 197
Fli\, luminous, 1329
Foct, conjugate, definition of,

1375
Focus, depth of, changes in,

dunng accomodation,
1390

Fouc ACID See Pteroylglu
tamic aCid

Folimc acid See Leucovoriim
Folucles

atreitic, 107?
Graafian, 1075
development of, 1076

pnmordial, 1075
Folucular EXTRACT, effects of

injection of, into rabbits,

lost
Fostana, spaces of, 1399
Foods

See aUo general classes of
Soods, eg Eggs, Fi«h,
\egetables, etc

flsh components of, principal
741

caloric values of, "43

carbohydrate content of, de
termination of, 744

Toons—eonl
chemical analysis of, value

of. in stud) of niitnlion,

741
chief functions of, 741
common,
ash roiilcnt of eilibie por

tion of, 74S
character of proteins of,

796
composition of, 745
energy content of, 745
typical vitamin eonteot of,

936
components of data nec<led

to calculate respiratory
quotient and tbermil
^iHvalcnts of, 752

composition of, 741
determination of, 743
general outline of, 741

dynaimc action of,

specific, 7S7^
cause of, 7fiS

energy content of 741, 742
by bomb calonmefri 741

hisloncnl survey of studies
on, 740

messurement of 742
oxycalorimeter for deter
mination of, diagram of.

753
uncertainties in, from com

position, 743
fat content of determination

of. 744
function of, general outline

of. 741
goitrogenic, 1012

mtake.
and energy output, balance

lietncen, regulation of,

734
gastrointestinal stimuli ef

fecting, 736
regulation of, 733

bv metabolism of glu
cose, 73S

demonstration of, 734
effect of gastrointestinal

sensations on 737
effect of by pothalaraiis
on 735

gastrointestinal mecha
uisms for, 730

metabolic mechmisms
for. 736

neural mechanisms for,

735
penpberal mechanii^ms

in, 736
main groups of, nutritional

values of, 748

metabolism of heat produced
by, 763

motor activity of colon stim
ulated by , 717

nitrogen content of, eonver
sioD of, to protein. 743

organic acids <n, 744

potential energy of, deter
minatiOD of, 750

protein content of,

determinatioo of, 744

Foods—coni
protein content of—coni
extra heat resulting from,

7S7
prolcm values of, for mainte

nance and growth, 792
representative sample of,

difficulty m determining,
744

role of,

m lowering eastnc acidity,
GOO

in regulation of l>odi beat,
891

thermal equivalents of, de
termination of 750

Foot
cutaneoujs blood flow la, 340
immersion, 359
reflex vasodilatation in, after

body warming 347
trench, 359

Foramen ovale, patent, 522
Fore ISM, cutaneous blood flow

in control of, 34S
Forel decussation of, 1190
\ FoRMXUOUflNAMinE RIBO

TIDE, chemical structure
of 803

Fovea
blue mcchamsm and, 1363

central
and the nature of color

mechanisms 1357
centralis, 1323

color blindness and, 1359
color discrimination by,

1353
color properties of, deicnp

tioft of; 135S
mam features of 1325
of normal person receptors

of, 1360
receptors in
kinds of 135S
normal 13C0

spectral sensitivity curve
of m different classes of
color blindnc'-s, 1359

passage of light through,
1319

pigments in analysis of, by
u«e of bleaching with
colored lights 1333

section through, 1320
Fowl
composition of 746
energy content of, 740
vitamin content of, 936

Fragilitas ossitii, general
discuasion on, lOOS

Freemartins, 1074
Frenula coli, 715
Friedman pRECNAXcr test,

1094

FrCuch’s syndrome, 994
general di«cus-sion on, 903

Frontal lobes See Cerebral

cortex, frontal Jobes of

Frontal lobe syndrome, 1212
Frontopontine-cerebellar

tract, fibers of, I2SI

Frost bite, general discu'sion
on. 3G0
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Fructose
role of, m fomation of glu-

Fruits
composition of, 746
energy content of, 746
vitamin content of, 936

FSH See Hormones, follicle

stimulating
Fuchs, crypts of, 1409
Fuchsin, ammty of hypcrplaa

tic adrenal cortical tissue

to, 1045
Fundus

definition of, 691
red reflex of, definition of,

1388
Fungiform papillae, 1457
FuMcuu, of spinal cord, 1188

G

disturbances of, in cerebellar
disorders, 12SS

in Parkinsonian syndrome,
1223

Galactophore, 1094
Galactose
and glucose, difforence m

chemical configuration
of 809

open chain form of, chemical
structure of, 800

tolerance test, of liver func
tioD, 653

Gall-sladser 664
absence and presence of in

various secies, 655
absorptive powers of, 656
affections of 659
anatomy of, 654
bite

See also Bile
composition of 640
concentration of, 655
storage of, 655

cholecystographj of, 659
cholesterosis of 656
contractions of, 655
caused by cholccj'stokmxn
659

normal, examples of, 655

pressure developed by, 657

cystic duct of, 654
diseases of, 659

effects of, on other oi^sns,

660
emptying time of, prolongs

tion of, causes of, 658

equalization of pressure in

biliary duet system by,

656
evacuation by, 657
hormonal control of, 659

mechanisms controlling,

658
nervous control of, 658

filling of, 657
functioning of, secretin teat

for, 639
functions of, 655

Gall bladder—conf
motibty of, effects of drugs

upon,^
mucus secretion by, 655
not indispensable, 655
reduction of alkalinity of bile

by, 656
stones in, symptoms of, 659
strawberry, 656
valves of Heister of, 654

Gallaaiinb, effects of, on myo
neural junction, 1310

Galli Mainihi pregvancy
TEST, 1091

Gallstones, 650
bilirubin calcium, 650
calcium carbonate, 650
cauaea of, 650

bile pH. 652
biliary flow slowing or

stasia, 652
cholesterol-bile acid ratio
changes, 651

infection, 650
cholesterol pigment cal

cium, 6w
cholesterol aobtaire, 651
classification of, 650

constituents of, 630
formation of, 6^
causes of, 650

metabolic, 651
cause of 651

“pure ’ bilirubin, 650
“pure ’ cholesterol 650

Galvanotropisu, 1117
Gametes, 1072
Gamma globulin protective

poner of, 7 (footnote)
Ganglia
autonomic, acetylcholine as

regulator of impulses at,

1303
blockage of, effects of, 1308
celiac, 1299
central, 1294
collateral, 1296
lumbar, 1296
of cervical part of sympa

thetic chain, 1294

prevertebral, 1296
sacral, 1296
terminal 1296
thoracic, 1296
vertebral, 1294

Ganouated cord, 1294
Ganouon

submaxillary, 588
supenor cervical, 1294

oranebes of, 1294
Ganguon cells, midget, 1325
Gancuon iupar, 129G

Gases
absorption coefficient of,

definition of, 450
general discussion on, 449
in distilled water at vanous
temperatures, 450

combination of hemoglobin
with, 66

diffusion coefficient of, defini

tion of, 450
diffusion of,

definition of, 450
general discussion on, 449

Bold face nuniben tndieate major diteussn

Gases—cent
exchange of, in lungs, 4S1
intestinal, 719
kinetic theori of, 449
law of partial pressure, 451
laws concerning, summary of.

461
partial pressures of, in lungs,

general discussion on, 449
Sylvester, 749
tension of, in blood, 452

Gastric acid secretion, mech
anism of, 603

Gastric acidity
See alio Gastric juice
decline of, with age, 615
hypersecretion of, 616
«i duodenal nloes naUenls,

622
ISO secretory curves of, 614
lowering, role of food in, 609
neutral chloride as a function

of 601
normal curves of, 614

following a test meal, 614
normal standards of, 615
reduction of, surgical meth

ods for, 626
regulation of, 609
extragastne factors in, 609

total chloride os a function
of, 601

Gastric activity, effects of
insulin on 827

Gastric analysis 613
findings in, in duodenal ulcer,

622
fractional, 618

Gastric cycle, contraction
waves during 697

Gastric digestion, 699 613
applied physiology of, 613

Gastric emptying See Stom
ach, emptying of

Gastric fillisg, and empty
mg, 693

Gastric glands
anatomy of, 599
cells of, 599

acid secreting, 599
chief, 600
oxyntic, 699
parietal,
carbonic anhydrase in,

602
formation of hydrochlo

ric acid by^ 601
hydrochloric acid secreted

bi,
constancy of concentration

of. 601
energy expenditure in, 602
mechanism of, 601
role of parietal cells in, 599

hjdrogen ions produced bj,
bicarbonate ions releas^
for, 602

innervation of, 603
isthmus cells of, 599
neck of,

cells of, 599
mucus of, 599

panetal, 599
pepsinogen, 600
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Gastric nypERSECRETiov,
prirnar)

,
causes of, 617

Gastric jvicz
Ste aho Gastnc secretion
acidity of, regulation of, 609
collection of, OOl
composition of, GOO
hydrochloric acid of, GOO

origin of, 000
loss of, from body, effects of,

619
neutral chloride of, COO
origin of, GOO
peptic activity of.determina

tion of, 617
secretion of, 699
continuous or interdigcs

tive?, 605
curve of, 606

Gastric mccosa
blood supply of, interference

with, rote m production
of gastric ulcer, 624

effect of, on cardiac lone, 691
mucus layer protecting, 621

Gastric muscie
tonus of, 695

relationship to pcnstnltic
movements, 695

u^e of, in propelling food
from stomach, 69S

Gastric resectiov, subtotal,
in peptic ulcer, to reduce
gastric acidity

, 636
Gastric sgcrstiov
See algo Gastric juice
course of, normal, 610
during various phases of di

gcstioD, normal course
of, 610

factors effecting,
alf^alies, 617
emotional states, 619
hormones, 618

S
yloric mucose, 608
eep, I27b

various chemicals and
drugs, 617

vitamins, 618
formed by gastrin stimula

tion, corapo*ition of, 607
histamine test for, 614
inhibition of, by fat, 608
loss of, from body, effects of,

619
phases of, G05, 610

cephalic, 605
chemical, 606
gastric, G06
dependence of, upon

nervous system, 607
stimulus for, 607

initial refiev, 605
intestinal, 60S

cause of, MS
erratic behavior of,

causes of, 608
Psychic effect upon, 606
regulation of, ©H
study of,

methods for, 604
Use of esopfaagostoray in,

605
use of stomach pouches
m, 604

Gastric secbetiov—evnl
role of enterogastronc in, 009
urea urease smmonfs mech*

nnism in, 633
Gastric tetant, 1050
Gastric tissue
and the antianemie factor, 81
use of, in treatment of ane

mia, response to, 83
Gastric tlbes
passing of, technic of, 6f3
ty pes of, 613
use of, in gastnc anatysis, 613

Gastric uicer, 621
See aho Duodenal ulcers,

Peptic ulcers
acidity in patients with, 622
causes of,

bacterial infection, 624
emotional factors m, 623
tobacco smoking, 621
trauma, 624

experimental production of,

C22
m hypercblorhydna, C23
location of, 621
pathogenesis of, 621
production of, factors in

Aoivcd in, 624
symptoms of, 621

Gastrin
discovery of. 606
fuRCtioo of, 606
release of, mechanism of, 607

Gastritis
chronic, anacidity associated

with, 616
Gastrocolic RcrLEX, 717

variation in susceptibility to.

Gastroduodenal drsssure
CYCLE, 696

correlation of, with peristal
tic rhythm, 697

GaSTROILEAL RErLET, 715, 717
Gastrointestinal RErtExES,

725
into«tino intestinaf inhibi

tory reflex, 725
involving peripheral aufo

Domic nerves, 725
Gastrointestinal seasa

TioNS, eficct of, on
regulation of food in
take, 737

Gastrointestinal smooth
siuscLE, 723

hormonal regulaliou of, 723
nervous regulation of, 723
parasympathetic nerve sup

ply of. 723
regulation of, 723
symp^hetic nerve supply of,

Gastrointestinal tract
See aho Intestines
autonomic nerves of, effects

of stimulating, 725
enteric plexuses, reflex arcs

in, 723
extnnsic nerves of, 723

function of, 721
gases in, expansion of, due to

rapid ascent, $12
innervation of, 723

Gastboistsstisal tract
—eonl

myenteric plexus, 723
submucous plexus, 723

Galciier’s cells, 69
Galcher’s disease
enlargement of spleen associ

ated with, 69
fat metabolism in, 859

Gat LtrssAC's law, 451
Gelatin
animal, u«e of, in transfu

sions, 50
as a factor in growth 793
utilizationof, innutrition 797

Generausata See Rickets,
renal

Generator potentials, 1148
Genetics, of various diseases,

1072
Genital ridge, 1075
Genital system, development

of hormonal factors in,

1073
Genital tract adrenal ster

Olds effecting, JD3S
GeMTONASAL BELATlONsmPS

1092
Germinal EPiTiiELitu, 1075
GiANTissr, 990

general discussion on, 990
Glands
See also name of gpeetfie gland
digestive,

general descnption of, 6S5
secretions of,

constituents of, 585
mechanisms of, £89
salt, 5^
water, 586

effects of BUtoRomic nervous
system on, ISOS

heterocrine, definition of, 5S3
bomoenne, definition of, 585
innervation of 1303
monoptychial, definition of,

SS5
parotid,

alveoli of, 5SS
anatomy of 587
innervation of, 5S9

polyptychial, definition of,

585
racemose, definition of 587
salivary See Salivary glands

,

Digestiie glands
sublingual,

alveoli of, 5SS
anatomy of, 5S7
electrophy^iology of, 590
innervation of, 588

submaxillary See Submaxil
lary glands

Gl-andulab fever, leukocyte
813 in, 96

Glare
blinding, 1370
classification of, 1369
dazzling, 1370
veiling, 1369

Gi^accoma
causes of, 2401
compensated, 1400
decompensated, HOI
general discussion on, 1400

Bold face numbers indicate major discuggton



GLACCOilA-GLYCOCEN I50G

Gt.Ai-couA—eont
inflammatorj

,
1401

primary, 1400
secondary, 1400

Gliadin(s),
as a factor in growth, 793
characteristics of, 771
examples of, 771

Globin
ssnthesis of, 72
utilization of, in hemoglobin

sjnthesis, 71

Globulin(8)
characteristics of, 771
examples of, 771

Globls pallidub, 1215
Glomerular filtration

colloid o«motie pressure of

plasma proteins in, 537
correction of, 538
glomerular membrane in, 636
intracapsiilar hjdrostatic

pressure in, 537
measurement of, methods of,

539
rate of,

in man, 538
measurement of 537

relation to blood urea con
centration, 565

relation to capacity of tu
bules to reabsorb bicar
bonate, 501

role of capillar> blood pres
sure in, 537

rolo of, in sodium excretion.

Glomerular membrane
area of, effect of, on glomeru

lar filtration, 536
permeabilit) of, effect of, on

glomerular filtration 536
Glomerular space See Bow

man's capsule
Glomeruli, juxtamedullarj

,

X32
Glomerulonephritis

acute,
general discussion on 571

of edema, 574
chronic, general discussion

on, 671
discussion of, 671
renin in blood of patient

with, 3S4
Glomerulotubular balance,

542
Glomebllls 67
anatomy of, 532
capillaries of,

difference from other capil

larj’ beds, 536
permeabilitv of, 536
rate of filtration through

walls of, 636
diagrammatic representation

of. 534
filtration by, 535
variables effecting, 530

membrane of,

passage of certain pol>sac
cbarides through, 536

pore size in. 536
realisorption bv, of g!uco«e,

. 510

GlOSBOPAUTINE NFRVE, dcfl'

mtion of, 1199 (footnote)
Glossophartwoeal nerve

carotid sinus nerve and, 1201

central eoonectiona of, 1201

parasympathetic fibers of,

1300
role of, m sense of taste, 1458

sensorv fibers of, course of,

1201
Gllcagon, 833

cfiects of, on glucagon, 834
general discussion on, 833
metabolic changes due to, S34

Gllcocorticoios
general discussion on, 1035
increased liberation of, under

stress, 1035
ph3'siological actions of, 1035
secretion of,

corticotropliin in control
of 968

regulation of 1040
Glicocenesis

in liver

interference with,

clinical observations in,

824
in expenmental animals,
824

Glucokbooenesis $11
Gllcophores, 1461

Glucose
absorption of, 810

b> intestines demonstra
tion of, 674

and acetate, relative oxida
tion rales of. 853

and galactose, dilTercncc id

cnemical configuration
of, 809

and 0 h}droxvbut)ralo rel

ative oxidation rates of,

853
chemical structure of, 80S
d}iaentc Action of ulihrx

tion of waste heat in
exercise 788

estimation of, 809
filtered, calculation of, 540
filtered load of, 540
formation of,

in the body, 810
in the liver, 810
role of fructose in, 810

general discussion on, SOS
importance of in carbohi

drale metabolism 808
in combination with other

substances, 808
ingested, fate of 810
injected fate of, 610
load. 540
metabolism of,

common path of, $10

regulation of food intake

bv,738
phosphorylation of, C74
reabsorplion of,

b> glomerulus, 540
normal capacity for, 541

titration of capacity of, 542
transport mechanism in

volved in, 540

GLLCOSE-~conf
relationship among filtration,

reabsorption, and exere
tion of, 541

tolerance
curve, 834
effects of transection of

brain on, 834
transport of,

inhibition of, 541
reactions involved in, 541

utilization of, by heart, effect
of removal of pancreas

I, 814
vulnerability of brain to lack

of. 1134
a Glucose, sqS
5 Gllcosp, SOS
y Glucose, 608
Glucosuria, 813

causes of, lesions in the hypo
thalamic region, 8.34

dietarj 813
due to pancreatic insuffi

ciency, 813
experimental production of

hormonal, 313
loss of sugar in, 335
production of by adrenal cx

tracts, 829
renal, 813

Glutamic acid
chemical structure of 774
synthesis of, 778

Gllteal reflet, general dis
cussjon on, 1212

Gluteuns
characteristics of, 771
examples of, 771

Glycerides, role of, in fat ab
sorption in the intos
fines, 677

Glycinamipe RiBOTiDE, chenii
cal structure of, 802

Gticrsc
behavior of

in acid, 771
in alkali, 771

chemical structure of, 774
importarjce of, in synthesis

of creatine 782
synthesis of 777

Glycine anhydride, forma
tion. of 770

Glycocoll See Glycine
Glytocyamise, importance of

in synthesis of creatine

Glxcooen
and fat m liver 852
breakdown of, 810

role of phosphorylase in

description of, 808
disease,

cause of, 835
general discussion on, 835

effects of thjToxin on, 833
estimation of, 809
formation of, 810
of heart, effect of removal of

insulin on, 819
of liver, role of, in regulation

of blood sugar, 811

Bold face nundxrs indicate major discussion



1607 oltcooev-uand's

Gltcooen—cont

of muocle, cfTects of removal
of pancreas on, 814

storage of,

during fasting, effect of
hjpoph^scctomj on, 832

effects of insulin on, mech
anixm of, 819

enlargement of spleen as
Bociated with, 69

muscle fiber, breakdown
of, 872

Cltcooenoltsis, 8l3
Gltcolipios See Ccrebrosiilca

GLTCornoTEivs
characteristics of, 771
examples of, 771

Gltcoscria
causes of, unc acid, $36
renal, 576

Glyctl glycine, formation of,

770
Glyoxyhc acid, chemical

structure of, $05
Gmeuv test, for bile in body

fluids, 611
Goiter(s), 999
adenomatous, general dis

cussion on, 999
associated with hjpertby

roidism, 099
associated with hj^pothy

roidism, 999
classification of, 999
colloid, general discussion

on, 999
sample of, 909

exophthalmic, 1002
emotional shock and, 1005
etiology of, loot
facies in, 1(X)2

general discussion on, 1003
signs and symptoms of,

1002
thyroid eland in, 1000

iodine in the prevention of,

1006
parenchymatous, general dis

cussion on, 999
prevention of, ase of Lugol’s

solution in, 1006
simple, 999

Golgi
apparatus of, discussion on,

1116
corpuscles, 1146
ending, in a tendon, 1141
superficial reticulum of, 1116
types of nerve cells, 1116

Goll, tract of, 1192
Gonad(s)
See also Ovanes, Testes
excision of,

effects of, 1074
on sexual activity, 1109

general discussion on, 1072
transplantation of, effects of,

1075
Gonadal DYSGENESIS, 1074
Gonadotrophins, 971

actions of, 3093
assay of, 1093
bioassay of, 974
castration urinary

,
973

discovery of, 972

Gosadotropiiinb—eonl
feed back of, 970
function of, 10^
pocral discussion on, 1093
human eliononic, 972, 974
inactivation of, 974
menopause, 9J3
of placenta. 1093
origin of, 972
pregnant mare serum, 074,

109}
secretion of,

regulation of, 074
sexual differentiation of,

97C
staiidanlization of, 1093

GoNAnoTROPlis, 958
Golt, 605
acute inflammation in, causes

of, SOC
causes of, 806
general di«eus'ion on, 806
unc acid content of blood in,

$06
Gowers method, for cstima

tion of hemoglobin m
blood, 56

Graaeian FOLUCLEa, 1075
development of, 1076
succesme stages in, 1076

Granules, secretory, forma
tion of. 5S6

OsaNULOCYTES, 88
<Sce also Leuocytes
classification of, 88
development of, 106
effect of folic acid on, in

agranulocA tosis, 97
maturation of. 100

Granulocytopenia, 96
Grasulopoiesis, 106

in myeloid leukemia, 107
stages of, 106

Grasp
gentle, 1239
reflex, 1239
strong, 1239

Graspino movements, locali

zation of, ID cerebral
cortex, 1239

Graves’ disease See Goiter,
exophthalmic

Gravitational stress,
effects of,

on blood content of ear,

397
on blood pressure, 397
on circulation, 394
on hydrostatic pressures in

vascular system, 396
on pulse rate, 397

Gravitt free conditions, cir

dilatory regulation in,

397
Gravitt beckptoh(s), 1179

response of, 1184

stimulation of, 1184
Gray commissure, of spinal

cord, 1186
Gray matter, 1277

of cortex, 1277
of spinal cord, 1186

Growtu
effect of proteins on, 707

Growth

—

coni
factors, and vitamins, early

views on comparison of,

900
hormone See Hormones, ao

matotrophic
lysine and, 793
role of anterior pituitary ex

tracts in, demonstration
of, 962

role of triglycerides in 840
Guanase, 800
Guanethidinf, u«e of, in treat

ment of essential hyper
tension, 391

Glamdine
as cau«e of intestinal intoxi

cation, 722
effects of, on blood sugar, 836

Gcamvb, SOO
chemical structure of, 799,

$05
conversion of, to uric acid,

$01
Glanosinl, SfX)

Glanylic actd, 799
chemical structure of, $02

Glll’s disease, general dis

cussion on, 1001 (See also

Myxedema)
Gum acacia

use of,

la frsnfusions, 50
undesirable features of,

50
Gustation, general discussion

on, 1458
Gyrus, precentral, corticospi

nal tract from, destruo
tion of, effects of, 1238

H
H SUBSTANCE, role of, m skm

reactions to mechanical
stimulation, 351

Hair(s)
cells,

of cochlea, 1434
outer, draoing of, 1426

olfactory
,
1454

touch receptors at base of,

1140
Haldane

calorimeter, 760
gas analysis apparatus of, 762
Gowers method of estimation

of hemoglobin in blood,
56

respiration apparatus of, 761

tube, and sampling bulb, 4S6
Halo

corneal, 13S0
lenticular, 1386

Hamberger phenomenon, 462
Hand(s)
cutaneous blood flow in, 346
eye, and ear test, for reeogni

tion of aphasia, 1252
reflex vasodilatation in, after

body warming, 317
thalamic, 1227

Hand's disease, general dis-

cussion of, 8^

Bold face numbers tndicale major discussion



tlArTEN-HEART 150S

Hapten
definition of, 47
from Rh cells, 47

HsRMOMCS, discussion on, 1429
IfASSALL’S CORPUSCLES, IIIO
Halstra, contractions of, in

tlie rabbit, 716
Haversian canals, 1063
Head
body righting reflex acting

upon, 1170
classification of aphasia In,

1251

distribution of sympathetic
fibers to, 129S

turns of, semicircular canals
function in aignalline,

1170
va«oconstnefor fibers of, dis

tnbution of, 252
1Ieai>aciie(3)

associated with brain tumor,
diagnostic value of, 1259

o'sociated with constipation,
1259

causes of, 1258
general discussion on, 1263
histamine, 12oS
hvpertetLsive, 1259

migraine, 1259

of vascular origin, 125S
sick 1259

Hearino 1420
Bee aho Cochlea, Cars,

Sound
aiiditorj locahsjtioR m the

cortex, 1447
auditory pathways, central,

1445
Innsurnl loudness matching

1454
cerebral centers for, 1217
critical band of frequencies,

1451
differentiation threshold in,

1451
discrimination loss in 1451

disorders of due to lesions of
temporal lobe, 1248

dinamic range of, 1433
electrical responses in, 1442
impairment of, due to sudden

increase in loudness, 1452
localization of sound, 1453
Josa plotting 1449
masking in 1151

measurement of, 1449
mechanical considerations

1435
minimum audible field pres

sures of, 1433

neuroph) piological consider

ations, 1435
ossicles, mechanics of, 1438

recruitment, 1449

responses of higher auditory
centers, 1445

responses of medullarj neu
rons, 1415

role of cochlea in, 1439
spiisitivitj of, 1435
threshold contours of, in

tjpical uroup of hs
teners, H3G

Hesrt
action of, regulatioo of, 302
alternation of, 202

electrical, 702
theory of, 203

and circulation, state of com
pcnsation, 411

aorta, coarctation of, 443
os a pump, 239
atnal septal defect, 433

basic properties of, in circu
latiOD, 136

beat,

alternation of heart in 202
auricular Sbnllstion, IQS
aimriilar flutter, 197
aunculoventricular block,
TOi

disorders of, 191
hcmodjnamics in 414
investigation of, by
graphic method 191

eficcta of coUl on, 304
extrasjatoles, 194

fliiUer BeeAunevhrGbn]
iation,

irregularities of,

classification of, 191

elTects of, on hemodj
namic function of
heart, 416

missed, due to impaired
conduction iQ auriculo
ventricular bundle, 101

paroxsemal tachycardia,
196

phasic irregutanl) , 204
premature contractions

194

pulsus aUemans, 202
rhythm of

affections of, resulting

from impaired condue
tion 191

disturbances of due to
abnormal impulse for
mation 194

effects of delayed con
diietion in aunculo
ventricular bundle on,
191

cxtrasystolcs, 194

idioventricular, 192

irregularities in, due to
variations in Vagal
tone, 203

premature contractions,

194
reciprocal, 197

smo auricular block, 20^1

sinus arrhvlhniia, 203
sinus bradycardia, 204

4\o1ff Parkinson White
syndrome, 193

biocbeinistry of, effects of
radiitioo on, 399

bfocl,

chronic, causes of, 193

complete, 192
due to impaired conduc

lion in auneuloven
tnculsr liundlc. 1092

treatment of, 417

effects of, on arfenal pulse,

192

Hesrt—conf
bloek—conl
electrocardiography in, 193
false, 196
incomplete, tracing of, 192
life expectancy with, 417
partial, due to impaired
conduction in auriculo
ventricular node, 191

production of, by closing
off atrioventricular con
duction pathway, 417

temporary causes of, 193
venous pulse tracing in,

193
blood output of, 305
bypass technique for, 208
cardiac tamponade, 428
conduction in, impaired ef

fects of on heart beat
rhythm, 191

conductivity of, 139
congenital ^feets of 522
contractile process of, 143
contraction of,

cycle of

pressure and volume
events in, 242

sequence of events in, 242
functional anatoms of, 239
role of pericardium in, 239

control of,

nervous, 302
role of accelerator nerves
in 303

role of accelerator tone in

304
role of augmentor nerves

in, 303
role of cardiac reflexes in,

304
role of tone of vagus in, 303
role of \agus nerses in, 802
tome action of nerves in
303

defects, congenital, 522
dilation of,

circulatory regulation in,

381
general discussion on, 381

dipole in. electrical forces in,

direction of, 180
diseases of,

congenital hemodynamics
in, 430

valvular ^’ec Hearf, valvu
lar diseases of

drainage circuits in
deep 320
superficial 320

electrophysiologa of 136

excitation of, arrival of, in

various regions, 140
factors effecting,

adrenaline, 1025
aging, 379
autonomic nervous system,

1303

noradrenaline, 1025

quinidine, 200

action of quinidiiic in, 199

congestive, 410
cardiac output m, 410

Bofd face aambera tnifieate major diicusston
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Heart—font
Jatlurf—coni

conae^tne—ronl

carthovn-riil ir «tcm
chnnEfs IcitlitiR (o, 412

cau<es of, 411
characteristic features

of, 411
chronic, 410

causes of, 410
dehnition of, 410
<JilTerence.s betireen hifOi

mipuS rjfi-uXoStffj Jm)
tire an<], 413

dNspnea in, 503
etfects of,

on ablht^ to ercrctc
water 412

on blood volume, 29
on tonus of rcnnl arteri

oJes, 412
glomerular filtration mte
10,412

b> pcrvolemia in, 414
renal blood lloiv in, 412
sequence of chaneei in,

411
signs of, 411
venous pressure in, 411

edema of, 575
effects of, on coronarj cir

culation, 330
high circulatorj output,

413
differencea betneen con
gestive heart failure
and, 413

glomerular filtration rate
in 413

renal blood flow in, 4(3
role of decrease m pe
npberal resistance in

413
in thjrotosicosis, patho

Eenesis of, 1003
flbnllatioa See Fibrillation,

auricular
flutter of See Fibnllatiflo,.

auricular. Flutter, aunc
uJar

glucose utilization of, effect

of removal of pancreas
on, S14

hemadtfnamte funeiione of,
factors effecting,

arrh>tiimias, 415
brad>cardia, 416
irregular rhjthm, 416
tachycardias, 415
various pathological

states, 414
m aortic regurgitation, 424
in atnsl septal defect, 433
in cardiac tamponade, 42S
in coarctation of aorta, 443
in congenital heart disease,
430

m Eisenmenger’s complex,
437

ID mitral insufRcietscv’, 421
m mitral stenosis, 419
m patent ductus arteno

8US, 441
in pulmonarv stenosis, 430
in tetralogy of Fallot, 439

Heart—rant

Aeinodifnamic /unrfions of
—coni

m tncuopid stenosis, 426
m vTivular heart disease,
417

in vchlneiilar seutat de
feet. 437

studies on, 414
hypertrophv of,

circulator) regulation in,

fiogreer «f, Affercace^ ta,

SS3
factors inducing, 3S2
general di«cus<«ion on, SSI
mechanical factors leading

to, 3S2
preceded li> cardinc diH

lion, 3S3
b) p<^i namic state,
infarction of localization of,

bv clcctrocardiogrrphv

,

lb7
injuri of, localization of b»

electrocanliogrnphv , 1S7
innervation of, 131)3

insunicienev , congomtal put
momc valvular, pulmo
nary artery and ngbr
ventricular pressures id,

433
Isolated modern preparation

of. 309
isolated papiUar) muscle of,

summation of contrac
tton in, in cat^ 145

left, hemod>namie studies
of, at rest and dunnz
exercise, at ‘ca level and
at high altitudes ^

lung preparation modern
version of, 309

b'iRphatic o'Btem of, 31
metabolism of,

changes in. in disease, 325
determinants of, 325
pslteray of, 325

motion of, control of, 136
murmurs, time relations of,

to heart sounds, 4IS
muscle of,

contractile, 143

contractile response of,

factors effecting, 144
inlcnsit) of stimula

tion, 144
spacing of stimuli, 144
Btretcb, 146

isometne versus isotonic,
118

relation of, to muscle
length, factors effect

ing, 146
eoatractility of, 243
distenaibilit) of, 143
excitability evele of, dur

tng contraction and re
lavatioa, 245

excitation of, 136
fibrils, 143
metabolic role of, 143

for cardiac contractioo. 239
isolated stnp of,
depolanzation m, 169

Biylil face numbers indicate major discussion

Heart—coni
wiusfic of—corif

isolated strip of—coni
cxjicnments on, in elcc

^
trocardiognphj

,
169

iiijurv of, effects of, in

rleclrocardiographv

,

173
repolanzation of, 171

mechanical response of, ef

fects of inorganic ions
on, 137

narmsl refcscianaess cl,

145
refractor) period of,

Imundaries of, 146
repolanzation of 172
spread of depolanzation
through 169

transmembrane potential

of, cfTeeti* of inorganic
ions on, 137

nerves of,

diagram of, 303
effects of, on rhvlhmicifj,

142
output of, 302
See also Cardiac output
effects of aging on, 4C0

performance charactenstiea
of SOS

pfusiolog) of, effects of ra

diation on 390
premature contractioas of

due to aboornial impul-e
formations 104

pressure and time values of

dvnamie and electneal
eveatv and tbeir tempo
ral relationships in,

244
pumping action of, effects

of on artenal blood pres
sure, 276

cafe

acceleration of, effects of on
minute volume, 311

a^wgaod, 4£t9

changes in, effects of on
arterial blood pressure
279

effects of, on coronar) eir

culation, 327
factors effecting 302
hemorrhage, 31

nervous control of, 302
regulation of, dunng exer
ci^e and excitement, 307

reserves in, for stress,

314
reflexes in, role of, in control

of circulation, 266
reserves of, 314

as indication of strength of,

410
return of blood to, effects

of thoracic capacity
changes on, 471

rbvthmiejt) of, 239
effect of stimulus not com
log from sinoatnal nerve
on, 145

role of refractonness of
heart muscle (o pre=erv ^
ing, 146



HEART-HEME 1510

Heart—conC
nglit,
hemodynamic studies of,

during rest and exercise,

at sea level and at high
altitude, 306

reflexes from, role of, in

control of circulation,

266
sequence of events in, relat

ing pressure volume
changes to phono and
electrocardiograms, 243

size of,

control of, by sympathetic
vasoconstrictor fibers,

253
effects of exercise on, 311

sounds,
characteristics of, 247
diastolic gallop, early, 419
diastolic murmur, 418
Srst, 247
production of, factors in,

247
record of. 248

from thorax, not true heart
sounds, 247

gallop rhythm, 41S
change of sequence of

sounds in, 418
conditions in s^hicL

heard, 418
vanationa of, 410

in aortic inaufliciency, 425
in aortic regurgitation, 424
tn aortic etenosis,423
in Btnal septal defect, 433
in cardiac tamponade, 428
in coarctation of aorta, 443

tn mitral insufficiency, 422
tn mitral stenosis, 410, 420
in patent ductus arteno

sua, 441
in pericarditis, 42$
in pulmonary insufficiency,

432
in pulmonary stenosis, 430,

431
in tetralogy of Fallot, 440
in tricuspid insufficieocy,

428
in tricuspid stenosis, 426
in valvular heart disease,

418
in ventricular eeptal de

feet, 437
intensity of, variations m,
248

murmurs,
causes of, 418
in mitral stenosis, 420

origin of, 247
presystolie gallop, in pa

tient with hypierteiLSive

heart disease, 419
recording of, 246
gMphte, 2iB
methodology of, 246

second, 248
systolic murmur, 418
ttird, 243
time relations of, 247, 418

to heart murmurs, 418
specialized tissue of, 140

Heart—coni
sympatbetie fibers to, den-

vation of, 142
tissue of,

aetivation of, pathways of
conduction of, 141

impulse initiation tn, 140
tone, factors effecting, 691
utilixation of substrate by,

326
vagal fibers to, stimulation

of, effects of, 142
valves,
aunculoventncufar, 245
movements of, 245

closure, 245
closure in, mechanism of,

245
mitral, movements of, 245
movements of, 246
semilunar, movements of,

246
ineuspid, movemeats of,

245
valvular diseases of,

aortic regurgitation, 424
aortic Blenosw, 423
causes of, 417
heart murmurs in, 418
hemodynamics in 417
mitral atenosis, 419
pulmonary stenosis, 430
pulmonic insufficiency, 432
tncuspid insufficiency, 427
tncuspid stenosis, 426

valvular lesions of, effects

of, on coronary eircula
tion, 330

ventral surface of, spread of
excitation through, in

dog, 141

ventricular emptying, pat
terns of, 241

ventricular eeptal defect, 437
ventricular septum of, spread

of activation through, in
dog, 141

ventricular walls of, spread
of activation through, in
dog, 141

work done by, 303
Ueabtburn, 691
Heat
body See Body heat. Body

temperature
cramps, general discussion

on, 894
edema, 41
effects of, on circulation, 394
exhaustion, general discus

Sion on, 893
loss,

from body, 885
in dog, at different room
temperatures, 888

routes of, 885

of combustion, of various
components of food
stuffs, 743

production of,

due to protein. 756
from respiratory ex

changes, detennination
of, 757

Heat—con(
production of—cont

in relation to surface area,
737

of body, physiological con-
ditions stimulating, 757

per kilogram, in animals
of different sizes, 757

per square meter, in ani-
mals of different sizes,
757

relationship to surface area
of skin, determination
of,7&4

role of thyroxine in, 1015
receptors for sensation of,

1141
sensation of, localization of,

1140
silent, 1109
specific definition of, 2 (foot

note)
stroke, general discussion on,

894
Heidenhain POLCH

definition of. 604
u»e of, m study of gaatnc

secretion, 604
Heucobldin, 55
Helicotreva, 1423
Helium, use of, in oxygen ther-

apy
, 523

Helweo olivospinal tract of,
1196

Hematocrit, 15
Hematocytoblast, division of,

lOS
Hematopoieris
See also sprct^fc cells

at different embryonic ages,
99

defective, anemias caused
by, 78

heteroplastic, 09
homoplasiie, 09
in body of embryo, 100
in early embryo, 99
diagram of, 101

in late embryo, 100
m postnatal life, 100
organs involved in, 104

maturation of blood cells in,

105
of granulocytes, 106
of histiocytes, 103
of leukocyte senes, different

stages of, distinguishing
features of, 107

of lyraphocydes, 107
of monocytes. 103
of reticuloendothelial cells,

fixed, 103
wandering, 103

of reticuloendothelial sys
tern, loi

role of red bone marrow in,

104

(issues function resides in,

100
Heuatoporpiiybin, 58

Hematlbia, general discussion
on, 673

Heme
combimng properties of, 54

Bold face numbers tndieaU major discussion
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IIeme—fofir
cotnnoundi, nbsorptiou

liand*? of, 57
distribution of, m nature, 64
formation of, M
m froc stale, ihftDbuifon of,

65
pigments of, absorption spec

tra of,

M

l\|>e3 of, 51
unliration of, tn hemoglobin

s\ nthesis, 71
IfEMUSOriA

hinasal, definition ofj 1401
111 temporal, definition of.

1403
compensation in, 140G
Crossed, definition of, 1403
definition of, 1402
heteronymous, definition of,

140.3

homoimnous,
definition of, H02
Je«ions of visual pathway
causing, 1408

quadratic, definition of, 1403
ilFillBAhUbillS, 1223
Hfmichorea, 1223
HEJIJCRiMA, 1250

Hemin, preparation of, 54
Kemisiiierf, nglil horizontal

section of, 1204
HtMOCimOMATOblg, 75

causes of, 75
definition of, 7S
symptoms of, 76

IIpmocrromooens, 54
Hemocoma, 67
Heuoctaniv, 55
HEMOCYTOSLAbTfs), 09, 100
IIemocytometer, 16
Hcmodilvtios, red cell count

10, 15

Hr»O0TSAUIC RESrOVSES, to
exercise, 313

Kemodtnamic-s, intrarensl,
and renal function, 370

HEMOCLOBI^, 62
See also Blood, regeneration

absorption bands of, 67
addition of, to red cells, 71
ammo acid composition of,

variations in, 58
anemia in, 525
B, 68
base bound by

,
at diSerent

pH, 461
chemical constituents of, 62

combination of,

with carbon dioxide, 58
with carbon monoxide, 58
with gases, 66
chemical action involved

in, 56
with hydrogen sulfide, 57

with nitric oxide, 58
with oxygen, 56

components of, 55
concentration of,

relation of oxy geo capacity
of blood to, 57

««e in, in treatment of
pernicious anemia, S4

Hf'IOOLOBIK—font
dcnvativM of, 57, 50

ali«orptioR bands of, 57
absorption spectra of CO

dissociation curve of, 455
distribution of, 55
effect of specific liver therapy

on. Si
fetal and postnatal, oxygen

dissociation curve of, 457
formation of, impartaoce of

of, 61
tiemoehromogcn of, 57
in blood,
amount of, 56
estimation of, 56

mean corpuscular 79
ronrcntration of, 79

molecular weight of. 65
molecule, formation of, 7]
of niiiacle,

discussion on, 56
binction of 56

oxygen saturation of, partial
pressure of gas and, 455

oxygenated, 51, 57
prMuction of, influence of

diet on, 72
pure, oxygen dmociation

curve of, 450
reduced, 57

cliemical structure of, 61
cyanosis caused b\, factors

influencing depth of, 52C
definition of, 455
proportion of otyhemo
globm to m various
parts of the circulation
521

regeneration of,

effects of diet to, 72
(actors decreasing, 72
factors in, 71
factors increasing, 72

release of, from red cells of
blood, 61

role of, in carbon dioxide
transport m blood, 460

synthesis of,

role of cobalt in, 76
role of copper in, 75
role of manganese in, 76
utilization of globm m, 71
utilization of heme m, 71

types of, 68
Hesioclobivouia, 64

cold See Hemoglobinuria,
paroxy "mal

definition of, 84
march, 64
cause of, 64

nocturnal, cause of, 64
paroxysmal,
cause of, 61
definition of, 64
symptoms of, 61
types of, 64

signs of, 64
Heuolxbins from normal tis

sues, 63
IlEUOLTSia, 61
agents causing, reaistanre of

red cells to, ^

Hemolysis—coni
antigens of, 63
causes of,

bacterial suhstances, 63
blackwater fever, 64
ehcmieal substances, 62
endogenous poisons, 63
hyotonic solutions, 61
pxra.sitie substances, 63
snake bites, 63
specific, 63
substances of bacterial ori-

gin, 63
complement, 63
definition of, 61

factors necessary for, 63
induction of, 61

saline concentration id blood
necessary to start, 61

Hemophiua
A disease, 110
arresting bleeding, in, 118

bleeding tune in, 118

blood clot ting mechanism de
feet m, IIS

definition of, 117

general discussion on, 117

genetics of, 1072

pl/ums thromboplastin Jock

as factor in, 118

Hemopoiesis See Hematopoie
SIS

HEMORailAGE(s)
anemias caused by ,

77

blood cells lost in replace
ment of 32

circulatory acbiistmcnls in,

407
cfTecls of,

delayed, 32
early %
general discussion on, 30,

32
immediate, 30
on clotting of blood, 31

on heart rate, 31

on redistribution of blood,
32

on relation between left

ventricular diastolic vol

ume and left ventricular

systolic and end diastolic

pressure, 147

on respiration, 31

on vascular bed capacity,

31
erythrocyte increase m, 14

fluid lost in, replaecment of,

32

reduction of blood volume
following, effects of, 29

splanchnic hemodynamic re

eponsc to, 36S
Heuobriucic diseases, 117

nfibrinogemia, 118

capillary resistance test in,

119

hemophilia, 117

hepannemta, 118
hypoprothrorabinemia, 117

of the newborn, 117

purpura, 118

purpura fufminans, 119

purpura hemorrhagica, l’''

Paffl fare numhera endieale major discussion
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Hemosiderin, 63
in diseases ^ith red cell de-

struction, 07
storage of iron in, 73

Hemosiderosis, definition of,

75
Hemostatics 115
Henderson Hasselbalch

EQUATION, 127 , 556
Henlb

loop of,

anatomy of, 632
diagram of, 533
m regulation of water reab
sorption by tbe kidney,

Henoch’s purpura, 119
Henrt’s law, of solution of

gases, 451
Hensen, cells of, 1425
Heparin
anticoagulant action of, 112

control of, 113
mechanism of, 113

clinical use of, 113
discover) of, 112
production of, 113
quantity of, in blood, deter

mination of, 113
HrPARlNEUIA, 113 118
Hepatitis, in blood donor,

dangers of, in tranafu

sione, 42
Hepatocromn, 614

role of, in regulation of bile

Sow, 645
IIepatolesticllar ceoen

ERATION
progressive, 1232

clintcai features of, 1222
Herino Brecer beplexes,

493
illustrating, 404
mecbamcal problem in

atudying, 494
ph)'«iotagical role of, 495
propnoeeptive nature of, 495

Hebmaphroditisv, true, 1074
Hesperidin, 937
Heterocrine cells, definition

of, 5So
Heterotransplant, definition

of, 955
Hetestrol, 1083
chemical structure of, 1083

Hiccup, general discussion on,
477

Hills, 1075
IIiPiLRiu ACID sjnlliesis of,

as test of liver function,

6o3
Hippls, 1409
Hirudin, anticoagulant action

of. 115
Histauinf

adrenergic blocking b>, 1028

concentration of, in blood,

following buras, 409
effeefa of,

on bronchial muscle, 519
on cardiac output, 307
on gastric secretion, 618
when administered intes

tiually, 722
headaches due to, 1258

Histamine—conf
liberation of, as factor in

[

iroductiOQ of anaph) •

axis, 410
test, for gastnc secretion, 614

Histidine
chemical atnicture of, 775
synthesis of, 778

Histiocytes
See aho Reticuloendothelial

cells , Reticuloendothe
hal system

epithcloid and giant cells

derived from, 103
free, 102
functions of, 103
hematopoiesis of, 103
role of,

in chronic inflammation.
103

in repair stage of an acute
process, 103

tissue, 102
Histones

characteristics of, 771
examples of, 771

HonOKiN’s disease, leukocytic
actmt) in, 96

Hoffman’s reflex, 1164
elicitation of, 1152
general discussion on, 1151

Hocben ireonancy test, 1091
Holoer Nielson method
of artificial respiration 528

illustration of, 529
Holocrine celu, definition

of 585
Homeostasis, 1302
UoMOTRANSPLANT, definition

of. 955
Hookworm, eosinophilis in, 94
Hopping reactions 1174
HoRMONE(e)

adrenal cortical, secretion of,

regulation of, 1610
adrenocorticotrophic. 967
adrenotropic, hyperglycemia

due to, %2
and behavior, 954
and their functions, 951
androgens, IK^
anti

,
general discussion on,

979
antidiabetic See Insulin
antidmretic, 982

action of, 985
release of, reflex, due to

ph}i>tologtcal stimuli,
985

blood levels of, at time of
ovulation, 1080

cellular action of, 954
chemistry of, 951
chromatophorotropic, 9S3
clinical use of, in male sex

disorders, 1108
control of menstrual cycle

b). 1089
cortical, role of, in fat ab

sorption in intestine, 678
definition of, 050
effects of,

on action of insulin, 822
on cholesterol metaboiwn,

841

Hormone (s)—coni
effects of—coni

on coronary circulation,
320

on gastric secretion, 618
estrogenic, 1081

excretion of, 954
follicle stimulating, 971, 972

origin of, 972
phjsiological properties of,

973
production of, 972
secretion of, regulation of.

975
gonadotrophic, 971
growth See Hormones, so

matotrophic
m the blood, carnage and

fate of, stud) of, 956
interstitial cell stimulating,

971
involved m mammary de

velopment, 1095
lactogenic, 976
luteal, 1086
luteinizing 971

origin of, 972
physiological properties of,

973
production of, 072
secretion of, regulation of,

075
luteotrophie, 072, 976
nature of, 053
neurohvpoph)BeaI, fate of,

formation of, 988
nomenelatuie regarding, 960

(footnote)
ovarian, 1081
oxytocin, 987 See cfeo Oxy

tOClQ
oxytoxic, 0S4

release of, cause of, 9S7
role of, in seminal trans
port 987

posterior pituitary, assay of,

987
pro , general discussion on

979
progesterone. 1086
prolactin, 1096
relaxin, 1089
role of,

m development of genital

system. 1073
m response of viscera to
environmental stimuli,

625
secreted b) adenohypoph)

sis, OGO
secreted by antenor pitui

tary gland, 951
somatotrophic,

bioassay of, 963
diabetogenic properties of,

832
effects of,

on female dasehund, 962

on growth, demonstra
fion of, 962

general discussion on, 961

insulin as a, 821

loss of, effects of, 961

preparation of, 961

Bold face numbers radicate major dtscuieton
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Hobmone(s)

—

conf
somatotrophic—<•«)«/

secretion of, factors con
troHing, 0G3

source of, 961
species specificity of, 963

festosforone, 1103
thyroid Sec Thyroxine
thy rotrophic, 9^

role of, in regulation of
thyroid activity, 1019

transport of, 955
QSG See aUo

Vasopressin
vasopressor, 9&1

HoRorTEn, 1412
definition of, 1413
diagram of, 1413

Hot spots, on palm of hand,
1139

Houssay doq, 902
IIowxLL Jolly bodies, 16
Howsnip's laccnae, 1063
hr FACTOR, determination of, 49
Hue

definition of, 1348
disenniiJiation curve, 1350
discrimination of, 1341

Hc«brus, section of, in case
of generalized osteitis
fibroma cystica, 1059

HoinoiTT
effects of, on efficiency of

SHcatmg. S88
relative, defimtion of, 8SS

(footnote)
Hunger,
and appetite, differentiation

between, 734
contractions, 737
and appetite, 694
description of, 692
effect of food on, 694
effect of stomach tone on,
692

hypoglycemia and, 736
induction of, 736
method used to record, 693
relationship of, to diges

tive penstalsis, 696
Byatemic effects associated
with, 694

types of, 692
defimtion of, 734
diabetes, 835
effect of severing splanchnic

nerves on, 737
inhibition of, by distention

of stomach, 737
Huntington’s chorea, 1223
Hyaloid canal, 1398
Hyaloid fossa, 1398
Hyaloid siembbane, 1398
Hyaluronic acid, role of, m

body water balance, 21
Hydralazine u«e of, m treat

ment of essential hyper
tension, 390

Hydremia
red cell count in, 15

changes in, 15

Hydrocarbons, occurnng in
body, S39

Hydrocepualus, 1293

IIydrochlobic acid
ionization of, 125
secretion of, by gastric

glands, mcclmnism of,
601

Hydrociioleretic, definition
of, 641

Hydrocortisone, chemical
structure of, 1039

IllDROGES ION
reaction of, with bicarhon

ate, 559
acorctrmv of,

effects of adrenal steroids
on, 563

effeets of carbon dioNide
tension on, 6C2

effects of carbonic anby
drase on, 563

effect of potassium me
tabobsm on, 562

in exchange for sodium,
558

into distal tubule, 559
into proximal renal tubule,
558

into tubule lumen, in ex
change for sodium, fate
of. 558

rale of, factors modifying,
582

tubular eecrction of. effect
of, on potassium exerc
tion, 555

Hydrooen ion concentra
TlON, 124

effeets of, on interactions be
tween respiratory dnves,
49S

iQ a buffered pair, 127

of blood, 134
measurement of, 134
colonmetnc method 134
electrometnc method,

134
using glass electrode,

134
using hydrogen elet

trode 134
from HiCOj/NaHCOj

ratio, 134
reaction of a sohitioo ex>

pressed lo, 125
Hydrogen sulfide, combina

iion of, with hemoglobin,
57

Hydrolysis, in ammo acids,
770

Hydrops, defimtion of, 40
(footnote)

Hydrostatic pbesscrb
iDtracapsular, role of, m

glomerular filtration, 537
relation of, to osmotic pres

sure, in the interchaage
of fluid across the capil

lary membrane, 27
role of, in interchange of

fluid between tissues and
vessels, 27

Htdrothobax, definition of,

40 (footnote)

17 - HrcROXTCORTlCOSTeBONE
See Hydrocortisone

17-Htdroxt-U deiitdrocoh-
TicosTERovB See Corti-
sone

17 Hydroxy II desoxycorti
costebone See Desoxy-
cortisone

Hydboxyolutamic acid,
chemical structure of,

774
Hydroxyl ion concentra-

tion, 124
Hjdroxypboline, chemical

atsiictuxe of
,
775

Hydroxytyrasiine See Dopa-
mine

5 Htdroxytryptamine, dis
tnbution of, in brain,
1311

1 HYDROriNOPItTHALAZINE, ef
fects of, on renal circu
lation, 375

Hyperacidity
See also Gastnc hypersecre

tlOR
acute, causes of, 616
chronic, causes of, 616
clinical, 616
duodenal ulcer associated

with, 616
neutralization test in, 617

HyrrRADBENALEWIA, lOM
Hyperalgesia 1144

general discussion on, 1144
Hypebbilirlbikemia, role of,

ID yaundice, 646
Hypercapnia

circulatory adjustments in,

392
definition of, 509
effects of,

on cerebral vascular resist

ance, 345
on renal circulation, 373
on vasoconstrictor center

tone, 392
Hypebchloshtdbia 816
development of gastric ulcer

m 623
Hypercholesterolemia

atherosclerosis and, 859
familial, 859

Hyperemia
caused by pyrogenic reae

tion 547
myocardial reactive, oxygen

consumption dunng,
measurement of, 321

reactive,
blood flow and oxygen debt

in calculation of 355
effects of, on renal circu

lation, 375
exercise and, 353
metabolites and, 355

Hypeholtcesiia, 813
alimentary, loss of sugar in,

835
causes of, unc acid, 836
effect of adrenotropic hor-

mone on, 832
prolonged, 813
role of pituitary in, 830
transient, 813

Hypergonadism, id the male,
1107

Boldface Buwbers indicate major discussion



HyrERISSULlVI'SM-HYPOTHALAMUS 1514

Hyperinsulimsm, 821
clinical observations in, 824
in experimental animals, 821
postprandial, following a

fatty meal, 846
retention, 859

Hyperuetamobphosis, follow
ing removal of temporal
lobes, 1249

Hypermetria, caused by ex
cision of cerebellum, 1283

Hypermetropia, 1393
emergent rajs from eje in,

1382
general discussion on, 1393
movements of retinoscopy

shadow in, 13S3
ophthalmoscopy in, I3S2

indirect, 13&
retinoscopy in, 13S4

Hyperosmta, 14C9
HTPERPARATIiyROIDISSt, 1059
primary, 1060
secondarj 1060

signs and ajmptoms of,

1059
IIyperperistaesis, of stem

ach, 703
Hyperphosphateuia, role of,

in production of tetanj
1053

Htperpiesia See Hjperten
sion, primari

Hypbrpnba, mechanisms of,

dunng exercise, 499
Hypersecretion, in duodenal

ulcer patients, 622
Hyperbemtauty following re

moval of temporal lobes,
1249

llrPLRSrLEMBM, 69
causes of, 69
definition of, 69

Htpertevsin See \ngiotensin
Hypertensinase, action of,

386
Hypertension

arterial,

causes of, 383
general discussion on, 383
role of carotid sinus and

aortic vaso8cn«ory areas
in, 3S7

efTects of on coronary circu
htion, 331

essential See Hypertension
pnmarj

experimental, neurogenic
factors in, 387

following sympathectomj

,

3SS
inducement of, by de-'Oxj

corticosterone, 387
malignant, 391
ocular, general discussion on,

1400
presjstolic gallop in patient

with, 419
pnmarj, 388

cause of, 388
treatment of, 390

production of, bj cerebral
ischemia, 3SS

pulmonari

,

in ntnal septal defects, 436

Hypertension—conl
pulmonary

—

conl
in patent ductus arterio

BUS, 443
mterventncular septal de

feet with, circulatorj
effects of, 439

reactivilj to heat and cold
m,3S9

renal.

endoennes in relation to,
386

experimental, ^$3
humoral faetor« m, 3$4
humoral pressor mecha
ntsm for. 384

metabolites in aortic tissue
in. 3S7

role of adrenal cortex in
387

role of adrenal medulla im
3S6

role of posterior lobe of
pUuilarj in, 387

renin in blood of patient
with, 384

^

role of carotid arteries in
3SS

upper liodj

,

in coarctation of aorta, 444
renal ischemia and 444

with increased intracranial
pressure, 38S

HrpERTiiYROin states, etiol
ogy of, 1004

Hyperthtroioism
effects of,

on diabetes 883
on hjpergljwoiia and glu
cosuna, 833

Hypertonic soutioss
effect of, on movement of

tissue fluids, 38
iRcreascd lymph flow caused

b>.38
injection of, dehydration

caused by, 2\
Hypertonicity, after drinking

sea water, 25 (footnote)
Hyperventilation
cardiac output it\ 393
circulatory adjustments in,

332
Hypervitasiikosis a 907
Hypebvitaminosis d, 911
Hyperyolemia, in congestive

heart failure, 414
Hipnotonin, 1272
Hypocapnia, 509
Hyfochlorhtdria, qis
IIypocastric canguon, 1300
Hypogastric nebve^ 1300
Hypoglossal ner^ central

connections Qf 1202
Hypocltceuia, '

adenoma of pancreatic islets
associated with, KSS

alleviation of, 82^
causes of, 823
clinical condilioFis occurnng

Boldface nundtere indicate major dwcuMii

Hypoglycemia-—font
effects of

—

conl

on electroencephalogram,
1257

f
eneral discussion on, 823
unger contractions induced

by. 736
signs of, 824
spontaneous, 821
symptoms of, 824

Hypoglycemic agents
oral, 836
sulfonylureas, 837

Hypogonadism, in the male,
1107

Hypometria, caused by exci

Sion of cerebellum, 1283
Hypophosphatemia, renal,

577
Hypophysectomy

adrenal atrophA following,

067
effects of, 961

on carbohydrate metabo
]i<m 830

on gljcogen stores dunng
fasting 832

upon uterus, 073
in puppy. 961
thyroidal changes resulting

from, 964
Hypophysial portal vessels,

primary plexus of 959
Hypophysial stalk, 957
Hypophysis, effects of, on

body weight, 735
Hypophysis cerebri See Pi

tuitarj gland
Hypopitlitarish, following

whooping cough, 091
Hypoproteinemia edema re

suiting from, 574
Hypoprothroyibinemia, 117

cau*es of 117

vitamin K lack and 117
Hypotension

arterial, causes of, 363
definition of, 391
orthostatic 391
postural, 391
primary, 391, 392
secondary, 391

Hypothalamls, 1227
anatomical structure of, 1227

antenor, role of, in control of

cutaneous blood flow ,
352

connections of diagram of,

1227
disorders of,

cataplexy in 1231
narcolepsy in 1231

results of, 1231

effects of, on release of th\

rotrophin from anterior
pitmtarA gland, 966

electrical stimulation of van
ous sites in, effects of.

978
hber connections of, 1228
functions of, experimental

evidence for, 1228
lesions in, effects of, gluco

suna, 834
nuclei of, 1227
diagram of, 1227



1515 UTPOTHALAilDS-lNSULIK

Htpotiialuius—con i

nuclei oS—conl
dor'<omedtal, 1228
fiber connections of, 1228
phjfliologj of, 1228
posterior group of, 1227
ventromedial 1228

nucleus tuber of, 1227
of rabbit, safrgital section

through, 059
paraventricular nucleus of,

1227
preoptic nucleus of, 1227
relationship of, to endocrine

system, 933
role of,

in control of secretion of
adenohv pophj sia, 978

in control of vasoconstnc
tion, 255

in emotional states, 1229,
123Q

in regulation of food in
tahe, 735

in regulation of secretion
of cortieotrophin, 0113

in secretion of gonadoiro
phins, 075

stimulation of, visceral re
eponecs due to, 620

supraoptic nucleus of, 1227
8>mpathetlc center in, ex

pcnmenlal evidence for,

122S
Hypothermia

circulator) adjustments in,

elTects of,

physiological, 897
on coronary circulation,
330

on renal circulation, 375
ventricular fibrillation in,

394
HYpoTirraoiDisM, conditions

associated ivith, 1000
Hypotonia
general discusajon of, 1287
in cerebellar disease, 1287
in tabes dorsahs, 1209

HrrOVXNTlIATlON
cardiac output in, 393
circulator) adjustments in,

392
HYroXANTHlNE, 800
chemical structure of, 805
oxidase, SOO

HvPO'XANTinNE 5' - PllOS

piiATE, chemical stnic
ture of, 802

Hypoxia
anemic, 508
blood picture m, 508
causes, 508
OX) gen m blood in, 509

anoxic, 508
artenal 508

at altitude, 509
blood picture in, 508
causes of, SOS
circulatory adjustments to,

510
signs and sjTnptorag of, 610

circulatory adjustments in,

S02

IlYroxiA—conf
effects of,

on cerebral vascular resist

ance, 345
on clectroeflcephaJograms,

1257
on tnvDcardium, 321
on pulmonary artenal pres
8urv.29S

on renal circulation, 373
erythrocyte production

stimulated by, 71
hypokinetic, SOS
blood picture in, 508
causes of, 60S
oxvgcn in blood in, 609

in pneumonia, eau«es of, 515
myocardial response to, 322
neurogenic vasoconstriction

produced b>j 373
oxygen tension in blood m

509
oxygen therapy in, 526
oxygen volume in blood in

600
role of, m production of pam

in inicimittent claudica

tion, 358
stagnant, SOS
types of, 608
vulnerability of brain to,

1134

1

Ice CAtORatBTEB, of Lavoisier
and t,3p)ace, 750

ICSn See ilormones, inter
stitial cell stimulating

Icteric inoex, for determining
bile pigment concentra
tioD, 650

IcTESW &e Jaundice
ICTERUa REOaATOBOU, 647
ImOVENTHICOUlB IfEABT BEAT,

102
IlEOCOUC VALVE, 715
anatomy of, 715
function of, 715

causes oi,

of small intestine, 711
paralytic, 711
See olso Paresis, intestinal

postoperative
causes of, 712
prevention of, 712

Illusunatiov, relation of, to
visual acuity, 1368

lUAGEfs)
formation of,

by spherical mirrors, 1375
on retina, 1380

full steed erect, definition of,

1375
inverted, fonnalion of, by a

bteonvex lens, 1378

real inverted, formation of,

by a concave mirror, 1376
retinal, inversion of, illus

trati&g, 1380

virtual,

definition of, 1375

ImageCbI

—

cont
virtual—coni

erect,

formation of,

by a concave lens, 1378
by a convex mirror,

1376
luMEBSlOS FOOT, 359
lacoMPATiBitiTY, in blood

transfusions, symptoms
of, 45

Ikcos, long crus of, 1420
Inoican,
chemical structure of, 721
in urine, 721

Indols effects of, when in

troduced into mouth and
colon, 721

IvDCcnov, in conditioned re

flexes, 1268
Inyantiusm, due to anterior

lobe deficiency 992
IvFANTs, iron deficiency ane

mias in, 80
IVFECTIOS

as cause of gallstones, 650
products of, effects of, on

action of insulin, 822
susceptibility to in diabetes,

815
IvnAMMATio\, chemical fac

tors in, ^
IvrOSnlBCLAB PBOCE‘<S 057
Infuspjbulab bteu 957
Inycscibulcm 9o7, OSO
Isrcsois, 980
Inoqbv, 871
Inositol
chemistry of, 033
function of 932
general discussion on, 932
isolation of 032
requirements of, daily, 933
sources of 933

Insmratios
accessory muscles of, 488
center for, effects of, on spon

taneous respiratory ac

tivity, 492
control of, 463
enlargement of thoracic cav

ity during 473
movement of diaphragm dur

log, 474
movement of intercostal

muscles during 473
position of diaphragm dur

mg, 475
primary muscles of, 488

iNaplRATOBT CAPACnr, 481
Ibsfihatoky center

in cat, 490
localizing, method for, 492

IVSIUHATOBT RESERVE VOLUME,
481

Insulation, against cold, role

of fat in, 840
Insulin, 815

action of,
tnterfeTence iritb, &22

by anesthetics 822
by enzymies, 822
by other hormones, S22
by products of infection,

822

Hold /ace numbers indicate major dttcuasion



IhSUI.I.V-INTESTINE(s)

IvsyiiN—coni

action of—coni
interference with—coni
by reactions of tissues,

822
mechanism of, 819
on gljco|en storage, dem

onstration of, 819
relationship with vagus

nerve, 827
administration of, 822
fatty liver caused by, 850

cattle, structure of, 817
chcraistTy o(^ 816
combination of, with tissues,

821
content,
of pancreas,
aetermination of, 825
effects of age on, S2G
effects of anterior pitui

tary extracts on, 826
effects of diet nch in fat

on, 826
effects of estrogen trans

plants on, 826
effects of starvation on,
826

effects of stilbestrol on,
S26

in nondiabeties, 827

under varying condi
tiODS, 825

cTjBtals, zinc, 817
defieienc> of,

effects of, 84S
involvement of pitui

tary gland m, 848

effeeU of,

as a growth hormone, 821

in duodenal peristalsis,

827
interference with, 822

on anabolic effect of so

matropin, 820

on blood sugar curve, of
depancreatized dog 815

on cell permeability, 821

on colonic peristalsis, 827

on fat formation, 820

in «tro demonstration

of, 820

on fat metabolism 819

on gastric activity, 827

on gastric perstalsis, 827

on gastric «ecretion, 618,

C19
on glycogen storage, mech
anism of, 819

on insulin content of pan
creas, 822

on metallic constituents

of blood, 822

on oxidation of sugar, 820

on phosphate, 821

on potassium, 821

on protein metabolism, 820
on the diabetic organism,

819
formation of, in i«let cells of

pancreas, 81C
in blood, 818
estimation of, 818

INSPWN—
liberation of, 818

role of blood sugar level
m. 818

modification of, 823
relationship with vagus

nerve of action of, 827
removal of, effect on glyco

gen of heart, 819
requirements of, 823
role of, in prevention of

permanent diabetes pro
duced by pituitary
gIaD(L,832

secretion of,

effects of somatropin on,
820

factors in, 618
source of, 815
standardization of, 818
storage of, 817
use of,

IS cases of poor appetite,
827

in nondiabctic conditions,
827

IriTELUOENCE, frontal lobes
and, 1242

I^TE^3ITlf, recognition of rela
tive, localization of,
1245

IMEVSITT DISCRIMINATION, of
light, 1341

IfiTERCALART DtCT, definition
of. 587

Intercostal muscles, action
of, during respiralion.
473

INTERLOBULAR DVCTS, defini
tion of 537

Ir-TERMEDIS, 983
Ir>TERMEDIOLATER.AL CELL COL

UUN, use
Internal saphenois, reflex

responses of, tensions of.
1158

1-.TEROCEPTORS, 1139
I«TEROFECnVE srSTEM, 1302
IpTERVENTRICULAB SEPTLSI

defects of, 523
Intestinal glands
anatomy of, 666
epithelial cells of, mitosis

of, 600
secretions of, CC6
See also Intestinal juice.

Intestinal secretions
Intestinal juice See Intes

linal secretions, Succus
entencus

Intestinal secretions
See also buccus entencus
conipooition of, G6Q
enzymes, 667 V
organic matter, 6G7
vanations of, in differ

ent parts of intestine,
666

disacchandases, 667
enterokinase, 667
enzymes appeanng in, source

of, 667
lipa«e^ 667
organic matter, romposition

of. 667

15IC

IvTEsrrvAL secretions—conf
peptidases, 067
protease, 607
quantity secreted, 667
regulation of, 668
stimuli for, 609

Intestinal villi, anatomy of,
600

InTE3TINE(s)
See also Bowel, Gastrointes

tinal tract
absorption in, S65, 670

of amino acids, 675
oJt ^-4
of cholesterol, 078
of fat, 676

effect of adrenalectomj
on. 678

effect of exclusion of bile

on, 678
effect of pancreatectomj

on 678
free fatti acid reducUoa
and, 677

lipolvtic theory of, 67b
location m intestine a
factor in, 678

partition hypothesis of
677

role of cortical hormones
«n, 678

of fluids factors influenc
mg 072

of glucose demonstrations
of 674

of inorganic salts, 672
mechanism of, 673

of native protein, cause of,

676
of peptone, 676
of protein, 67S
of vitamins, 078
of water, 671
mechanism of, 073
study of 672

studj of, 671
methods for, 071

antiseptics in, effectiveness
of, 722

cramps of, caused bj gas, 719
distention of, death caused

bv, 714
gas in, 719
composition of, 719
intestinal cramps caused
by 719

reduction of, 719
sources of, 719

intoxication of, 721
in infants, RUamdine as
cause of, 722

large.

See also Colon
effect of stimulating para
sympathetic innervation
of, 724

effect of stimulating sj-m
pathetic nerves of, 724

emotional responses in, 720
innervation of, 707
intoxication of, 721
mass movement in, dia
gram of events associ
ated with, 717

materials received b>, 715

Bold fact numbers
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Ktestise(s)—conf
(arge—eont
motor ttctivitj of, 715
movements of, 715

in defecation, 718
putrefactive product “i

formed in, 721

toxic mnlenals m. 721

confinement witnin intes

tme, 721
prevention of How of, to
svstemic circulntion,

721
mucosa of,

as an cxcrctorj organ, 670
cells of, transamination of

ammo aculs bj
, (j7G

obilrt/clion of, 712
blood changes caused bj,

713
cause of death in, 712
dechlorination theorj

,

713
dehydration theory, 713
toxic theories, 712

distention ns a factor in,

714
death resulting from, 7J4

cxpcnmental, 712
mcehnnical, 712
nervous element in symp
toms of, 714

symptoms of, 712
of rabbit, effects of adrena

line on, 1026
penataliJS of, effects of vaso

presstn on, 9%
polar conduction iti, media

nism of, 711
pressure in, measurement of,

BOO
rush waves in 700
secretion in, 005
small,
absorbing surface of, 710
contractions of,

pendulum, 707
rhythmic segmenting,
frequency of, TQT

initiation of, 70S
modification of, 70S
variations in, 707

function of, 709
origin of, 70S
tyqie of movement of,

707
innervation of, 707
diagram of, 718

intoxication of, 722
treatment of, 722

movements of, 707
effect of splanchnic

stimulation on, 723

effect of vagus nerve
stimulation on, 723

mucosa of, absorptive
function of, 670

musculans mucosae of, 710

musctilatwre of, 707
myenteric reflex and, 7I0

paralytic ileus of, 71

1

peristalsis in, 709
caused b\ cathartics,

709

IVTEaTlNEfs)—coni

|>o)anty of, 709
elTpct of myenteric

plexus on, 710

K
radient theory of, 710
iw governing, 710

resistance of, to passage
of toxic products into
blood stream, 722

rhy thmic segmentation
process in, diagram of,

70S
rhythmic segmenting con

tractions of, 707
rhvthmicity in gradient

of, diagram of. 70S
secretions of,

collection of, GG3
serosal surface of, 710
viili of, 710

smooth mu-'clc of, stimula
tioo of, effects of, 709

the law of, 709
NteSTIXO ISTESTINAt- IMllBI

TORY REFLEX, 725
Istracellclar POTESTIaLS,

set up by aOerent vol

leys, IlCO
ISTRAOtOLAR FLCIDS, 1397

circulation of, 1399
thermal factor m, 1400

formation of, 1399
ISTR.AOCVLAR rRESSURE, 1397

factors effecting, I39S
IVTBArfcBPBAL FIIESSLRES, 470
measurement of, 470 (foot

note)
ISTRAPOLMOSARV PRESSURE,

469
Inpus
clearance of, as index of renal

function, $70
general discussion of, 536
use of, in measurement of

glomerular filtration, $38
lamoE, organic combination

of. 1013
ZoofSB

deficiency of, ui the diet,
classification of, ICOR

dietary allowances, lecom
mended, 947

distribution and circulation
of, in nature, 1006

metabolism of, 1005, 1006
natural occurrence of, 1005
quantity of. id normal human

thyroid, 1007
requiremeots of, 1006
tbyroid uptake of, effects of,

on thyroid activity
,
1018

unnary excretion of, effects

of, on thyroid activity

,

1018
use of, in the prevention of

goiter, 1006
loporsjv, 1332
composition of, 1333

lODOTHTBIN, 1009
lOMlAYION
constant, 124
of acids, 124
of bases, 125
of water, 125

loss, 124
dipolar, 771

losTOPnoREXis, definition of,

770 (footnote)
Iris, 1316. 1109
anatomical structure of, 1409
and retina, genetic relation

ship between cells of,
1319

angle of, 1399
structures in region of,

13S7
anterior epithelium of, 1400
arteries of, 1409
blood supply 0^ 1326
functions of, 1409
parasvTnpathetic endings in,

lilieration of aeetyjcho
line from, 1305

pigmentation of, 1409
posterior epithelium of, 1400

Iron
absorption of, 72

factors influencing, 73
increase m cau«es of, <3

mechanism of 73
reduction of causes of 73

dcficiencv anemias Sec Ane
mia« iron dcficiencv

dietary requirements 940
recommended 947

distribution of in liodv of
dog, 72

excretion of 72
in hemoglobin construction,

importance of 72
inorganic, absorption of 73
loss of daily average, 74

metabolism of 72
mam features of 74

radioactive, use of in esti

mating red cell volume,
18

replacement amounts needed
dally average, 74

role of in epithelial surface
growth, 74

storage of, 72
regulation of, 73

Irradiatio, visual, 1371

Ischemia, cerebral, byperten
Bion produced by, 3S8

Isinglass, use of, m transfii

Biuns, oO
Islet orowth

factors depressing, 826
factors increasing S20

Islets pancreatic, adenoma
of associated with dim
cal hypoglycemia 825

IsoACfLrTJNocENS, definition

of, 43 (footnote)
ISOCORTEX, 1234
ISODVNSUIC LAW, 757
Isoelectric point(s), 771

of amino acids, 775
Isoelectric pREaPiTATios,

770
Isoelectric zone, 771
ISOIMMLMZATION OF Ilh FAC

TOR, 47
I«olelcike, chemical structure

of, 774
Isomazii), antivilamm aetiv

ity of, 938

Bold face nutnbera tndirafe major diseuition



ISOPTERS-X-IBTRIVTII 131S

I'0\*TCR‘!, deftnitvon of, 1403

IsoTOMC sAUVE, injections of,

incrca«ed l>mph flow due
to, 38

Isotonic twitch, kinetics of
shortening and heat pro
duction during, 878

Isotope ci-earance, use of, m
measurement of volume
of Wood flow, 223

Itching, sensation of, origin of,

1141

Jerks Ste Ankle lerk. Knee
jerk, etc

Joints, propioceptors of, 1146

J001.E, definition of, 742 (foot

note)
JuGUI^R VKNOnS POIiSE PAT

tern, normal, 288

K
Kendall's coupocnd A See

11 Dehydrocorticostcr

Jacksonian epilepsy, 1254

Jaundice
acholuric, 647

See also Jaundice, hemoly
tic, chronic congenita!

causes of, 648

chronic familial See Jaun
dice, hemolytic, chronic
congenital

classification of, 646
cimieal tests employed in

study of, 640
definition of, 646
different tjpes of, features

compared, 648
hemoljtic,
causes of, 647
chronic congenital,

causes of. 7$
Bi^ns and ajTnptoms of,

typos of, diilerentiation
between, 78

definition of, 646
enlargement of spleen as

Bociated with, 69
features of, compared to
other tjpes, 648

in the newborn, 647
infective,

definition of, 646
liver damage caused by, 647

latent, detection of, use of
van den Berg reaction in,

650
nonobstruetive, definition of,

646
obstructive,

bleeding tendenej in, 648
causes of, 647
definition of. 646
effects of, 647
features of, compared to

other types, 648
aymptoms of, 647

regurgitation, definition of,

646
retention, definition of, 647
testa emplojed in study of,

van den Berg reaction,

619
toxic, liver damage caused

by, 647
types of, chief differences in,

649
Jaw, lower, movements of, m

mastication, 684
Jaw jerk, 1164

Jaw umbs, definition of, 1172
(footnote)

Kendall’s compohvd B See
Corticosterone

Kendall’s compoumd E See
CortisoDe

Kendall’s coufound F See
Hydrocortisone

Kerasin, 69
Ketohydhoxtestrin See Es

trone
Ketone bodies

excretion of, 853
general discussion on, 852
liver and, 853
origin of, sites of, 853
production of, 8^

Ketones
formation of,

in liver. 849
mode of, 853

Ketosis, 867
causes of, 852, 857
clinical conditions occurring

in. 852
during starvation, 8G3
effects of, 868

17 Kbtostbroids,
general discussion 00 , 1164
neutral, assay of 1640

Kidnet(ies)
See alto Renal
anatomical structure of, 532
arterioles of, effects of con

gestive heart lailure on,
412

artenovenous oxygen differ

ence of, 375
blood flow of,

determination of, 215
effects of aging on, 401
in congestive heart failure,

412
ID high output circulatory

failure, 413
measurement of, utiliza

tion of tubular excretion
for, 515

rates of, in different areas
of, ID dog, 370

blood supply of, 533
circulation in See Circula

lion, renal
concentrating ability of, im

portanee of medullary
blood flow in, 371

concentrating mechanism of,

relation of renal medulla
to, 3G9

concentration achieved by,
highest, 551

disease of, edema due to, 39
effects of desozycortieoster

one on, 1036

Kidnet(ie3)—coni

effects of whole posterior
pituitary extract on, 981

excretion of chloride bj , 552
excretion of sodium by, 552
excretion of water by, 547

external control of, W8
gross behavior in, 648

function of, present under
standing of, development
of. 634

glomerular filtration rate,

in congestive heart failure,

412
in high output circulatory

failure, 413
hiunora! pressor systems in,

384
ischemia of. effects of, on

blood pressure, 386
lymph of, composition of, 36
oxygen uptake of, 375
physiology of pathological,

669
pressure flow curves in, 373
reabsorption of chloride by,

552
reabsorption of sodium by,

552
reabsorption of water by ,

547
role of,

ID excretion of ammonia,
650

in excretion of potassium,
555

in non ionic diffusion, 565
in regulation of acid base

balance, 560
solute concentration in, geo

eral discussion on, 547
structure of, 532
tubular cells of, functioniog

of regulation of, 373
Kleitman, theory of, concern*

mg sleep, 1274
Knee jerk, 1163

general discussion on, 1161
reaction of, to abnormal

States, 1163
Komcortex, 1234
Koroteow , sounds of, 237
Krough’s wicrotonometer,

453
Kupfeh cells See Keticulo

endothelial cells

KdPPERSIAN PBEONANCr TEST,
1094

Kussuall breathing, in ac
idosis, 505

Kwashiorkor, 852
Kymooraphy, X ray, 221

L
Labyrinth
anatomy of, 1175
bony, JI75
cocaine injected into, effects

of, 1177 (footnote)
crista, 1175
diagram of, 1175
functions of, 1178
otolith organs, 1170
membranous, 1175
and penotic, relationship
between, 1424

Bold face numbers tndteale major dieeuieton



1519 labtbikth-leukoc^toms

LAiiTBi>Tii—cml
nervous connections of, 1170
semicircular canals of, 1175

LABYBINTIIECTOya
bilateral, elTccts of, 1177
efiects of,

in tlie dog, 1177
on blood pressure, 11S3

unilateral, cfTecta of, 1177
LABYRI^TI^^L REFLEVES
centers for, 1174

reflex effect on red and pale
muscle, 11(35

tome,
acting upon eves, 1173
excluding, 1174
in the decerebrate prenara

tion, lies
Labyrinthine biohtisg re

FfcEXES, 1170
Lacrimal AvrARATua, 1315
L-acrymal nvcTs, 1315
Lacrimal gland, 1314
accc«sorj , 1314
'‘CcxDlJon of, rompo^jlion of,

1314

"ecretorj fibers to, 1315
Bj-mpatbetic fibers to, 1315

Lacrimal lake, 1314
Lacrimal nlclfcs, 1315
Lacruul sac, 1315
Lacriuation, reflex induction

of. 1315
LACTACIPOaEN, S71
Lactattos

effect* of whole posterior
pituitarj extract on, 081

Iiormal factors in, lOOS
Inhibition of, role of eatrocen

in. 1097

imtifltioo of, lOOC
role of colostrum in, 1097

maintenance of, 1097
milk ejection in, 1098
neural factors. 1097

in maintenance of, 1097
oxytocic effect on, 9S7

Lacteals, 34
Lactic aod
eontent of muscle, before and

after work, 874
estimation of, S03
oxidation of, energy derived

from, 874
production of, during exer

cise, 879
removal of, from circulation,

8S0
JjActiferols oucr. 1094
Lactoflavin, 920
TjActose, of milk, 1100
Laking of blood, 61

See also Hemolysis
Lambert, definition of, 1329
Lamina, osseus spiral, 1422
Lamina cribrosa, 1316
Lamina retjcuraris, 1425
Lapillcs, definition of, 1176

(footnote)
LaPeace, law of, 149
Laryngismus stridui.ub, 1049
Lavoisier, w ork of, m study of

foods, 742
Leads, electrocardiographic,

177

LEaiWA
chemical structure of, S4l
containcii in norma! organs,

812
gener il discussion on, 841
>d liver bile, ongm and tune

tion of, 013
Ledfrer’s ANCurA, 78
Lfrb, elevation of, effects of,

on circulation, 270
Lfmnisci
diagrams oft 1194
fiber tracts la, 1194

Llns(fs)
achromatic, definition of,

1394
astigmatic, refraction by,

1390
biconcave, formation of an

image by
,
137S

biconvcXj
foimalion of image by , 1378
fonnation of inverted im
age by , 1378

rspsulc, tbirkness of, re

gional vartalions in, 13S7
eonctvc, formation of virtual

erect image by , 1378
conlnct, 1397

general discussion on, 1307
convex
conjugslc foci of, 1378
formation of an image by,

JJ7S
nodal point of, 1378
optical center of, 1378
principal axis of 1378
principal focus of, 1378
radius of curvature of, 1378
refraction by ,

1378
cross sections of, 1377
crtjttalltne, 1380
anatomical structure of

1387
anterior pole of, 1387
changes in,

in cataracts, 1392
of diameter, during ac
commodation, 1389

of shape, mechaoism in

volved in, 1389
with age, 1302

composition of. 1391
in cataract condition,

1393
equator of, 13S7
metabolism of, 1391

minerals in 1393
posterior pole of, I3S7
principal axis of, 1387
proteins of, denaturation

of, as cause of cataract,

refractive properties of,

1379
structure of, 1379
suspensory ligaments of,

13SS
sutures of, 1387

cyhndneal, general discus
Sion on, 1378

focal length of, 13^
meridional section of, 1387
spherical, types of, 1378
star, 13SS

Lbvs(es)—conf
sutures, 13S7

lone, 1378

types of, 1378
LESTICLLAR NtCLEUS, 1215
Lenticular process, 1422
Leucine, chemical structure

of, 774

LeLCOSOSTOC CITROVORUYI, 930
Leucovorin, 930
Leccovorum, 85, 930

action of, 85
chemical structure of, D3Q
discovery of, 930
isolation of, 85

Leukemia
aleukemic. 95
classiGcation of, 95
general discussion on, 94
genetic factors m, 91
incidence of, effect of sex on,

95
leukemic 95
lymphatic, 95
lyropboWastic 95
myelocytic, 95
mteloin,
acute 95
granulopoiesis m 107

role of thymus in, 95
subleukemic. 95
treatment of, 90

LelsoctteCs), 87

activity of,

effects of sulfanilamide on,

93
in an infection study of 90
ID Hodgkin’s disease, 90

cells, differential count of, SO
classification of, 67
count value of in diagnosis,

02
course of action of, m an m

fection, 90
definition of, 87 (footnote)

differeuee from erythrocytes,
87

functions of, 89
course of action in an infec

tion, 90
dmpedesiB 89
phagocytosis S9

general discussion on 87

fife history of, stages in, 88
migration of, encouragement

of, in infection, 93
morphology of 87
nongranular, 87
number of, variations of, 92
population, increases in,

pathological 94

senes
different stages of,

distinguishing features
of, 107

motility id, 107
nuclear structure m, 107

oxidase granules in 107
phagocytosis in, 107

platelets m. 107
Leukocytosis. 92
causes of, physiological, 93
digestive, 94
effects of, on number of leu

kocy tes, 92

Bold /ore Humhera indicate major discussion
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Leekocttosis

—

cont
general discussion on, 92

in Hodgkin’s di<>ea»e, 90
in infectious mononucleosis,

9G
promoting /actor, 93

function of, 93
pterojlglutamic acid and, 92

Leckopevia, 90
general discussion on 90
pernicious, 96

Leukopenic factob, 93
functions of, M

Leukopoiesis, control of, pnn
ciples involved in, 95

Leukosis, chicken, 94
Leukotaxine, 93
Lfvarterfnol

distribution of, in brain, ]3]]

function of, 1307
Levulose tolerance test, of

liver function 653
Lew is factor, 46
Leydig, interstitial cells of,

1101
LH See Hormones, luleinuing
I lOAUENTS, check, 1314

Light
absolute threshold of various

lengths of, 1330
and cataracts, 1392

diffuse, definition of, 1375
ciTeets of,

on function and structure,
0S2 (footnote)

energy distribution curves
for different types of,

1328
energy spectrum, spectral

curves for, 1353
incident, 1329
intensity of,

companson to brightness,

1341
discrimination of, as com

pared to hue discnmi
nation, 1341

measurement of, 1342
visual discrimination of,

1341
measurement of, 1329

passage of,

through eje, 1319
through fovea, 1319

rays,
length of, passing through

e>e, 1330
parallel, definition of, 1375

reflection of See Reflections

reflex,

afferent fibers of, 1410

efferent fibers of, 1410

spectral composition of, 1328

transmission of, through var
lous parts of eye, 1329

values, units of measurement
of, 1329

white,
reconstitution of, 1349

threshold for, in different

parts of retina, 1355

LlGIITlNO
amount necessary for differ

ent types of work, 1370

Lighting—cont
effects of, on performance,

1370
practical considerations re

gardiog, 13G9
LlUBS
distribution of sympathetic

G^rs to, 1297
muscles of, effects of rotation

on, 1181
phantom, thalamic, 1226
vascular nerves of, distnbu

tion of, 252
Limes difference, definition of,

1451
Limglus, nerve impulsesm eye

of, 1335
Lingual papillae. 1458
IjNDLEiCAan, dietary require

ments of, 945
Lipabc, secretion of, by small

intestine, C67
LtPinCs)

contained in plasma, in fast

lag state, 344
functions of in brain, 1/35

in blood, use of, to supply
other areas, ^7

m liver, S49
mobilization of 847
by anterior pituitary

gland, mhibilion of, by
adrenalectomy, 848

effects of fasting on, 847
effects of pituitary gland

on, 848
of tissue distribution of, 840

Lipocaic, 850
LiPOIC ACID
chemical structure of, 915
general discussion od,915

Lipoids, classification of, 839
Lipoproteins
characteristics of 771
examples of, 771
(ipase 817

Lipotropic definition of, 851,

(footnote), 933
Lipotropic action

labile methyl group in, 850
of vanoiis su^tances, 850

LiroTBOPic AOENTS, choline
and, 033

Lipothopic factors, 850
Lissaver, tract of 1189
Littoral cells, KKl
Liver

after injection of India ink,

106
amino acid content of, com

pared to that of soy
beans, 7!^

and fat metabolism, 848
in cirrhosis 852

in fatly livers 849
and plasma relationship of,

in regard to phospho
Iipds, 842

and the antianemic factor, 81

bile.

Set alto Bile
choleslercd content of, on

gin and function of, 644

composition of, 640

Liver—conf
bile

—

coni
lecithin in, origin and func

tion of, 643
secretion of, 640

cells involved in, 640
mechanism of, 640, 045

blood flow through, deter
mmation of, 215

blood plasma albumin pro
duced by, 0

cells, routes of formation of
active acefale by, 858

choleretic action of bile salts
on, 644

circulation in See Circula
tion, hepatic

damage to caused by jaun
dice, 647

effects of chloroform poison
ing on, 852

effects of low choline diet on,
in depancreatized dog,
851

excretory functions of, teats
based on, 652

extract,

and the antianemic factor,
81

effects of OD gastric «ecre
tion, 618

fat m, 852
excessive deposition of,

conditions resulting in,
849

factors effecting 849
fatly, 840
causes of, 849

diet mechanism in
volved in, 850

clinical conditions occur
nng in, 849

development of, after long
dosage nith insulin, 850

due to lipotropic factor not
being available m diet,

851
m experimental pancreatic

insufficiencs 633
fibrinogen production by, 6
JuneUont of,

cnumerstion of, 652
excretory, tests based on,
652

metabolic tests ba«ed on,
653

testa for, 652
ammo acid deamination,
653

based upon metabolic
functions, 653

based upon protein con
etitution of plasma, 653

bilirubin injection, 6M
Bromaulphalein, 6^
cephalin cholesterol floe

culation, 654
colloidal gold, 654
fructose tolerance, 653
galactose tolerance 653
hippunc acid synthesis,
653

levulose tolerance, 653
prothrombin time, 653
reliability of, 654

Bold face nutribert indicate mtyor disevsaion



1521 tlVCn-MAaENSTRASSE

Liver

—

coni

functions of—coni
tests for—coni
rose benRal, C53
scrum alkaline phospha

tase level, C53
Taka Ara, 051
thiTuol turbidity, C51
urobilinogen excretion,
052

van don Berg reaction,

652
gljcogeri in, S52

role of, in regulation of

blood sugar, 611
hydrocbolcretic action if, 611
inactivation of estrogens bj

,

I0S3
ketone formation in, 849, 853
LactcAaeilliis cam factor See

Pterojlglutamic acid
Jipid content of, 849
Ijinph of, composition of, 36
necrosis of, protection

against, 852
phospholipid turnover in, as

compared to that m
other tissues, 849

portal venous bed of, hemo
djmamic properties of,

3t)G

portal venous pressure lo,

factors influencing, 367
role of, in formation of glu

cose, 810
secretions of, composition of,

610
serum globulin production

by, 6
therap^’,

specific,

effects of, 83
upon erjtbrocvtes, 83

upon bemoglobm, 83

upon plasma bilirubin,

83
upon reticulocsdcs, 83

tissue, utiliration of aceto
acetate by, &K?

urea production by, 781
use of, in treatment of ane

mia, responses to, 83
vascular bed of, role of, m

circulatory homeostasis,
307

Lobules, of testes, 1100
Locomotor ataxia

clinical features of, 1208

general discussion on, 1208

signs and symptoms of, 1209
Loeb nEAcnoN, lOSC
Loop, of Henle See Henlc, loop

of
Loudness, recruitment of, 1453

Louhness level
definition of, 1452

scale of, 1452

Lugol’s solution, u'b of. m
the prevention of goiter,

1006
Lumbar splanchnic nerves,

1298
Lumen

definition of, 1329

Lumen

—

conf
diameters, of vanou$ blood

vessels, 154
LcMiNOStrr, difTcrentiation of,

1265
Luminositt curves, central

foveal, 1358
Lunob

aeration of,

in bronchopneumonia, 515
in lobar pneumooia, 515

air in, partial pressures of

^a‘«s composing, 45!
at birth, expansion of, 468
blood vessels in, reflevea in,

268
changes in,m pneumonia, 515
dust cells of, 103
epithelial surface of, 46$
evolution of carbon dioxide

m, 463
expanding,

at birth, 468
rones in, 471

fibrosis of, 479
functional residual capacity

of. 4S1
measurement of, 482

pnsca in, exchange of, 461

intrapleural pressures, 470
intranulmonary pressure, 409
Ijinpnatie system of, 34
pleural cavities. 400
reflexes from, role of, m con

trol of circulation 26$
residual volume of, 4S1
measuremcat of, 482

root of, respiratory move
menl of, 472

total lung capacity, 481
vital capacity of, 481

effects of disease on, 482
effects of occupation on, 481
general discussion on, 481
variations in, 481

volumes, 481
shown on spirograpbic

tracing, 4S2
lemimology of. 481

X ray photograph of, 515
Luteal hormone, 1086
Luteal tissue 1076
Lutembaciier’s stnobome, 522
Lux, dcfiniliQO of, 1329
Ltwph, 34
See also Blood
capillaries of, factors effect

ing 34
competition of, 3S
flow of, 36

increase of,
causes of, 37

capillary poisons, 38
hypertonic solutions,
38

increase in capillary
pressure, 37

increase in capillary
surface, 3S

increased functional
actmt] , 39

increased permeability
of capillaries, 3S

isotonic saline injec
tions, 38

Lvmpii—coni
jfotc of—coni

increase of—coni
causes of—coni
massage, 39
muscular activity, 39
oxygen want in tissues,
38

passive movement, 39
peptone, 3S

rate of, 37
formation of, 3B
hepatic, composition of, 36
nodes, as defense barriers,

mechanism of, 35
pcnpheral,
composition of, 36
from the dog, chemical
composition of, 36

pressure of, 36
protein components of, 35
thoracic duct, composition

of. 35
Lviir/IATIC OBSTRUenOV,

edema due to, 41
Lvupuatic SrSTEU

functions of, 37
general description of, 34
in areolar tissue, 34
of abdominal cavity, 34
of heart 34
of lungs 34
of skiD, 34
relationship of, to circulatory

system, diagram of, 35
structure of, 34

LruPiroBLAsrs, 107
Ltmphocvtes
See also Leukocytes
clTect of adrenal cortical bor

mono on, 91
fate of, 91
formation of, 107
functions of, 00
large, general discussion on,

87
manufacture of serum globu

hn by, DO
pracluetfon of,

by spleen, 68
in lymphoid tissue, 107

small, general discussion on,
87

LYsiPiiocrrosis, 92
Lymphoid tissue

effect of adrenal cortical hor
mone upon, 91

role of, in production of

lymphocytes, 107

LiMPHOPEvrA, 95
Lysine
chemical structure of, 774

importance of, for puwth,
793

M
Macrocytes, 16
Macrophage(s), 67, 101
loaded with particles of India

ink, 102
MAOBOPOLyCTTES, 88
Macula lutea, 1322

Macenstrasse, 6SS

Bold face ntim6ert tnc&cate major discussion
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Macxesilm
deficiency of, effects of, let

any, 1051

dietarj requirements, 048
silicate, effects of, on gastric

secretion, 018
Magni-s, and ae Kleijn, static

and atato kinetic reflexes

of, 1169
Maleels, 1422

lateral process of, 1420
Mai NUTRiTiov, edema caused

by, 40
Malonic acid, chemical strue

ture of, 937 (footnote)
Malpiiician corpcscle See

Glomerulus
Mammary glands
development of,

phases m, 1095
role of anterior pituitary

in, 1095

role of hormones in 1095
role of ovaries in 1095
role of placenta in, 1090

role of prolactin in, 1096

of goat, myoepithelial cells

10,931
structure of, 1094

Mammooen I 1095
Mammogen II, 1005
Man, cat and dog test, for de

termination of aphasia,
1252

Manganese, rolo of, in hemo
ginbm synthesis, 7S

Mann ^Villiauson opera
TiON, functional disturb
ances caused by, 033

Manometers
aneroid
description of 226
operation of, 236

fluid filled conduit, optical

233
freqHimcy nc'iwiT'O ehirsc

teristics 0^ 234
mercury,

description of, 230
operation of, 236

mounted in empty catheter
tip 234

Manubrium
of malleus 1420, 1422
slerni, respiratorj move

ments of, 473
Marble bone, IOGS

MARai IIEMOGI OBINUKIA Ct
MARcmArA\A, nocturnal he

moglobinuria of, 64
Markov.
bone See Bone marrow
red, in anemia, 104 (footnote)

Masking
definition of, 1451

measurement of, 1451

Massa intermedia, 1224

Massage, increase in Ij-mph
flow duo to, 39

Master step test, effects of

aging on performance of,

4(;2

Mastication, 682
bite, force of, C84
general diocussion on, 682

Mastication—eont
importance of, as a health

measure, 682
movements of lower jaw in,

684
Mating period, in females,

1077
Meals, test, typical, C13
Meats
composition of, 746
effects of, on gastnc secre

tiOD, 618
energy content of, 746
in diet, amount necessary to

establish nitrogen cqui
librium, 786

vitamin content of, 936
Medial lemniscus,
diagram of 1194
fiber tracts in 1193

Medulla
adrenal See Adrenal mediilK
dw dilution curves in 370
oblongate.
points Melding skeletal
muscle vasodilatation
spcondarv to inhibition

of vasoconstrictor tone,
352

points yielding sympa
thelic vasodilator dis
charges, 352

sensory paths in, 1193
of thymus 1110
renal,

relation of to concentrit
log mechanism of kidney,
360

role of, in experimental
hypertension, 386

role of, in control of vasocon
striction, 254

vasomotor center of. 255
hfEDULLARY LAMINA internal,

1224
1/EDCLCARt NB(ftK)\S, rC

sponses of, 1445
Medullary RceriRATORr cbn

TER3, spontaneous ac
tivily of, 491

Meomcaryocttes, origin of
platelets from 108

Mecaloblasts 16, 105
Megrim, 1259
Meiosis, 1072
Mel, definition of, 1453
Melanin, 1320
production of 983

Melanoblasts, 1091
Melanopiiores

effects of adrenaline on, 1027
effects of pars intermedia on,

983
effects of whole posterior pi

tmlary extract on 982
Membrana granulosa, 1076
Membhane(s)

lusilar,

movements of, 1433
travelling wave pattern on,

1441
capillary, interchange of fluid

across, relation of os
motie to hydrostatic
pressure in, 27

Membrane(s)

—

fonl
equilibrium, Donnan theory

of, 128
periodontal, 6S2
potential, J28
semipermeable,

definition of, 26
variations in, of passing

ability, 26
tectorial, at rest, 1441
tympanic,
movements of, 1438
of ear, 1437
vibration patterns of, 1437

Memojiy disturbances of, due
to lesions of temporal
lobe, 1249

Menadione, 913
chemical structure of, 913

Menarciie 1078
Mfisi^RE’s syndrome, 1185
Menopalse, lOSO

artificial, 1081
Menorrhagia, 1091

Menstrlatidn
and e'-trogens, 10S4
ei/cle of

control of by hormones,
1089

destriietive stage, 1090
diagram of, 1091
endocrine relationships of,

972
estrogen progesterone in

teractions on, 1090
follicular phase 10S9
in the human, 1078
length of, 1079
luteal phase, 1089
‘ safe” period in, lOSO
stage of menstrual flow,

1090

uterine changes in, 10S9
irreffiilaritiw of, J09J

Meridian, definition of, 1314
Merkel's disks, 1139
Mbrocrine cells, definition

of, 585
MESENCIlYitE
blood cells rising in, types of,

100

cells, undifferentiated, 101

Mesenteric circlit, vasomo
tor reactions in, impor
tance of, in circulatory
adjustments, 366

Mesenteric ganglion
inferior 1296 1300
superior, 1296, 1299

Mesentery, nerves of, fibers

in, 73l (footnote)
Mesoporpiitrin, formation of,

58

Metabolic balance studies,
historical survey of, 750

Metabolic rates,
basal, effects of age and «ex

oil, 7CG
total, effects of age and sex

on, 7C6
Metabolic turnover, of aver

age man, 514

DM laee numbers tndteale major diecussion



1623 METAB0US^I-i!O‘^0PTVC^lAL

Metabolism
bajal,

See also Basal metabolic
rate

and body temMraturc, re

lationship between, m
fever, 89a

calculation of, 912
dclinition of, 7-19

effect of posture on, 1165
(footnote)

in fevers, 895
rate.

effects of semistarvalion
on, SC5

calories of, effects of occupa
tion on, 707

definition of, ilS
energy,

definition of, 748
study of, 749

factors effecting
adrenaline, 1027
anterior pituitary gland.
832

emotion, 767
exercise, 5(M
glucagon, S34
mental eff^ort, 700
muscular effort, 760
sleep, 707
whole posterior pituitary

extract, 0^
fixed ocids formed during, 120

buffering of, 129
general, 7U, 74B
in muscular activit}

,
809

in scmistarvntion 8$4
in stanatroa, S62
in uDdemutntion, 864
increased, dj-spnea due to,

504
mSueaces which raise, 700
intermediary, definition of

74S
of heart 325
of iron, 72

mam features of, 74
of minerals, dunng starra

tion, 863
rate of effects of sleep upon,

1270
stimulation of, physiological

conditions leading to, 757
ventncularj metabolism of,

determination of, 321
Metabolites
and reactive hyperemia, 355
and skeletal muscle blood

flow, 3SJ
effects of, on coronsrj circu

lation, 326

in aortic ti'«iie in hyperten
sive rats, 3S7

role of, in stimulation of axon
reflexes, 354

METALLOPOBFIlrRlNS, 54

METAilERES IISS

of the embryo drawing out
of, 1189

Metamtflocxtes, 106
METATnOTEIXS

characteristics of, 772

example* of, 772

Metatiialucs, 1226
Meter candle, definition of,

1329
Metestrus, definition of, 1078
Metiifmoolobin, 57
amount of, effects of poison

ing on, 57
Metiiiomsb
and cystine, intcrchangcabil

it> of, 793
chemiral structure of, 774,

933
importance of, in synthesis

of creatine, 783
role of, in entrance of sulfur

into body, 784
Metiiosiuu compounds ad

rcnergic blocking by,
1029

Metiioxtptridoxi\e, anti
vit&min activity of 938

5 Methyl cttosise chemical
structure of, 799

Methyl GROUP, labile phjsio
logicil test for, 851

Metrorrhagia, 1091
MicRoerTEs, )C
Microglia, general discussion

of. 1115
Micropiiaoes, 102
JIlcROTONOMBTBR, Krough’s,

453
MicroWTION, 677

control of, voluntary ,
679

effect* of nerve section on,
6S1

effects of spinal cord injunes
on,5$l

nerve centers ^vemiog, SSI
psychic factors in, 579
renex mechanisms of, 579
role of abdominal muscles m,

579
Midbraim, 8en«orj paths in,

1193
Migraine, general discussion

on, 1259
Miubu interne, 1302
Mila.

as source of calcium, 1057
composition of, 1000
human as compared to
cow's, 1099

constituents of,

ongiQs of, I(W
secretion of. 1099

ejection of, in lactation, 1093
fat of, 1100
fever, ecueral discussion on,

1051
lactose of, 1100
paateunzation in, check for,

1066
proteins of, 1099

Miluosmolautt, definition

of, 547
Mineralolorticoids
See also Aldosterone
amorphous fraction of. 1036
physiological actions of. 1035

Minerals, metabolism of, dur
ing starvation, 863

hliosis
definition of, 1412
drugs causing 1412

Mirror
concave,

focal length of, 1375
parallel rays of light strik-

ing, 1375
pnncipal focus of, 1375

convexj parallel ray s of light
striking, 1375

spherical,
center of curvature of, def-

inition of, 1375
formation of images by,

1375
pole of, definition of, 1375
principal axis of, definition

of, 1375
radius of, positive or nega

tive, definition of, 1375
Mitochondria

general di>icussion on, 1116
muscle 869

Mitral insufficiency
cardiac cy ele in, dynamics of,

422
cardiac output in, 422
heart sounds in, 422
hemodynamics of, 421
increase in left atrial pressure

in, 423
increased left ventricular

diBStoijc volume in, 422
left atrial and left ventricular

pressures lo, 422
murmur of 422
trestmeat of, 423

M1TR.4L VALVE, stcnosis of See
Stenosis mitral

Modllator curves, in various
animals, 1351

Mosestrus animals 1078
Monestrus ctcle, ilJustratioa

of, 1078
Monoamine oxidase, role of,

1306
MONOAinVO dicarboytlic

ACTDS chemical structure
of, 774

Mono amino mdnoc-Uibox
rue Ados

chemical structures of, 774
sulfur containing, chemical

structure of, 774
Monoajiinophospholiwds,

841
Monochhomats

cone, 1354
definition of, 1354
rod, 1354

Monocular viBioN 5ce Vision,
monocular

Monocytes
See also Leukocytes
cour«e of action of, m an in

fection, 90
general discussion on, 87
origin of, 103

Monocytosis, 92
Mononlcleosis infectious,

leukocj'tosis in, 96
Monophtletic school of

THOcaHT, concerning de
velopment of blood cells,

99
Monoptychial glands, defini-

tion of, 5S5

Bold face numiers tadicale major discussion
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MonrmvE, action of, m fever,

S97
Moss FIBERS, 1281

JifoTOR CORTEX, preccnttaf,
fillers from, 3203

Motor necrons
destruction of, effects of, 1205

lower, paraly«is of, 1205

paraljsis of, conditions as«o

ciated WTth. 120G

Motor point, definition of,

1122
Mouth, cleansing of, by saliva,

596
Movemem{s)
abnormal involuntary,
associated with thalamic

lesions, 1227

role of basal ganglia in,

1220
automatic associated, role of

basal ganglia in, 1220
decomposition of, 1287

direction of, visual differcn

tiation of, 1265
involuntarj, in progressive

hepatolenticular degen
oration, 1222

perception of, 1370

slowness of, in cerebellar

disordcrsj 1287

stroboscopic illusion of, 1371

MtciN, in saliva, role of in den
tal canes, 683

Mlcinooev orsnui.es, defim
tion of, 6SS

Mucus, secretion of, by gall

bladder, 655
Mucus COLITIS, 670
Mueller, sphincter muscle of,

1387
Muscat solitants, general

discussion oil, 13S5
Muscarine effects of, on cho

Iinoceptive effectors,

1308
Muscle(s)

activity of,

effieienc) of, vanations in,

1274
fuel for, 880
importance of phosphate

in, 871
metalmlism in, 869
pathways through spinal

cord controlling, 1217J

reflcT, role of basal ganglia

in, 1219
voluntary, role of basal

ganglia in, 1219

actomjosin complexes in 143

adenosine triphosphate re

synthesis in, 877
agonists, 1286
antagonists, 1286

antigravits, 1151, 1164

blood flow in, central nervous
system control of, 351

cardiac, excitation of, 136
chemical constitution of, 870
contractile mechanisms of,

143
contraction of,

alter denervation, 1207

chemical phjsiology of, 870

Mu5CLe{8)—coni
contraction of—cowl

efficiency of, determination
of, 878

fuel supply for, 880
in absence of oxygen,
chemical changes occur*
ring in, 871

in the intact animal, 879
oxy^n debt. $79
phases in, 871
physical efficiency of, 878
relationship of adenosine
triphosphate breakdown
to, 877

relationship of hydrolytic
reaction energy to, 877

role plaved by phosphate
anyhydrides in, 874

silent period in, 1163 (foot
note)

creatine in, 782
denervated,
chemical changes in, 1207
fibnllstioo in, 1207
functional changes in, 1207
morphological changes m,

1207
effects of whole postenor pi

tuitary extract on,
end plate of, repon of, dia

gram of, 1310
fibers of,

anisotropic band, $69
chemical physiology of 871
cross slriations of, SC9
glycogen stored in, break
down of, 872

intrafusal, 1146
isotropic band, 8C9
sensory end organ lying

parallel to, llS
size of, factors effeeticg
869

stnpcs, 809
structure of, ullramicro

eeopie, 870
fixation of, 1280
flaccidity of arcfletic, 1184
glycogen content of, effects

of removal of pancreas
on, 814

heat in, 878
of activation 878
of shortening, 878
production of, 877
recovery 878

hemoglobin, 56
function of, 56

lactic and values of. effect of
work on, 874

lengthening reactions in, IIGO
metabolism, creatinine ex

cretion as index of, 7*53

mitochonilnaj 869
phospbocreatine pbospliorus

values of, effects of work
on, 874

phosphagen resynlhc'ns in.m
prime movers, 1280
propioccptois of, 1146
recovery heat in, 877
red, general discussion on,

1165

Muscle{s)—coni
rigidity of,

in Parkinsonian syndrome,
1222

in progressive hepatoien
ticiilar disease, 1222

sense organs in, responses of,

general discussion on,
1147

shortening reactions in, 1166
skeletal,

anatomy of, 809
arteriovenous anastomoses

in, 355
blood flow in, metabolites
and, 353

circulation in, 352
humoral factors, 353
mechanical effects on,
353

effects of adrenaline on,
1026'

effects of noradrenaline on,
1026

nerves supplying, destnic
tion of, ciinical effects of.

1205
tone of, 1164

smooth,
effects of adrenaline on

1025
effects of Autonomic nerv
ous system on, 1303

effects of noradrenaline on,
1025

gastrointestinal See Gas
trointeatinal smooth
muscle

innervation of, 1303
spindles, 1146.

effects of muscle eontrac
tion on, 1153

strip, stretched isolated, ten
Bion developed bj’ diir

ing rest and isometnc
contraction 148

structure of, 869
microHCDpic, 869

sugar See Inositol
synergists, 1286
tissue, water of, concentra

tion of base in, 21
tone of,

effects of cerebellum on,
1283

effects of sleep on, 1270
uf(ra.structure of, as seen by

electron mieroscopie, 870
vascular, smooth, local con

trol of, 251
ventricular, 239
voluntary classification of,

12S6
while, general discussion on,

1165
Muscciar otstrophies, erea

tine appeanng in, 782
Muscularis mucosae

activity of, 711
anatomy of, 711
function of, 711
of small intestine, 710

Bold face tiumbere indicate major diteusiion
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MTA«TIIENI\ ORAVIS
general <li«r»i'?eion on, 1310
imKciiInr wciWre^s in, can^e

of, nil
trcilment of, drugs used in,

1310
Mydrias/s

dofinUion of, 1412
drugs causing, 1412

Mteun, 1U7
ahcalii, 1117

Mvez-oblasts
development of grnnulocj tea

from, 106
discussion on, 05

M\xloc\tfs
A, JDO
B, lOG
C, 100

Myxntebic rLFxua
anatomy of, 723
effect of,

on intestinal polarity, 710
on nijentenc reflex, 710

Myenteric refi e\
aliolislnng, 710
definition of, 710
effect of mjentenc plexus on,

720
in duodenum of dog, 710

Myocardial bundles, ventric
ular, demonstration of,

240
Myocardial EmciE'cr, 315
Mtocardiai isfabcts

acute, electrocardiogram pat
terns of, ISS

direct cpieardial leads taken
over, ISO

nith cardiogemo shock, 330
use of vasopressor agents

in, 337
Myocardial muscle mem

BBANE
polarization of, methods of

study of, 130
repolanzation of, methods of

stud) of, 13G
Mtocardilm

contractility of, measure
ment of, 144

depolarization of, 172

complexes from electrodes
in, 173

strip of, 170
effects of anoxia on, 321, 322

effects of sjTnpathetic fibers

on, 147
electrical changes in, sequence

of, 174
hypertrophy of, biochemical

alterations in, 381

injury of,

electrocardiography in, 186

location of. by electro

cardiograph), 187

ischemia of, electrocardiog

raphy m, 186

metabolism of, effects of

cardiac gl) cosides on,

200
necrosis of, electrocardiog

raph) of, ISO
over8tre“sed,

natural response of, 335

Myocardiusi

—

coni
overatressed—roni
with shock, effects of drugs
in.335

physical properties of, inves
tigations of, jircpara

tions Ritd Rietbods for,

143
reactive h)percmia of, ox)

gen consumption during,
measurement of, 321

release of potassium from,
130

repolanzation of, t?i
use of OX) gen h), detcrmi

nants of, 32G
Myoepm/EiTAi,
definition of, 5^
from mammary gland of

gnat, OSl
Myofibrils, 860

filaments existing in, 870
Myoolobin
discussion on, 56
function of, 56

Myoqram, of frog ventricle,

effect of excitation on,

140
^^rOSELIUL 4LVCTION
drugs acting at, 1310
transmission of nerxc im

pulses fit, 1300
Myopia. 1395
dS) , 1307
emergent rajs from exc in,

I3S2
emmetronia becoming, in

certain light conditions,

1397
general di«cu«sion on, 1394
mavemenls of retinoscop)

shadow in, I3S3
ophthalmoscopy in, 1332

indirect, 13m
relinoscop) in, 1334

ttnlight, 1397
Myositis ossificans, 1069
Myotatic reflexes, 1162

Myotatic unit, of nerve fibers,

1163

Myotomes, 1183
general discussion on, 1001

Myxedema
liefore and after treatment,

loot
effects of thyroxine in, 1016

N
Naphthaline, use of, in ex

periraental production of
cataract. 1393

Varcolepst, in h)potha1amic
disorders, 1231

Narcotics, action of, theonea
on. 1135

NaSOOEMTAL RELXTION8HIPS,
1092

Nasolacrimal occt, 1315

Nalsea, 733
relief of, mechanisms in

volied III. 733
vORuting and, 733

distribution of Simipathetie
fibers to, 1203

muscles of, eiTtets of rota
tion on, 1181

pain in, caused b) irritation
of diaphragm, 729

reflexes of,

excluding, 1I?2
in the decerebrate prepara

tion, 1160
reflex effect on red and

pale muscle, 1165
righting, acting upon ljod\

1170
vasoconstrictor fibers of, dis

inbi}t}on of, 252
Necrosin, 93
function of, 03

Nfoxntergen, effects of, on
gxstne secretion 61S

Neocfbebelli sr, 1276
subdivisions of 1276

N’EOPALLIUXf, 2234
Neostiomine, effects of on

mjoneural junction 1310
Nepjiroutijiasis general dis

cu«sion on, 1069
Nephron
anatom) of 532
cortical diagram of, 533
juxtamedulhr) diagram of,

533
realisorptioR of sodium in

553
role of, m formation of am

monia, SCO
Nephrosclerosis, arteriolar

geoeral discussion on
571

NEriiROTic byndromc, general
discussion on, 571

NERVEfs)
action current of, compound

nature of , recording 1128
action jxitential of, r^ation

to propagated disturb
ance, II2S

adrenergic, 723
after potentials, 1123
“all or none ’ principle in,

1125
ammonia produced bi

,
1133

anelectrotonus of, 1122
annulo spiral endings of, 1153

autonomic,
classification of 723
of salivary glands, dis

tnbution of, Ml
to sufamaxillary gland of

cat, functions of, 591
bipolar, 1116
carbon dioxide production

b). 1132
catefeetrotonus of, 1122
cells,

bodj and dendrites of, end
feet making contact

with, 1151
in cerebral cortex, 1233
nucleus of, 1116
types of, 1115, 1116

Golgi }, 1116
Golgi II, 1116

Bold face numbers rndicaie mayor diacxssion



nekve(3)-neural 152G

Nerve (s)—coni
chemical changes in, 1132

in absence of oxygen, 1132
in presence of oxjgen, 1133

cholinerpc, 723
chorda tympani, course of,

6S8
conduction currents through,

oscillograph graphs of,

1129
conduction in,

Bernstein’s theory of, 1130
effects of constant current

on, 1123
membrane theory of, 1130

illustration of, 1130
velocity of, 1125
general discussion of,

1125
in different animals, 1125
in growing animals, 1130
in postganglionic symi

pathetic nerves, 1125
relationship to diameter

of nerve, 1129
creatine in, 782
current of action in, 1127

definition of, 112S
general discussion on, 1127

current of injury in, 1127
degenerating, stained with

o*mie acid, 1118
degeneration of, 1117
mechanism of, 1117
reactions of, 1121
complete, 1122
partial, 1122
use as testing method,

1121

demarcation current, 1127
diameter of, relationship to

conduction velocity in,

1129

effects of current on, stimu
lating effects of making
and breaking a constant
current, 1123

effects of lack of oxygen on,
1132

effects of strong ascending
current on, 1123

effects of strong descending
current on, 1123

electncal changes in, 1127
electrical stimulation of,

limitations of, 592
electrotonus of, 1122
excitability of,

alteration of, by constant
current of different

strengths, 1123
recovery of, after perfusion

of, with fluids of differ

ent pH, 1126
excitation of, by electronic

current, general discus
Sion on 1124

facial See Facial nerve
fiber tracts of, in central

nervous system, 1117
fiben,

afferent, 1117
amxelinated, 1117
auditory, responses of,

1115

Ner\e(s)

—

cont
fibers—cont

conductivity by, 1119
ihameter of, relationship

to properties of, 1129
efferent, 1117
excitability of, 1119
excitatory state, local, 1119
growth of, 1117
nonmedullated, 1117
of eye, responses of, to

various stimuli, 1336
of myotatie reflex units,

1163
physiological properties of,

1119
regeneration of, demon
stmtion of, Ills

response of, to a continued
stimulus, 1148

structure of, 1117
visual, demonstration of.

1401
flow of electronic currents

through 1123
flower spray endings of, 1153
heat production m, 1131
due to nervous impulses,
diagrammatic represen
tation of, 1132

effect of frequency of
atimulus on, 1131

effect of strength of stimu
lus on, 1131

general discussion on, 1131
initial heat, 1131
recovery beat, 113!
types of, 1131

unpuUes,
afferent, course of, in spinal
cord, 1192

definition of, 1124
general discussion of, 1124
in eye of king crab, 1335
IQ eyes of vertebrates, 1337
in optic nerve, 1335
mecnanism of, 1124
path of, through brain
stem, 1193

sensory, pathway through
spinal cord, 1193

supraspinal paths of, de
slru^ion of, effects pro
duced by, compart with
those of spinal centers
or penpheral nerves,
1205

transmission of,

at myoneural junction,
1309

humoral, role of, in cen
tral nervous system,
1911

Doncfaohnergie chemical,
1311

role of acetylcholine in,

1310
inorganic phosphate pro

duced by, 1133
metabolism of, 1131
moDopbasic variation in,

112S
motor, degeneration of, lest

ing for, 1122
multipolar, 1116

Nerve(s)—coal
narcotized, conduction of

impulses through, set up
of experiment on, 1125

negative variation, 1128
neurotropism, 1117

of heart,
effects of,

on conductivity, 142
on rhythmicity, 142

of pancreas, secretory, 635
oxygen consumption by, 1132
parasympathetic, 723
physiological properties of,

1116
potassium of, 1133
properties of,

effects of electric current
on. 1122

relation to diameter of

fibers, 1129
refractory periods of, 1126
absolute, 1126
relative, 1126

regeneration of, 1118

effects of waiting time on
speed of regeneration,

1119
mechanism of, 1118

resting, metabolism of, 1133
retrograde degeneration of,

splanchnic, effect of, on
stomach, 724

stimulation of.

See also Stimulus
effects on heat production

of nerve, 1131
supply parasyTnpathetie, of

salivary glands, 5S9
sympathetic, 723
time constant of accommoda

tion of, 1124
alteration of, 1124

trigeminal See Trigeminal
nerve

trunks, action potential of,

measurement of, 1128
umpiolar, 1116
vagus, effect of, on tone and

peristaltic activity of

stomach, 724
Wallenan degeneration of,

1118
Nervous impulses
chemical transmission of,

1303
transmission of, role of ace

tylcholine in, 1303
Nebxous system
and endocrine system, rela

tionship between, 952
autonomic See Autonomic

nervous system
involuntary See Autonomic

nervous system
vegetative See Autonomic

nervous system
Nervous tissue, structure of,

1U6
Nervus iNTERMEDius See Fa

cial nerve
Nelral lobe, 957
Neural stalk, 937
anatomical structure of, 957

Bold face numbers indicate major discussion
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NEtrnALcrA, tripernin-il, JIK)
NriRIIFMMA, 1117

jyEtntTis optic See I’apillo
tiema

NtUROtMlOlKINt IIItRARCin
rok of, in rCRiiKtioii of
endocrine activity

, 952
TJELROriBRiu?, in cell from

anCcnor ealumn of fni

man spinal cord, lllG
NEORorLiAi. CELts, Ecnernl

discussion of, 1115

tj-pcs of, 1115
Nei-BoinroritYsis 957
actions of, antidiurotio 0S.5

anatomical structure of, 957,
959

control of, 9^
role of hjpotlialamua in,

9S4
cndocniml actions of, 9S0
functional activitj of, con

trol of, 9S1
functions of 9S1
hormones of,

fate of, 9SS
formation of O'vS

nerve suppij of, 9G(l

ph\siolof5ical actions of, OSS
pbjsioloci of, 980
tissues of, 959

Neuroma, 1118
Jl EUROMtWlBAR JVTEGRATt0 S

,

iJlinnc e-vcrcise, effects

€t aih)(fiio traminc on,
SOi

AEtROsCs)
connector, 1138
general discussion on 2115
intercalated, 1138
internuncial, 1I3S
theory, of sleep, 1271

Xeurosecretions, dcSoition
of, 050

Neurosis, experimental, 12Cfi

Neurotmesi*!, Ills
JnEPROTSOMSir, general discus

Sion on, 1117
Nextition, parts of, 1116
Nedthop«ii.(s)
Arnelh count (or index) 88
eencrnl discussion on, 88
life span of 89
motility of, drawing aho^

ing, 90
phagocytic actmtj of, draw

ing showing, 90
Neutrophilia 92
Newbobv, artificial respira

tion for, 530
Niacin
chenueaf structure of 923
chemistry of 922
content, of some common

foods, 936
dietary allowances, recom

mended 917

function of, 922
general discussion on, 922
relationship to tryptophan,

924
requirements of, dailj

,
924

sources of, 924

tOAieitj of, 934

XrACTNAifiDfc See Nicofina
nude

Nicutinauide
eliemicil structure of, 923
chemislrv of, 922
deficicnex of 023
function of, 902
general discu^non on, 922
rcquiremenfs
“ourcca of 921
toxiMtj of, 924

NiCOTtAE
aiirenergic blocking b}

,

1029
effects of,

blocking of ganglionic
transmission, 1308

on autonomic neryoux
tem 1303

NrcoTiMc Acro See Viicm
Nicotimc acid AMiub Sec

Nicotinamide
Nicotimc awide See \ico

tinamide
Niemann Pick’r disease en

largcmcnt of spleen as
socialed with 69

fat metaliohsm in, 839
NiCHT nUNDNESS

caiLses of 905 (footnote)
dark adaptation end 1^6

Nivsl booiES, discussion on,
1116

Nit, definition of 1329
Nitric oxiob, combination of,

with hcmogtobin 56
Nitrites effects of on cardiac

output 307
Nitroccv

balances. 7S5
adiustment of, to increased

food intake, 785
excretion of urea in, 565
negative, 785
positive, 785

different percentages of, ef

feet on volume of ox>gen
in inspired air 759

equilibrium
amount of meat in diet

needed to establish, 786
deGoition of 785
protein required to estab
bsb factors in, 786

exerefion of,

in fevers, 806
in starvation, 862
on protein sparing diet,

786
premortal rise in, 863

in foods, conversion of, to
protein, ns

metabobc, 791
narcosis, 52S
nonprotein,

effects of parathjroid ex
tract on, 1053

measurement of, use of, in

evaluation of renal func
tion, 569

partition of, in blood of
normal individunls, 6

use of, in manufacturiDg
protein, 785

Nitroclicerine
ofTccts of,

oil blood pressure 496
on respintion, 496

\oaCEPTt\E reflexes 1142
Nocturia _Lcneral discussion

Noise white, 1431
Nomenclature, concerning Rh

factor, 48
Nos Ionic diffusion, 565
Nossecketors, definition of,

46
Noradrenaline

Tctioni of 1024
assRj of 1027
cheniieal structure of, 1023,

1021
effects of

OR blood flow, 1025
OR carboh>drate metabo
hsm 1026

OR heart 1025
OR renal circulation, 374
OR respiration 1025
OR skeletal muscle 1026
OR smooth muscle 1026
OR vascular system, 1025

functions of 1024
location of in bod> 1024
main functicQ of 1024

Norepinephrine See Nor
adrenaline

VoBJTE BLVATX ficiox See
Pteroiiglatamie acid

NoRLRtctNB, chemical atruc
ture of 774

honiioBLABT(a) 16
development of 105

Nlclrtc acids
derivation of uric acid from,

601
distribution of in cells, 800
functions of 800
importance of, in reproduc

tive cells, 800
molecular weight of 799
pyrimidine bases in 799
structure of 799

NrCLEoPROTElNS, 799
characteristics of, 771
examples of, 771

Nucleosides, 800
Nucleus
abducent, 1417
ambiguus 1201
gustatorj

, 1202
aensorj, of spinal cord, 1186

Nuel, space of, 1425
N UTHITION

stages of, 741
vafucs,

of mam groups of foods
748

of various proteins, 791
Nuts
composition of, 746
energy content of, 746
vitarnin content of, 936

Nystaguls, 1179
central connections respon«i

l)le for, 1180
general discussion on, 1288

postrotatorj IISO

Sold face numbers tndieafe major discussion
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NTSTAOSfCS

—

con(
rotary, 1180
vertical, 1180

o
Obesity, 865

causes of, 866
“cost” of, 867
due to pituitary or h3po

thalamic disease, 904
effects of, 866

physiological, 867
hereditary aspects of, 866
metabolism in. 866 (footnote)

possible glandular elements
in development of, 866

problem of increased appe
tite in, 867

simple, 866
treatment of,

diet to be used in, 868
principles of, 867
reduction of caloric intake

in, 867
thyroid extract used in,

S6S
use of dinitrophenol in, 868
water retention in, 868

OcapiTAi. CORTEX, Usions of,

effects of, 1408
Occipital lobe See Cerebral

cortex, occipital lobe of
OcCTPiTAL REOioN, normal en

cephalogram taken from,
12M

Occiput, position of, effects of

labyrinthectonw on, 1177
Occlusion test, 1456
Ocular hypertensiov, 1400
Ocular movements, 1416

Ocular muscles
action of, diagram of, 1417

individual, actions of, 1418

innervation of, 1416
paralysis or weakness of,

effects of, upon eje
movements, 1418

Ocular nerves, nuclei of, fi

bers of, 1417

Oculomotor nerve
nucleus of, 1416

cells constituting, 1416

Odontoblasts, 682

Odor
See ttl$o Smell
cIa«siCcation of, 1407

effect of one upon perception

of another, 14^
threshold of, of various sub

stances, 1466

Olfacties, 1467

Olfaction
anomalies of, 1469

general c!iscu««ion on, 1462

Olfactometer, 1467

Zviaardemafcer's, I4C7

Olfacttometry
blast method of, 1467

general discussion on, 1467

Olfactory alloesthesia, 1469

Olfactory area, 1463

Olfactory coefficient, 1467

OlFACTORT DISCalMtWATTOV,
general discussion on,
1468

Olfactory epithelium, 1463
anatomical features of, 1463

bipolar nerve cells of, 1463

cells of, 1463
supporting cells of, 1463

Olfactory qlomerulus, 1463
Olfactory hairs, 1465
Olfactory lobe, 1463
Olfactory nerves, 1463

fibers of,

connections of, 1463

setting up impulse in,

general discussion on,
1468

resting discharge of, 1468

Olfactory pathways, action
potentials from, 1468

Olfactory receptors
adequate stimulus for, 1464

reffexes initiated {ram 1465
sensory adaptation of. 1466

Olpactorv sensations, 1464

reflex effects of, 1465

Olfactory stalk, 1468

Olfactory stimulation,
chemical constilucnis in

relation to, 1466

Olfactory stria, 1463

Olfactory tract, H63
Olfactory vesiclei 1463
Oligopendroglia general dia

cussion of 1115
Ulioomenorriica 1001

Oliguria
general discussion on, 573
m traumatic shock, 407

Olivocerebellar tract fi

BBB3, 1279
Olivospinal tract of Hei

WEO, 1196
OOporphtrin, 53
Oferculuu 473
OriiTHALkiiA, of dietary origin,

905
Ophthalmoplegia, exopbthal

mic, lOOl
Opbthalmoscopb

general dibcusaion on, 1381

invention of, 1381

Ophthalmoscopy, 1381

direct, I3S3
indirect method of, 1383
path of light from eye in,

1382
Oppbnheim’6 reflex, general

discussion on 1211
Optic axis, definition of, 1314
Optic centers, primaiy , 1403
Ornc CHiASMA

fiber connections of, 1405
lesion of, effects of, I40S

Optic disc, 1314
location of, 1317

Omc NERVE, 1314
connections and components

of, 1405
electrical records from, 1334

excavation of, 1314, 1317
fibers, ways in which rccep

tors ore linked to, 1362

frequencies of impulses in,

1336

Optic nerve—con^
lesion of, effects of, 1406
nerve impulses in, 1335

Optic papilla. 1314, 1317
Optic pathway, funneling of

information into, 1324
Optic radiation

lesions of, effects of, 1408
of nerve fibers, 1406

Optic radiation fibers, 1201
Optic tract

lesions of, effects of, I40S
Optical illusions, 1372

illustration of, 1373
impression of depth by, 1414
of size, 1373

Optical riohtinq reflexes,
1171

Optogram
definition of, 1321
formed upon retina of rab

bit 1321
Ora serkata, 1314, 1327, 1386
Oranoe, transient, 1331
Orbeli phenomenon, 1026
Orbiculus ciliaris, 1386
Oboanic acids, in foods, 744
Ornithine, formation of argi-

nine from, 780
Ornithine cycle, 780

role of, in production of urea,
780

Orotic acid, chemical struc
ture of, 804

Orthopnea, 603
OsMOLAL SOLUTIONS, W7
Osmols, definition of, 517
Osmometer, 26
Osmoreceptors, 548
Osmosis

definition of, 26
hjpertoDic, 27
hjpotonic, 27
importance of, in ph)siologi

cal Processes, 26
isotonic, 27

Osmotic pressure, 26
definition of, 26
factors to be considered in

measunng 547
maintenance of

b> blond serum proteins, 7
role of serum proteins in, 7

relation of, to hydrostatic
pressure, in the inter
chaniie of fluid across the
capillary membrane, 27

role of, in interchange of
fluid between vessels and
tissues, 26

Ossein, 1061
Osseomucoid 1061
OSSELS CELLS, 1063
Ossicles

auditory, 1422
mass of, distribution of,

about axis of rotation,
1437

mechanics of, 1438
movements of, 1438
diagram of, 1438

OSSIFICATIOS
defects of 1068
endochondral, 1062
intramembranous, 1062
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Ossification

—

cont

of bone,
process of, factors under

l\inB, consideration of,

loot

primary center of, 1063

types of, 1062
Osteitis btFoituANS, general

discussion on, 1068
Osteitis fibrosa cystica
See also Hyperparathj rotcl

ism
generalized, section of hu

merus in, 1059
renal See Ilickets, renal

Osteitis fibrosa dissesii
VATA See Albright's sjn
drome

Osteitis fibrosa cenerau
BATA See IIjT>erparalbj
Toidism

Osteoblasts, 1063
function of, lOM

Osteoclasts, functions of,

1061
Osteocytes, 1063
Osteogenesis rsirERFEcrA See

Fragibtas ossium
Osteomalacia, tetanj of, 1050
OsTEOpoBOsta, eenile, lOGl

Otic rtmo, 1423
Otoctst, of pranti, similaritj

of, to utricle of animals,
1169 (footnote)

Otoutr organs
anatomy of, 1176
response of, 1184
stimulation of, 1183

Otosclerosis
conductive heanng loss lo,

1450
deafness due to, 1454

surgical correction of, 1454

Otospongiosis, deafness due
to, 1454

OvAaiEcnoMr, uterus after,

1077
Ovaries, 1075
See also Gonads
activity of, regulation of by

pituitary gland, 971

development of, 1075

successive stages in, 1076

effects of anterior pituitar}

on, 971
effects of estrogen on, 10S4

endocrine activitj of, role

of hiTiothalaraus in, 953

fertilization of, factors con
cerned in, 1080

general discussion on, 1072

hormones secreted by, 951

of mou®e, injected with an
tenor pituitary lobe ex
tract, 971

pnmitive 1075

role of, in mammary develop
ment, 1095

structure of, 1075

suppression of, by progester

one loss

Overweight
5ee also Obesity

Ovebweiout—wnl
iiiQuenre of, on mortality

,

m persons aged 45-50
years, 867

OlOFLAVIN, 920
OVOLATION
day of, establishing, methods

for, lOSO
tunc of, 1079

OxlDATtAE DEGRADATIOS, 855
Ottubter, 451
OVYCALOBIMETES

for determining eoergy val
uca of foods, diagram of,

753
use of, to determine energy

vaiw of foodjtufis, 751

OXTOEN
administration of, methods

of, 527
arterial concentration of,

role of, in cerebral cir

culation, 344
cerebral vasomotor action of

344
combination of, with hemo

gioliin, 56
consumption of,

by gray matter of brain
1134

l>) nerve, 1132
coronary venous, reserves in,

for stress, 314
debt,
determination of, S79
general discussion on 879

delivery of, to tissues, 465
difference, arteriovenous, of

kidney, 375
diffusion of,

eoefScieots of, 450
in respiration, measure
meat of, 4S6

disassociatioQ curves, 516
effects of altitude on, 512
of blood,

effects of carbon dioxide
on 456

effects of temperature
on, 457

factors effecting, 467
of goat, 457
variation id, 456

of hemoglobin, 4S5
pure, 456

effects of, on nerve, 1133

III blood,
ID bronchopneumoma, 515
in hypoxia, 509
in lobar pneumonia, 515
measurement of, 454
partial pressures of, 452

volume of, 453

In inspired air respiratory

adjustments to, 497

Inhalation of, effects of, 527

intramolecular, 871

lack of,

effects of, on nerve, 1132

types and causes of, SOS

pressures of, over one atmos
phere, effects of, 523

regional distribution of, in

exercise, 323

Ottoev—f<7n/

role of, in regulation of
breathing, 488

therapy, m cyanons, 526
tissue demand for, manner

IQ B hich It 18 met, 4M
transportation of,

effects of aging on, 402
to tissues 465

unloading of, m tissues, 45S
uptake of, renal, 375
use of,

by myocardium, determi
nants of, 326

coefficient of, 463
distribution of 314
effects of on left veatnea

lar efEciency 316
in therapy for anoxia 527

volume of,

in blood, 453
in inspired air, with differ

ent percentages of nitro
gen, 759

want, m tissues increased
lymph flow due to, 38

OKTKBUoaLonrv 57
cbemicnl structure of, 54
formation of 56 455
proportion of to reduced

hemoglobin, in vanous
of the circulatioo

reduction curve of, changes
in, during passage of

blood through capil
lanes 535

OXTeHiiCEiis of parathyroid
glands, 1018

OxTFROLihE See Hydtotypro
line

OxfTnrAMiNB antmtamm ac
tmtj 937

OTTtOClN 9S3
ammo acid structure of 984
assay of, 988
effects of on milk ejecting

action 9S7

P
PABA iSee p Amioobenroic

acid
Pacima^ corpcscles, 1142,

1146
Paget a disease 5ee Osteitis

deformans
Pais
anstng in skin, travel of, 1142
burn type, 1143
cutaneous 1143
deep sensibility to, 1143
endings, lack of selectivity

of, 1142
epicntie, 1144
study of, 1145

first and second, 1143
hyperalgesia, 1144
m bones, 1144
in deep structures, 1144
in joints, 1144
in muscles 1144
lightning in tabes dorsalis,

1209
aerves conducting, 1142

Bold face numbers indicate major discuaston
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Pain—coni
perception of, 1142

threshold of, 1142
protopalliie, 1144

studj of, 1145
reaction to, 1142

second, 1143

sensation of, localization of,

1140
thre-hold of, 1142

Paleocerebelllti, 1276
Pallesthesia, 1145
Paludcm, 1215
Pallilm See Cerebral cortex
Palm, tactile stimulation of,

areas in cerebral cortex
cflecled bj , 1244

Pancreas
anatomy of, 629

gro«a, 629
inicro'copie, 629

beef, cboline as active com
ponent of, 851

duct sjetem of, 630
duets of, ligation of, effects

of, blood changes, 634
enzjmes secreted by,
adaptation of, to diet, 637
combining forma of, 638
effect of prolonged change

in diet on 637

factors effecting, 637
importance of, in digestion,
632

8) nthcsis of, G3S
Sstula of,

effects of, 632
blood changes, 633
digestive disturbances,
632

historical background of,

632
total,

blood changes in, 634
functional disturbances
caused b)

,
633

function of,

modification of, by vagus

insufficiency of,

experimental,
blood changes in, 634
functional disturbances

in, 633
insulin content of,

determination of, 825
pfTects of insulin adminis

tration on, 822
in nondiabctics, 826
under different conditions,

825
islet cells of,

general discussion on, 816
insulin formation in, 816

ligation of ducts of, fune
tional disturbances

caused bj, 633
removal of,

effects of, 813
depletion of ba«e reserve,

814

Pancreas—ami
removal of—amt

effects of—nmf
on excretion of phos
phorus, 814

on glucose iililiration of

heart, 814
on gl} cogen content of
inmcle, 814

on length of life, 815
on respirator} riuotient,

814
on sugar combustion, 814

syndrome developing fol

lowing, 813
role of, in fat alisorption in

intestines, 67S
secretion of

iSee o/so Pancreatic juice
mechanism of 637
regulation of. 633
substances effecting, 634

secretory nerves of,

fibers of, function of. 636
Pavlov a demonstration of
636

tissue of, cells composing, 629
vagus fillers to cour«e of 636

Pancreatfctouv
effects of

blood changes, 634
functional disturbances,
C33

on carbohjdralc melabo
lism, 830

Pancreatic amylase, 632
Pancreatic juice
See cho Pancreas, secretion

of
amylolMic actisitt of, 632
bases in, principal, 630
bicarbonate content of, 630

relation to ctilonde con
centration id, 630

chemical characteristics of,

630
chlondc conceot ration in,

relation to bicarbonate
content 630

collection of, metlioda of, 632
enzymes of, 631
escape of,

into blood, 639
into surrounding tissues,

639
increase of concentration

of, ID blood 639
fat emulsification bv, 632
fat hvdrolization b> , 632
inorganic constituents of,

secretion of, 638
loss of, dehydration caused

b},24
physical characteristics of,

630
protein content of, 630
secretion of, 629

Pancreatic urase, activities
of, 632

Pancreomtzin, 634
release of, 635

Pancheothopic action, of on
tenor pituitarx extracts,
832

Pander, blood islands of, 99

Pantothenic acid
acetyl eoenzsme A of, 926
chemHtry of, 926
deficiencx of, 927
general discussion on, 926
isolation of, 926
pharmacology of, 927
requirements of, daily, 927
sources of, 927
stored, «tability of, 927
toxicity of, 927

Pantoyltacrine antivitamin
activits of, 93S

Papillary mlscle
of cat, summation of contrac

tion in, 145
relation betneen action po

teotial and mechanical
contraction of, 138

Papilledesia
causes of, 1384
general discussion on, 1384

Paraganglia, 1022 1032
Parahemophilia, 110
Parallax, stereoscopic, 1415
Parasiedian loblle, of cere

belliim 1276

Paraplegia
cause of, 1207
complete transverse dm
Sion of spinal cord, 1210

in extension, cause of, 1211
Parasympathetic fibeba
bulbar outflow of 1300
cells giving rise to, 1300
midbrain outflow of, 1300
of facial nerve, 1300
of glossopharyngeal nerve,

1300
of vagus nerve. 1301

sacral outflon of, 1301
tecta) outfioi\ of, 1300

Parathormose
actions of, 1053
on bone 1053

assay of, 1055
chemistry of, 1054
effects of,

on blood phosphorus, 1053
on nonprotein nitrogen,

1053
on serum calcium 1053

extrarenal action of, 1058
function of, I05S
overdosage of
autopsy findings in, 1053
blood chemistry changes

in 1053
calcium secreted due to,

source of, 1054
effects of 1053
on unnary excretion of
phosphorus and cal

cium, 1053
role of, in maintenance of

blood calcium level, 1058
therapeutic dosage of, effects

of, 1054
therapeutic u«es of, 1060
use of dihsdrotaehvsterol as

substitute for, 1061
Parathyroid extract See

Parathormone
Parathyroid fcnctiov, rela

tion of vitamin D to, lOGO

Bold Jure numben indicate major diteuesion
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Paiutjiykoid cla\d{s), 1048
activit> of, regulation of,

1059
anatomical structure of, 1(HS
blood siipplj of, 1W8
celU of, IWS
concepts of, early, IWS
development of, 1(M8
hormonc'i secreted bv, 952
principal cells of, lOlS
recognition of, 1(HS
studies of, earlj, 1(MS

Paratuvhoidectomt
cataract following, 1393
effects of, 1019

Pahesis, intestinal See Ileus

Pa^ietai. cells, di^tnhation
of, in «tomach, C22

Parietal lobe See Cerebral
cortev, parietal lobe

PARKI^S0SIA^ 8VNDR0ME, Clm-
ical features of, 1222

Parotid olasd
alveoli of,

anatomy of, 5S6
mnervatioQ of, 6S9

Pabri'b disease See Goiter,
exophthalmic

Pars ciliaris retisae, I3S6
Pars distalis, 957
anatomical structure of, 957
blood &uppl> of, 9S0
cells of, 9o7

Pars rLACCtOA, of ear, 1420
Pars intermedia, 957

anatomical structure of, 95S
eSects of, on melanophore

expanding principle, 983
Pars obtxca retivae, 1317
Pars tevsa, of ear, 1420
Pars tuberalis, 057
anatomical structure of, C5S

Past pojrmso
general discussion on, 12S7
teat, of Carany, 1181

Pstellab beflex, elicitation

of, 1152
FATKVfAta, auditory, 1445
Pavlov
demonstration of 5ecrctor>

nerves to pancreas ,

636
pouch, 604

definition of, 604
use of, JD study of gastric

secretion, 604
theory of, concerning sleep,

1273
Pectinate ligament, 1399

Pellagra
light sensitivity in, causes of,

60
role of,

in discovery of factors of

vitamin Bi , 901

m discovery of vitamin Bi

,

901
treatment of, history of, 923

Pelvic nerat;, afferent fibers

of. 1301

Pelvic plexls, 129S

Pelvis
electric potential across, at

time of ovulation, lOSO

nerve plexuses of, 1299

Pfi>»ite\si\, 3S4 (footnote)
Peptic oltern, 621
See also Duodentl ulcers,

Gastne ulcen
aciditv in, mluctiOQ of, 62C
causes of, role of atress in,

en
diet for patients with, 626
double TagotoiR) in, 626
gostne Acidity in, surgical

reiluction of, 626
pain in, relief of, 626
pathogenesis of. 621
subtotal gasine rejection id,

626
treatment of, nhvsiological

principles of, 626
Peptidases

activity of, 631
secretion of, m ematl intcs

tine, 667
Peptide chains, terminal

amino acids of, 770
pEPTlnES

characteristics of, 772
examplM of, 772
linkage of, in ammo acids,

770
Peptose{s)
absorption of, by intestines,

C7C
cliaractenstica of, 772
increased hinph flow eau«ei}

b>.3S
solution, anticoagulant ac*

(ion of, 115
pERCtPTIOS TIIRPSHOLD, gCn

eral discuasion on, 1142
PERPtsios STOTEUS, for use

with isolated organs, re

gioRS of bod) , and whole
bod), 206

Pericarditis
cau«es of, 423
ctrcula(or) changes in, 429
heart sounds in, 428
hemod)namic abnormalities

in, 430
tiestment of, 430

Fericardich
constriction of, effects of, on

ventricular volume-elas
licily curves, 429

role of, in heart action, 239
PEBIK-IBTON, pb>'Slt>10gICAl

components of, 1116
Pebiltmpii, 1175, 1423
Febiueter, descnption of,

1404
PERIUErrER CHART, of Visual

firfd of ngbt eye, 1404
Perimetry

confrontation method of,

1404
visual, 1404

Periutsium, anatomy of, 869

Periodontal membrane, ^
Pebiowc fluid, 1423

Peripheral resistance
calculation of, 277
definition of, 276
effects of,

on artenal blood pressure,

276

Peripheral resistance—eont
effects of—cont
on blood prp"surc, 276
on skin blood flow, 349

nomenclature of, 277
size as a factor in, 277

Peristalsis
digestive, C94

relation to hunger contrac
tions, 696

esophageal, 687
gastric, effects of insulin on,

S27
innervation of, 689

Peristaltic rlsh, 709
Peritoneal nerve, distal to

ttbiahs snttetis, teoseons
of reflex responses of,

1158
PBRITONEOCDTANEOCS S.ADIA

tios, 731
Morley's theory of, illustra

tion of, 731
pain produced b)

,
731

PeritoneoaiLscllae reflex,
731

Morlc) s theory of, illustra

tionof 731
Peritonecu, anatomy of, 578
Perlu’s suclsvs, 1416
Pebspectiae linear, 1415
Pebspiration

in hot climates, 23
insensible,

amount of 22
constituents of, 23

PrTEOJlAE, 118

Petit, canal of, 13SS

Petrosal nerve, small super
ficial, 1301

Petteneoffer test, for bile

salts, 641

PGA See Folic acid

pH
See oho Hydrogen lOn con

ccntration
deriAation of, 126

effects of,

on ammonia excretion by
kidney

, 560
on excretion of weak acids,

565

on excretion of weak bases,
565

of blood, measurement of, 134

the symbol, discussion of, 126

Phagocytosis^ by leukocytes,
S9

Phantom limb, thalamic, 1226

Pharyngeal mccocs mem
BRAVE, drying of, eensa
lion of thirst due to,

Phaseolin, as a factor m
growth, 793

Phenol, coversion of tyrosine

to,

PiiENOLsuLPUoNTHALEiN, ex-

cretion of, as index of

renal function, 570

Phenoxybenj:amine, effects of,

on adreooeeptivc effec-

tors, 1309
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PlIESYLAl-AMSE
chemical structure of, 775,

1024
e^•^tllC8Is of adrenaline from,
' 1023

PlIlLUPSON’s EEFLEX, 116C
PiiLORiztv, glucose transport

mechanism inhibited bj,

MI
Phosphacen, resynthesis of, in

muscle, S77
PnOSPUATAaE

activity of,

definition of, 1060 (foot

note)
optimum pH for, 106C

relative, of tissue extracts,

from various mammalian
tissues, 1067

alkaline,
distribution of, 1006
function of, 1066

properties of, 1066

content, of plasma, changes
in, in disease, 1067

hjpolhesis, of calcification,

1065
Phosphate
anvhjdndes of, role of, in

muscular contraction,

874
effects of insulin on, S21
inorganic, produced by

nerve
reabsorption of, 543

role of, in muscular activity,

871

tetan) , 1051
Phosphatidyl ETHANOLAitiNE,

chemical structure of,

S«
PHOhPHOCREATiaE, 7S2

energy supplied to muscle by,
874

phosphorus values of muscle,
before and after work,
874

role of, in muscular contrac
tion, 874

Phospholipids, 841

as index of physiological

functions of a tissue, 812
chemical structure of, 841

definition of, 839
distribution of, 841

liver and plasma relation

ship, in regard to, 842
metabolic function of, 842
occurring in body, 839
pbjsiologj of, 842
turnover of,

in liver, as compared to

that m other tissues, 849

in various parts of body,
842

PHOSPHOPROTEINS
chiracferistiM of, 771

examples of, 771

a 5 PlIOSPlfORinOSYL PYRO
riiospHATL, chemical
structure of, 802

Phosphoris
amount of, and location of,

in bodj ,
1057

dietarj reciuirementa, 046

PHObPHOBLS—COnt
excretion of,

dunng starvation, 863
ciTects of removal of pan
creas on, 814

in blood, 3
function of, 4

in nhole blood, 4
inorganic,
amount of, in infants and
children, 4 (footnote)

of blood, 4
metabolism of, lOSS, 1057
nucleic acid, of blood, 3
of blood,

classification of, 4
extraction of, 4

organic, of blood, 4
radioactive, use of, in esti

mating red cell volume,
18

imnary excretion of, in ex
cess dosage of parafhor
mone, lOM

pROSPHORTLASC, roic oF, in

breakdonn of gljcogen,
811

Phosphorylysis, in muscular
contraction, S72

Photometfr, 132!)

PhOTOMPTRIC IMT SYSTEM
1329

PiioTO'i, definition of, 1329
PlIOTOPIC CONDITfONS, 1327
Photopic visibility curve

1346
determination of, 1347
general discussion on, 1347

Photoreceptors, 1139
PiiTiiiocoL, chemical structure

of. 913
PiiVSiOLOOr, nutritional as

S
ets, scientists who
ve worked in 742

(footnote)
PHYSOsTtcMiNE, inhibition of

cholinesterases bi 1305
P/imv, DOS, 933
Pigments
derived from animal porphy

Tins, 68
txpes of, photochemical trans

mission to brain, 13^
visual, related to retinenes,

1333
l*iuiCABiixB, effects of on

cholinoceptive effectors,

1309
Pjnexl body See Epiphjsia
PixVA, anatomy of, 1420
PlPEROXAN, efleefa of. at ad

renoceptive effectors,

1309
Piper’s law

, 1331
Pitch

differentiation of, 1265
numerical scale of, 1453

PlTOClN, 9S0
sensitizing an isolated utenis

to, 1085
PlfEESSlN, 9OT

effects of,

on coronary circulation,

PlTLITARY CACHEXIA, 992
general discussion on, 992

PlTLITARY EXTRACT
whole posterior,
actions of, 980

circulatory, 980
mammary

,
981

melanophore expand
ing, 9S2

metabolic, 982
on kidney

,
981

on plain muscle, 980
respiratory

,
9S0

uterine, 981
assay of, 987
fractionation of, 9S3
mtcrnTtional unit 9SS
oxytoxic effect, 981

Pituitary clavd, 957
See also Adenohypophysis,

Neurohypophysis
anatomical structure of, 957
and fesfes, interaction of,

HOC
and thxroid, relationship he

tween 963
anterior,

anatomical structure of,

957
anti insulin oction of, 832
deficient of, infantilism
due to, 902

effects of,

on carbohydrate metah
olism, 833

on growth, 962
on Iipid mobilization, 848
on metabolic processes,

832
on ovaries, 971

extract of,

effects of, on mouse
ovary , 971

factors ascribed to ac

tions of. 963
fatty liver caused bv, 849

glycotropic action of,

S32
pancreotropie action of,

832
hormones secreted by, 951
intrinsic activity of, cen

tral nervous system regu
lation of 952

relation of, to carbohy
drate metabolism, 962

blood supply of, 959
dependence of testis on 1102
diseases of, classification of,

9S9
disorders of, 989
embry ological development

of different parts of, 958
evolution of, 950
extracts of, separation of into

gonadotrophic fractions,

972
field of action 951
historical background of

studies on, 950
nerve supply of, 959
of rabbit, saggital section

through, 959
ongin of, 957

329
on renal circulation, 375
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VirtnrAH\ an^n—eonl
portal vessels of, function d

siRnificance of, 978
posterior,

anatorntcnl ptnieturo of,

957
hormones gecreted b\, 9ol
rote of, m renal hiTKirten
Sion, 387

unit, o/Iicial, 9^ (fooJnole)
removal of, effect on dia

betps, 5^
role of,

m carbohidrafc mctah
olism, S29

in hjpogljcemia, 830
in mammarv dc\clopment,

1005
in permanent ihalietes, 830
in regulation of ovanm

activits
, 971

in rcEulation of supph of

globulin (0 blood, 91

in regiiliiion of water ex
eretion In kidne\

, WS
saggitiil section through,

showing large nerve
tract, 9G0

substances in, effecting car
bohjdratc mclnIioIi«ni,

S3I
trunsplantxtiOR of, effects of,

0.8
PmtTSM tSJl'CTlOV, poste

nor, official, 9^ (foot
note)

PJTI JTAJiy STll-K, 957
anterior aspect of, photo

graph of, OGO
section of, effects of, 978

PlTCiTRia, 9S0
pK, discussion of derivation

of, 127
Placenta
endocrine ftioctions of, 1092
role of, in maminarj deaelop

meat, 1096
Planter retlexes See Re

ffexes, pfsntar
Planter besponse
extensor, in infants, 1211

(footnote)
normal, drawing of, 3211

Plasma
5c« also Blood plasma
and User, relationship of, in

regard to pho«pboJipids
&12

concentration of, relation
ship of a substance ex
creted bi tubule, 544

constituents of, normal, ex
cretion filtration and
reabsorption of, 539

lipid composients of, in fast

ing state, 844
phosphatase content of,

changes in, in disease,

30G7
proteins colloid osmotic

pressure of, role of, m
glomerular filtration, 537

volume, effects of sleep upon,
1270

Plasmapueresis, 7

PL.STB, epiphr«eal, 1063
Platelet(i)
See alto 'I1iromboc>tes
cofactor 2 See Plasma

thromboplastin eompo
nent

deposition of, thrombosis
caused b> , 120

mffuenee of apteen on, 6S
itumltcT of, relationship to

rapidits and degree of
clot. JOO

origin of, from megakarjo
ertes, 108

ratio of crjtbrocstcs to, m
arlensi blood, lOS

Pekthora effects of on rcK
lion lietween left ven
tncular diastolic tolumc
and left vcntncular sia
tolic and end diastolic

pressure, 147
PtCTHixMoonAPH, cardiac, 22l
I’ltTiiyssiooRSPijy, 2M

electrical iranedjncc 223
mcrciirj rubber strain gage,

223
photocell, 223
iLsc of, in dctermimns re

gional blood volume, 220
PUEtRAECAMTIES 460
Plelral smock, 473
Pltxis
abdominal 1298
adrenal 1209
aortic 1209
cardiac I29S
celiac, 1200
esophageal, 129S
gastric 1299
hemorrhoKlal, 1300
hepatic 1290
tnienorhxpogastnc 1300
inferior mesenteric 1300
inferraesenferie, 1290
ovarian 1299
pelvic 1298 1300
prostatic 1300
pu/monari , J29S
renal. 1299
solar, 1299
spermatic, 1290
splenic 1299
stroma, 1316
superior hspogastnc 1300
superior mesenteric, 1299
tsmpanie, 1301
uienne, 1300
vaginal, 1300
vesical, 1300

PLICSE ClRCl LAKES, 711
PVEOIONIA
bspoxia m, cau«es of, 515
lobar
aeration otfJungs danng, 515
blood oXAgen in 515

lung changes in 515
respiration in, SIS
shalloa breathing in, 516
cau^e of, 516

Pneimotaxic center
importance of, in maintain

ing respiration after va
gotomx , 493

in rat, 490

Pneumothorax
closed, 477
general discussion on, 477
open, 477
role of, m respiration, 477

PoiKlLOCTTOSIS, 10
PoiSELlLLE’s LAW, 165
application of, to circulation,

166
PoLicintoiiASM, 16, 105
PoLAcyrnEMu, 526
See also Er^ throcjies, nuni

l>er of, increases in

causes of, pathological
states, 13

cerebral blood flow in 344
enlargement of spleen as'o

dated with, 60
role of cobalt in 75
splcnomcgalic See PoKcv

themia vera
POLACYTllEMIA A ER.A

causes of 14

genenl discu«sjon on 14
pathogenesis of latest views

on. 14
production of, artificial 14

signs of 14

treatment of U
POLVEBTRLS O.IMALS 1078

PoLAOSyOTJC riBBOlS I)Y8

PLASiA See Albnght a
aindrome

PoLypEPTinrs, characteristics

of 772
PoLApyremAL glands defini

tion of 585
POLtCBIA, 093

general discussion on 573

Pons, sensory paths in llfiS

PONTOCEREBELLAB BECEIA7NO
ARE.A, subdivisions of, in

the monkeA 1285

PoiLiTEAL NEBA’E reflex re

sponses of, leo«ions of

115S
PoRPijjv, chemical structure

of, 52
PoRPKrSf A

acute, 60
causes of, 60
congenital, 60
ejTnpfoms of 60
types of 60

Porpiitrin(s)
ammal, pigments denved

from, &8
chemical structure of, 52
formation of heme from 54

general discusaion on, 52
metallic, 54
t\pes of 53 55

tjTie I chemical structure

of, 63
tJTie III, chemicaJ struc

ture of, 53
PflRPRA RINCBIA
niw of CO
III anemijx, CO
B\'niptoms of CO

PORPHYBOl SIN, 1331

composition of, lS.iS

PovrcEVTiiAi oynis
effects of tactile stimulation

of palm on, 1244
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PoSTCE>TBAi:, QTRLS—coni
localization of function in,

1213
POSTOANOLIOMC CELLS

definition of, 1294
paragympathetie, 1300

POSTLENTICULAR CANAL, 1398
Posture
changes in, circulatory ad

justments to, elTects of

aging on, 402
decerebrate rigidity, 1167
effects of,

on arterial blood pressure,

274
on basal metabolism, 1163

(footnote)
on blood volume, 29
on renal circulation, 374
on venous blood pressure,

292
in cerebellar disorders, 1288
in thalamus animal, 1168
of decerebrate child, 1169
of "thalamus” monkey, 1169
of "thaJamus" rabbit, with

intact labyrinths, 1170
physiological mechanisms

governing 1162, 1182
spinal state, 1163
static reactions, U71
supporting reactions, 1171

Potassium
absorption of, by intestines

672
concentration of, in celts,

effect on rate of exere

tion 655
dietary requirements, OiS
distribution of, in blood

plasma and tts<ue fluid, 20
effects of,

in electrocardiography, ISO
in ventncular nbrillation,

202
excretion of,

rate of, factors determin
ing 535

role of kidney in 655
insulin and, 821
metabolism of, effect on h_v

drogen ion secretion, 5^
of nerve 1133
relea.se of, from myocardium,

139
serum,
high effects of, in electro

cardiograph}
,
189

low, effects of, in electro

cardiographv, ISO
fo'eranee to, effect of, on

potassium excretion, 556

Potential, positive, calcula

tion of, 176

P P FACTOR See Nieotimc acid

PnEciriTiNS, formation of, 772
Prlirontal iNJiRY, example

of 1212 (footnote)

PrECaSOLIOMC cflus
definition of, 1294

p'irus}mpalhctie, 1300

Preoanouomc FiBrRR, snn
pathetic, liberation of

acct}ichoIine from, 1306

PREONASCT
definition of, 1078
effects of,

on basal metabolic rate,

766
on blood volume, 29

maintenance of, role of pro
gesterone in, 108$

proteins in diet dunng, 944
testa for, 10^
tropical nutntional anemia

in, 83 (footnote)
vomitii^ in, causes of, 702

pREONAKEDioL, chcmical
structure of, 1087

Pbesacral nerve, 1300
Presryopia, definition of, 1391
Pressoreceptors, 1142

low, 269
reflex effects of, on respira

tion, 49S
Pressure brcathino, 479
Pressure plow curves iti

kidney, 373
Pressure pulse
at root of Jtort/t 282
characteristics of,

contours, in pulmonary ar
lery . m dog, 296

effects of on blood velocity
281

in pulmonar} circuit, 296
transformation of, 281
velocity of measurement of

280
venous, 287
wave velocity of,

factors effecting, 231
measurement of, 2$1

Pressure RECEPTOBS 5e«Pres
soreceplors

Pressure, sensation of adsp
(ation to, 1148

Pretactal nucleus. 1410
Prism, refraction by, 1377
PnoAccELEBiN SeeAcglobulio
Procaine, effects of, m electro

cardiography, 169
Proconvertin &e Clotting

factors, factor VII
Proestbus, genpjsJ discussion

on 1078
PRonsRiNOLTsiN See Plas

miDOgen
PROOESTERONE 1036
assay of, 1088
chemical structure of, 10S7
chemistry of, 1086
effects of,

maintenance of pregnancy,
loss

on endometrium, 1033

on estrus, lOSS
on menstrual cyele, 1090
on ovulation, 1083

on uterus, 1(^
toward prolactin, 1097

estrogen interactions, on
menatnial c) cle, 1090

international standard of,

loss
isolation of, 1086
metabolism of, 1087
of placenta, 1(192

Progesterone—cont
physiology of, 1087
production of, 1087
role of, in mammary develop

ment, 1095
standardization of, 10^

Progestin, 1086
Prohormones, general discus

sion on 979
Prolactin, 972

antagonistic effects of estro
gen and progesterone
towards 1097

assay of, 977
discovery of, 976
excretion of, 977
general discussion on, 976
inactivation of, 977
ongin of, 976
physiological activities of,

977
role of in mammary develop

ment, 1096
secretion of, regulation of,

977
PROLAMISES

characteristics of, 771
examples of 771

Proline, chemical structure
of, 775

PnoNTosiL, chemical structure
of, 929

Propioceptobs, 1139
of joints 1146
of muscles, 1U6
of tendons 1146

r^OFTOfis, }D exopbthalmio
goiter, mechanism of,

1003
Propulsion, m Parkinsonian

syndrome, 1223
Prostate gland, 1107
female 1107
general discussion on, 1107
hypertrophy of, 1107
causes of, 1107

secretions of, 1107
Protamines

characteristics of, 771
examples of, 771

Psdtasopss, 1355
chromatipity chart for, 1355
foveal centers of, spectral

sensitivity curves of,

1359
Proteans, characteristics of,

772
Protease, secretion of, m

small intestine, 667
Protein (s)

See alto Ammo acids
absorption of, 773
by intestine, 675

allergies 773
ammo acid content of, 795
biological availability of, 745
biological value of, deter

mination of, 792
blood 5ee Blood, proteins of.

Blood plasma, proteins

of

character of, in common
footls, 796

classification of, 769

Hold Jaee ntimben tndicaU major discutsion



1535 PROTEIN (s}-PUl.MOMC

ProtfinCsI—coni
coagulatctl, charactorSstSca

of. 772
coniugafc(i,

cnaractoristics of, 77|
example? of, 771

contained m foods, 741
unccrtsJntj concerning,
745

conversion of nitrogen m
foods to, 745

conversion of to fat, 810
derivatives of,

charactenslies of, "72

examples of, 772
dietnrj

,

allowance of,

general discussion on,
913

recommended, 917
determination of, 744
effect of,

on amount of urinary
sulfur, 78-5

on comnositton of urine,
-SI

on renal di-caae, 944
extra heat rcsuUing from,

787
general discussion on, 943
nutritional value of, elTccts

of amino acids on, 944
requirements of, 048

effect of age on. 044
di«stibilitj of, 791
aetermination of, 791

effects of,

on hodj heat, S91
on growth, 797

fibrous, description of, 769
fractions, in blood plasma, 5
general description of, 769
globular, description of, 769
heat production due to, 756
in lens of ese, 1392
in IjTnph, 33
lodination of, 1011
labile, 779
metabolic constant ol, 753
metabolism of, 769, 791

classical view of, 779
effects of insulin on, 820
effects of muscular work

on, SS2
end products of, 780
in fevers, 896
modem view of, 779
urea as end product of, 780

minimal quntilies of, neces
sary to maintain nitrog
enoiis eqmlibnum, de
termination of, 792

molecular weight of, 769
molecufe of, 769
amiDO acids contained in,

760
general discussion on, 760

formation of steps in, 778

shapes of, 7G9
most suitable for growth, 796
native, absorption of, bi in

testine, causes of, 676

not suited for growth or
maintenance, 737

pROTEisfa)—ronf
niicleo

, TSO
nutntivc value of, differences

in, 044
methods for estimating, 791
of blood plasma, 4
of milk, 1099
of pancreatic juice 630
organ apcciGc, in crjstallme

lens, 1392
oxidation of, calculation of

respiration quotient in
753

reference, definition of, 94

1

required to establish nitrogen
equilibnum, factors in,

786
requmments in diet during

pregnane} 944
re«er\e of. Mood serum pro

tcins oa, 7
respirator} quotient of de

termination of, 752
simple
charictcnxtiM of, 771
cximplc? of, 771

hparers. 786
specific difinmic action of

cauic of 78$
storage of 779
suitable for maintenance but

unsuitable for growth,
797

suitable tor iithesis of liody
protein. 701

supplemenlar} relations
among. 797

smthesis of, 778
in digestive glands. 5S5

unsuitable for growth or
maiotenancc, nuinttonsi
Value of, 797

u?c of,

as a miMciilar fuel, SS2
ID amino acid deficienc}

,

795
value-,

m nutrition importance of
ammo acids m, 792

of a food dctemiiniog, 792
various, nutritional value of,

791
PBOTEjNpniA 572
eRects of 572
etiology of, 572
signs and E}'mptoms of, 572

PnoTEoumc emtmes, preven
tion of fiHsuc destruction
by, 586

Proteoses
characteristics of, 772
examples of, 772

Frotiirombis
concentration of, deternuna

tjon of, 116
conversion of, to thrombin,

in blood coagulation, 110
properties of, 113
rolo of vitamin K in forma

tion of, 914
time,
as test of liver function, 653
determination of, II6

PsoToerTHIC SENSIBIUTT, 1144

PROTOrORPIITRIN, 53
chemical structure of, 53
location of, 53

PsEUDoiiEMiANonA, causc of,

1240 (footnote)
PSECDOnERilAPHRODITES, 1074
Pretoohermaphroditism,

1043

definition of, 1043 (footnote)
PSEL'DopoDiLM, of leukoc}tes,

89
PsEUnOPREGNANCY, 1078
Psychomotor seizures, due to

Ie«ions of temporal lobe,

1248
PSYCHOVISCERXI DISEASE, 624
PrEROYLCLcrASItC ACID, 84
analogues of, 84

and leukoe}tosis 92
antagonists of, 931 938
chemical structure of, 84, 930
tlinical efTects of, 929
deficiencN of, 930
dixcoveri of, 84 929
effects of 84

upon granulocjtes in

agranulocvto?!?, 97

formation o^ 84

function of 930
hemopoietic acid 85

isolation of, 029
lipotropic activits of, 850
relationship of to crjythro

exte maturation factor,

85
role of, m synthesis of des

OX} nboRiicleic acid, 84

source? of, 85, 931
8}nthexis of, 85
toxicit} of, 931

PrrAUxif, 597
Puberty
change? in 1078
endocrine changes associated

ssith, central nervous
8}'8tem control of 975

ID females, 1077, 107S
role of central nervous s}8

tern m timing of, 975

PtutoNAKT artery, pressurc

pulse contours m, in the

dog, 296
Pulmonary CAprLi,ARY blood

FI ow CURVES, at rest and
during exerci«e, 297

Pulmosabt ancuLATioN See

Cl rcula t ion
,

pu Jra onar v

Pll-movart diseases, djspnea
due to, 502

PLUIONARY PLEXUSES, 129S

Pulmonary valve, 8teno«i3 of

See Stenosis, pulmonan
PLCSIOSARV \E\TILATIoy, i81

Cbeyne Stokes breathing

after, 500
level of, determination of, 499
regulation of, 496

Pulmonic insuificiency, 432

circulator} changes in, 433

compensation for, 433

heart sounds in, 432

Pllmomc STENOSIS .See Sleno

«i«, pulmonic
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artenal, effects of heart block
on, 192

intermission of, 196
intermittent, 196
irregularity of, complete,

19S
jugular, records of, informs

tion concerning cardiac
cycle from, 2S7

pattern,
aortic, usefulness of, 283
central, usefulness of. 283
jugular venous, normal, 2S8

pressure,
See alio Pressure pulse
aortic, pattern of, deter
minants for, 2S2

artenal, 275
measurement of, 2S0
recoring of, 280

measurement of, 232
radial, changesin contour and

amplitude of, under ab
normal cardiovascular
conditions, 2S3

rate,

effects of sleep on, 1270
increase of, in dehydration,
25

under gravitational stress,

397
subclavian, changes m con

tour and amplitude of,

under abnormal eardio
vascular conditions, 2S3

tracing, venous, in heart
block, 193

venous, in auricular fibnlla
tion, 19S

nave, velocity of, relation
snip to artenaf blood
pressure, 281

FtLSOS ALTEBNAN8, 203
detection of, 202

Pulsus bigeminls, 196
PC^CrA LACBISIAUA, 1315
PD^CTLS^ REMOTUM, 1391
Pupil(s) 1409
diameter of, changes in, dur

mg accommodatMU) nf,-

1390
effects of drugs upon, 1412
size of, effect of, on re«oIving

power of retina, 1309
PCPILLAE

dilator, 1409
muscles of,

dilator, 1317
sphincter, 1317

sphincter, 1409
Pupillary reflexes

consensual, 1409
diagram illustrating 1411
direct, 1409

due to emotional states, 1409
effects of interruption of

retina! impulses on, 1408
effects of prolonged Wakeful

ness on, 1271
indirect, 1409
investigation of, importance

of, m establishing site of

brsiB fesimt, Hi3
light, 1409

Pupillary reflexes—eonl
near, 1409
of accommodatiOD, 1409
phj'siological unrest, 1409
Wernicke’s henuanopie, 1412

POPlLLO CXISSTRICTOR PATH
WAYS, 1410

PUPILLO DILATOR PATHWAYS,
1410

afferent, 1411
Purine
metabolism of, 799
end products of, SOO

synthesis of,

chemical reactions in, 803
in the body, 802

PrsKiNJE cell layer, of cor
tex, 1278

PvnZimti FIBER
in a pacemaker area, spon

taneous activity in, 138
transmembranc potentials of,

137, 138
PUREThJB FIOURES, 13S6
PuRKiMB Sanson images, 1389
PCRPURA

coagulation time in, 119
futminans, 119

enerai discussion on, 118
emorrhagica, 119

Uenoch’s, 119
role of thrombocytopenia in,

118
PUTAUEN, 1215
connections from cerebral

cortex to, 1216
Pyelonephritis, general dis

cussion on, 572
Pyknosis, 105
Pyloric reflex C99
Pyloric sphincter
acid contol of, 699
role of, in regulation of gas

tnc emptying, 699
Ptlobospasu, 703
Ptlobus
anatomy of, 693
obstruction of, effect of, on

electrolytes in body
Quid, 713

PfSitxfs-, of ij'Sfpask'c exivtj,
1422

Pyrexia See Feverfs)
Ptrexin, 93
Pyridoxalphosphatb, 925
Pyridoxamine chemical struc-

ture of, 925
Ptbidoxine, 924

Bldeb}de of, 024

amine of, 924
chemical structure of, 925
chemistry of, 925
deSciency of, 025
eluate factor of, 934
filtrate factor of, 924
growth promoting aspects of,

925
isolation of, ^5
requirements of, daily, 926
role of, in iron absorption, 74
sources of, 926
therapeulie use of, 926
toxicit> of, 926

Ptbiiiidine(s)
fate of, SOI
metabolism of, end products

of, SOO
synthesis of, chemical reac

tions involved in, 894
Pyrimidine bases, metabolism

of, 799
Pyrrol cells, 101
Pyrromethenes, 53
A and Bi , chemical structure

of, 63

Q
Quadriceps
response of, to stretch, 1153
stretch reflex of, m cat, 1163

Qcadriplegia, due to complete
transversion division of
spinal cord 1210

Quanta, definition of, 1329
Quasi emotional state, 1229
Quick’s method, of determin

mg prothrombin concen
tration, 116

Quinidine
action of
m Sbrillation, 200
in fibrillation and flutter,

199
m heart failure, 199

effects of,

on eleetroeardiographie
patterns, 189

on the heart, 200
overdosage of, effects of, 200

R
Racemose qlands, definition

of, 587
Rachitic rosary, 90S
Radiant energy, general dis

cussion on, 1329
Radiation
cardiovascular effects of, 393
effects of
on arterial blood pressure,
399

iVV S3^A%]>4f ssJ
biochemistry

, 399
on skin, 398
on vascular physiology, 398

electrocardiographic obser
vations following, 399

postmortem evidence of, 399
total body, cardiovascular

effects of, 399
Radiator, full, definition of,

1329
Rage, sham, 1229
Rami commcmcantes, 1296
Ramis communicans, white,

1296
Rasmussen, ohvo cochlear

tract of, 1427
Rathke’s pouch, 957
Rauwoltia serpentina

Benth, use of, in treat
ment of es’ential hyper
tension 390

Ratleioh match, 1357
IIatvav2?'s disease
cause of, 356

Boldface numbers tndteaU major discussion



1537 ratnatjd’s-reichstein’s

Ray'jatid’b tiisEASS—eont
distincljon from Raynaud’s

phenomenon, 35G
general discussion on, 35G
treatment of, S56

Rayvaoo’s thevosievov
distinction from Raynaud’s

disease, 35G
general discussion on, 350

ReBOUNO PIIENOMINON
general discussion on, 12S7
jn cerebellir disorders, 12S7

Receptobs
adaptation of, to stimula

tion, 1147
cutaneous, 1139

distance, 1139

for cold, 1141

for pressure, 1142
for warmth, 1141
in muscle, responses of, gen

era! discussion on, 1140
fcincstlietic, 1140
nervous connections to cen

tral nervous system, 1 133

organs, 1138
terminology concerning,

1138
responses of, general discus

Bion on, 1140
rhytlunic discharge from,

origin of, lUS
sensitivity of, specificity of,

^ 1149
Recospees, blood volume flow,

mean, 207
Recovert process
completion of, sequence of,

181

in cardiac muscle, 181

Reocelw SwCcythrocytcs
Res NretEts, 1215

connections of, 1217
RsPLECTIOsa

definitions concerning, 1376

principles of, 1375
terminology concerning, 1376

REn.EX(ES)
See also Stimuli
abdomins), general discus

Sion on, 1212

accelerator, 1174
acquired, definition of, 1261

action of, 1160
general discussion on, 1150

theories of, 1160
use of spinal preparation

in study of, 1150
anal, general discussion on,

1212
ankle jerk, 1163

arc, 113S

components of, 1138

simple, diagram of, 1338

visceral, 1301

&U\tudina\, 1171
significance of, 1173

biceps,
facilitation of, 1150
jerk, 1164

bulbocavernous, general dis-

cus'uon on, 1212

Replex{es)—cont
cervical, acting upon eyes,

1173
cihospinal, 1400
clonus, 2I&7
conditioned See Conditioned

reflexea

cough, general di^ussion on,
477

cremasteric, general discus
Sion OB, 1212

crossed extensor, 1167, 1160
defense, unconditioned, 12C3
disturbances of, in cercbenar

diaordcrs, 12S$
effects of spinal shock on,

1160
facilitation of, 1166
flc'cion, showing, after dis

charge, 1157
flexor,

facilitation of, 1156
general discussion on, 1166

fractionation of, 1168
general discussion on, 1137
general static, 1169
gluteal, general <ii«ciission

on, 1212
Henng Breucr, 493
Hoffmann’s, llfil

elicitation of, 1152
general discussion on, 1151

m micturition, 579
inborn, definitions concern

ing, 1201
inhibition of, 1167
inhibitory conditioned, 1204
innervation of, reciprocal,

1168
investigatory, 12C3
law jerk, 1164
kinetic, 1174
knee,

general di«cu^ion on, 1161
lerk, 1163

labyrinthine,
atato tonic, centers for,

1174
(onic, effects of, 1173

light, effects of sleep upon,
1270

magnet reaction, 1171
mass, 1210
muscular, effects of cercbel

lum on, 1283
myolatic, 1162
neck, excIudiDg, 1172
negative, 1264
nociceptive, 1142
occlusion of, 1164
of climcal unportance, ll&l
of hlagnus and dc Kleijn,

static and atato bnetie,
1169

Oppenbeim’s, general discus
Sion on, 1211

patellar, elicitation of, 1152
phasic muscle contraction in,

1164
Ph]lljpson*B, 1166
placing reactions, 1174
plantar, normal, general dis-

cussion on, 12tl
postural muscle contraction

in, 1164

Reflex (Es)—fon/
preparation, dorsal root ven

tral root, 1155
pupillary, general discussion

on, 1409
pupillo-ddator, 1410
responses, grading of, 1164
righting, 1109
bodi, acting upon head,

1170
centers for, 1X74
demonstration of, 1170
effects of sleep upon, 1270
labyrinthine, 1170
neck, effects of, upon body,

1170
natural sequence of, 1171
optical, 1171

reactions involved in, 1170
Rossolimo’a, 1164
salivary See Salivary reflex

scratch, general discussion
on 2163

somatic, effects of sleep upon,
1270

static,

and stato kinetic of 5fag
ous and de Kleijn, 2169

general, centers for, 1173

stato kinetic, 1174

stato tome, 1171
stretch, 1162

localization of 1239

summation in 1154

spacial, 1154
temporal, 1156

supinator jerk 1134

tendon,
m tabes dorsalis 1209

lerk, 1I&3
time reduced, 1161

tome,
ID the decerberate prepara

tion, 1160
labyTinthiae, excluding

1172
and neck, acting on
limbs 1171

triceps jerk, 1164
unconditioned, defioitioo of,

12D1
vasomotor, effects of sleep

upon, 1270
vertebra prommens, 1172

visceral, general diseu'^sion

on, 1169
Repbactiov
by astigmatic lens, 1396
bj’ convex cylinder, 1378
by convex lenses, 1378
by plane surfaces, 1377
by pnsm, 1377

by vanous media of eye, 1379

definitions concerning, 1376
distribution curve of, 1390

dynamic, 1391

principles of, 1376
static, 1391
terminology concerning, 2376

Refkactive ivuex, defimtion

of, 1370
Refricekatiov, of body', 897
Reicdstein’s compound fa.

See Cortisone
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BEICTISTEIN S-HESriRATlOV 1538

Heichstein’s compound S
See Desoxyeortisone

Heissner’s membrane 1422,
1425

Redaxin
general discussion of, 1089
isolation of, 10S9

Renal
See also Kidney
arteriolar resistance, regula

tion of, role of renal
nerves in, 637

blood flow,

and filtration factor in

man, 546
changes in, causes of, 516
changes in, factors in, 546
measurement of, 3(^
methodology of, 363

calculi general discussion on,
1069

circulation See Circulation,

renal
corpuscle See Glomerulus
cortex, dje dilution rales in,

in dog 370
fraction, of cardiac, 546
/unelien,

clinical evaluation of, 569
general di«cussion of 504

disturbances of, 570
acidosis, 575
anuna 573
arteriolar nephro«elero

SIS 571
c1a«ailieation of,>57Q

glomerulonephritis, 571
in adrenal insufficiency,

577
in albuminuria, 572
in amino aciduria, 577
in crush sjndrome, 409
lu cylinduna, 572
in diffuse renal disease,

672
in edema, 674
in hematuria, 573
in impairment of urinary
concentration 673

m nephrogenic diabetes
insipidus, 576

in noctima, 673

m pituitar} diabetes in

sipidus 577
in proteinuria 572

m renal gljcosuna, 576
in renal hypophospha
temia, 577

intrinsic defects of renal

tubular function, S7b
nephrotic sjndrome, 571
of extrarenal origin, 577

oliguria, 573

polj-uria, 573
pjelonepbntis, 572

uremia, 576
evaluation of,

blood examinations in,

5G9
tests of unno in, 659 ““

urine examination in 569-^
relation of, to renal circii

lation, 3^
renal insunicicnc>, 576

Renad—conf
funetton—eonf

secretory activity as index
of, 570

theories of, 632
tubular reabsorptive ca

pacity as index of, 570
insufllicienc}, 576
ischemia, in upper body hy

pertension 444
nerves, role of, in regulation

of renal arteriolar resist

ance, 537
plasma Rotv,

changes m, factors in, 5^
effective, measurement of,
546

resting, changes in due to
age, 401

nckets See Rickets renal
tubular function defects of,

intrinsic 576
tubule,
active sodium transport in,
553

ammonia in, 559
anatomy of, 532
collecting diagram of, 533
convoluted,
diagram of 533
distal anatomy of, 533
proximal, anatomy of,
532

seminiferous, 1100
di*tal,

changes in, due to
changes in unne con
centratiOR 549

reab«orp(ion of water in
tn antidiuresis 664

role of, in re^lalion of
excretion of acids and
alkalis, 557

secretion of h\ drogen ion
into 559

proximal
secretion of hydrogen ion

into 538
water reabsorption in,
mechanism of,

reabsorption by , 539, 543
active, 540
of creatinine, 543
of phosphate, 543
of sulfate, 543
of unc acid, 543
passive, 539
processes involved in, 539

substances actively teab
sorbed by , 543

tonicity of fluid in changes
of one to concentration
in iinne, 550

vasodilatation, caused by
pyrogenic reaction, 547

Rcmn
eflects of,

OR antirenin titer, in renal
hypertensive dogs, 385

on blood pressure in renal
hypertensive dogs, 385

in blood of patient with gfo
merulonephntis and hy
pertension, 3S4

ongin of, 3S5

Rems—coni

production of, 3S4
stimulus for, 3S5

response, production of, 3S3
Reproductios, and adrenal

hormones, 1037
Resonascf

of sound, 1430

theory, of Helmholtz, 1439
Respiration
adjustments of, to carbon

dioxide content of in
spired air, 496

after vagotomy, importance
of pneumotaxic center in,

492
alveolar air in, 4SG
alveolar ventilation cakii

lation of, 485
apparatus,
Benedict Roth 760
Douglas bag, 761
for small animals, sebe
matic outline of, 759

Haldane s, 701
historical survey of 750

artificial See Artificial res

piration

at birth, 468
bronchial tree movements

diiriDg 476
carbon dioxide tension of

blood and 488
central regulation of, func

tiooal concept of 493
control of, 488

reflex and chemoreflex 494
CKles of 471
effects of

on cardiac output 291

on pulmonary blood flow,

296
on pulmonary blood pres

sure, 296
on systemic blood flow 2%
on sy stemie blood pressure
296

on venous blood pressure
291

on venous return 291
clastic resistance in, 476
enlargement of thoracic cav

ily dunng 473
expiration 475
factora effecting

adrenaline 1025
air sacs 467
altitude 599
blood supply 407
bronchiectasis 478
bronchioles 407
cilia 4f)ft

elastic tissue 4CG
hydrogen ion concentra

tion on interactions in

498
muscle 406
nerve supply 407
nitrocHcenn 496
noradrenaline 1025
pneumothorax, 477
reduction of oxygen in m
spired air, 499

stimufatioD of vagus nerve,
493
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Respiration

—

cont

factors efftcttng—coni
sleep, 1270
temperature, 501, 8S8
whole posterior pituitary
extract, 9S0

fetal, mtluction of, 46S
force necessary to move non

elastic tissues, 476
hemorrhage and, 31

importance of carbon dioxide
in regulation of, 4S8

in a scaled cabin, 614
in pneumonia, 616
mechanical factors in, tests

of, 485
raovements during, 471
of air at high pressures,

effects of, 52S
OX} gen dilTusing capacity m

measurement of, 4S6
phj-siological anatom} of, 4SS
phj'aiology of, problems to bo

considered in, 449
pneumotatic center, 4S9
pressure breathing, 479
pulmonarj ventiltttionin,4S3
pulmonic alveolar vents dur

ing, 47G
refler effects of pressorccep

tors m, 496
reSexea initiated m various

parts of the body, 601
regulation of,

center for, 4SS
effects of oxygen in id

spired air on, 497
role ofovjgen in,4SS

resistance to sir flow m, 47G
respiratory mioute volume,

4S5
rhythm of,

comparison of, to electrical

potential wave rhythm,
491

nervous connections for
control of, 490

cause of, 516
shallow,

in pneumonia, 51G
oxygen therapy in, 527

Valsalva maneuver, 479
ventilation ratio in, 485
work involved in, 476

Respirator, Drinker, 530
Respiratory actititt, apon

taneous, dependence of,

upon inspiratory center,
492

Respiratory apparatds See
Calorimetry

Respiratory center, 488
In cat, 490
medullary, Bpontaneous ac-

tivity of, 491
Respiratory exchanges, heat

production from, deter
nunation of, 757

Respiratory oases
delivery of, 449
uptake of, 449

Respiratory siechanisus, in

brainstem of cat, di

agrammatic represents
tion of, 493

RrSPlRATOBY QUOTIENT
calculation of, in oxidation

of protein, 742
cflccta of cxcKiae on,
effects ofrmoval of pancrea.i

general discussion on, 751
nonprotcin, 75G
of carbohydrate, determma

lion of, 751
of excess metabolism, SSI
of ordinary mixed diet, 75f
of protein, determination of,

752
significance of, 754

XiERriRATORY REFLEXES, rolc

of, m control of circula
non, 2G9

RESPIRATORr TRACT, CXpUlSfOtt

of foreign matter from,
477

ReSTINO ENO BXPMtlTORY PO
RITION, 481

Rete TEans, UOO
Reticolar SLoon cells, em

bryonic, 101
Reticular roaiiATfON, 1212

afferent impulses effecting,

1212
anatomical structure of, 1212
and sleep, 1275
efferent impulses from. 1213

excitation of. effects of, 1213

functions of, 1213
general discussion on. 1312
structure of, 118C

Reticueopnoothelial cells
fixed, 102
fiat endothelial like, KEl
monocytes, 103

of reticulum. 102

of the blood, of extraneous
ongio, 103

of the common connective
tissues, 102

of the solid tissues, 102

rote of. m secretion of liver

bile. 640
varieties of, 102
wandenng, 103

RETICOLOEVDOTItELrAL SYS
TEU, 101

functions of, 103
Reticvlocytes, 13
development of, 105
effect of specific liver therapy

on, 83
rise ID, in treatment of per

Dicious anemia, 84
Reticulospinal fiber tracts,

1196
Reticulum, reticuloendothe

lial cells of, 103

ReTTCULUM FORMATION, COft

nections with cerebel

lum, 1282

Retina, 1316
action electrical currents in,

1334
anatomical features of, 131C

and ms, ^netie relationship

of cells of, 1319
as part of central nervous

system, 2317
bipolar cells of, 1317

Retina—coni
blind spot of, 1314
blowl pressure in, 1330
blood supply of, 1336
capif/aries of, movement of

corpuscles in, observa
tion of, 13SG

center of, distribution of rods
and cones near, 1355

development of, 1317
dominalor curves for, in

vertebrates, 1360
formation of image on, 1380
function of, in color vision,

schemes for, 1364
ganglion cells of, 1317
histological studies of, 1324
image on, size of, 1381
inhibition of nerve impulses

ID, 1338
isopters of sensitivity of, 1403
layers of, 1319
pigment layer of, 1317
potentials of, during inter

mittent stimulation, 1372
projection of, on calcanne

cortex, 1407
resolving power of, effect of

pupillary size on, 1369
Btimulstioa of,

intermittent, 1371
potentials during 1372

threshold for white light in
different parts of 1355

Retinal mAoeg, that fail on
noncorresponding retinal
points, projection of,

1413
Retinal impulses, interrup

tion of, effects of, on
vision and pupillary re

actions, 140S
Retinal points
corresponding, 1412

general discussion on, 1412
RETINEVSi
chemical structure of, 1332
formation of rbodopsin from,

1331
Retineve* .

1331
Retinbnes, visual pigments

related to, 1333
Retinitis fiouentosa fait

ure of blue mechanism in,

1363
RBTINO hypophyseal SIECHA

NI5M, light influencing
structure and function
through jnediatiOD of,

982 (footnote)
Retinoscopy

general discussion on, 1383
point of reversal in, 13S4
shadow in, 1383
movements of, 13S3

use of, 1383
Reteopulsion, in Parkinson

lan syndrome, 1223
Eeverberatidvs, definition

of, 1430
Rh FACTOR, 47
antibody types, 47
mechanism of, 48

deletions in, 49
general discussion on, 47

boldface numbers indicate major dtscusstm
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Rh FACTOB—coni
Hr family, 49
inherifaocc of, 49
isoimmunization for, 47
nomenclature concerning, 4S
reciprocal groups, 49
sera for, antibodies in, 47

source of, 47
Rheobase, definition of, 1120
Riionopsiv
composition of, 1333
cycle, mam features of, 1328
effects of light upon, 1331

formation of, 1331
geoerHf cfiscussion on, 2331

in rods, 1333
RnYTiiM, differentiation of,

12G5
Rib(8)

respiratory movements of,

473
upper costal series, move

ments of, in respiration,

473
Riboflavin, 920
chemical structure of, 920
chemistry of, 920
content, of some common

foods, 936
doficienc} of, 921
engorgement of limbic

plexus in, 921
vascularization of cornea
m, 921

dietary allowances, recom
mended, 947

discovery of, historical re

view.OM
enzymes containing, 921

isolation of, 920
requirements, daily, 921
sources of, 9f22

toxicity of, 922
RtBONtCLEASE TEST, 800
Ribovicleic Aao Nucleic

acids
Ribosahine frosphate, chem

ical structure of, S02
Riccd’s LAW, 1331
Rickets

association of tetany with,

1049
bone changes in, 1002
in dog, 909
cause of, cereal in diet. 908
renal, general discussion on,

1008
role of, m discovery of vita

mm D, 901
Rightino reflex See Re

flexes, righting
Riciditt
decerebrate, 1152, 1165

in man, 1167

production of, central

mechanisms concerned

m, 1166

Rigors, 805
Robinson Kepler Power

TEST, of adrenal cortical

function, 1045
Rod(s)
and cells, relationship of,

1323

Rod(s)—conf
density of, on or near the

horizontal mendian, 1323
distribution of, 1323
near center of retina, 1355

functions of, 1321
general discussion on, 1321
illustration of, 1321
inner segments of, 1322
yunctioD of inner and outer

segments of, 1322
nuclei of, 1323
origin of,

from flagella, 1322
from internal fibers, IS22

outer segments of, 1321
reddish pigment in, 1327
chodopsin in, 1333
role of,

in pbotopie levels of light
intensity, 1344

in vision, 1324
shapes of, 1321

synaptic connections of, 133)
vision by, photochemical

aspects of, 1328
Rose benoal test, for liver

function, 6K
Itossouuo’s reflex, IIG4
Rotameter 207, 210
Rotary receptors, 1179

of vertical canals, function
of, 1178

Rotation
effects of, 1179
on autonomic nervous sys

tern, 1183
on blood pressure, 1183
on nock and limb muscles,

1181
post rotators, 1183
vertigo, 1181

of head effects of, on nos
ture, 1172

post rotatory reactions, 1182
responses of stmicircuUr

canal to, 1178
Roloae, 577
Rolieaux, 10
formation of, 11

Rowntree test, for bile salts,
641

Rubrocobtical hbcrs, 1204
Rubrospinal fiber tracts,

1195, 1196
Rush waves, of intestine, 709
Rvtin,937
Rlttino sfason, definition of,

1077 (footnote)

S
Saccil.4, anatomy of, 1I7G
Saccllf, stimulation of, 1183
•Sacral begaient, dorsal root

ventral reflex di'mharges
from, 1155

Hagitta, definition of, 1176
(footnote)

Saiiaa,
acidity of, fill

actions of drugs and chem
icals on, 507

aptyalism, 507
augmented, 592

Saliva—cont
bicarbonates in, action of,

595
body water loss in, 22
chlorides in, effects of, 595
cleansing action of, 5%
composition of, 594
disturbances of secretion

of, 697
excretory functions of, 59G
functions of, 595
gases ID, 595
glands secreting, structure

of, 686
fubricadngacCion of,

lysozyme in, effect of, 595
mechanisms of secretion

of, 685
moistening action of, 596
mucin content of, role of, in

dental canes, 083
organic substances in, 595

paralvtic, 692
preparation of food for

swallowing In, 595
ptyalism, 597
quantity of, 504
reaction of, 594

reflex secretion, of, 593
regulation of secretion of, 58.8

salts in 595
secretion of, 685

actions of drugs and chem
icals upon, 597

augmented, 502
disturbances of, 507
regulation of, 5m
under natural conditions,

693
solvent action of, 500
starch digestion by, 695
water brash, 507
xerostomia, 697

Rauvary glands, 585
anatomical structure of, 686
anatomy of, 5S7
autonomic nerves of, dis

tnbutiOQ of, 690
cells of innervation of 591

contractile tissue of, 587
cytoplasm of granular struc

lure- of, SSS
ducts of, types of cells in, 587
electropnysiology of, 589

limitations of, 592
general form of, 586
innervation of, 5$S
minute structure of, 586
mucous cells in, 587
nerves to electrical stimiila

tion of, 589
parasympathetic nerve sup

ply of, 589
role of, in regulation of body

water balance, 597
secretingcpithelium of, types

of, 587
serous cells in, 587
stimulation of chorda tym

pani nerve to, role of

aoetjichohiie in, 1305
sympathetic nervous supply

of, 589
Salivary reflex

acquired, 594
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SALnAR> nFKi.r\—ffln/
adnptahihU of, 501
coiiditioneil, 594
unconditiooed, 693

SaLT(8)
depletion of, ddodration

cnu<ied b\, 24
excretion of, m edema, 574
injcction'i of, cffccis of, on

cerebrospinal fluid, 1292
inorEanic, absorption of, hj

inteatrncs, G72
mctabolisna of,

in fevers, 89G
role of Btlrenal hormones

in. 1034

neutral, anticoagulant ac
lion of, 114

secretion of, bj digestive
glands,

bALTa TASTE, clieniical con
stituents of, 14G1

Sabcoclasm, SCO
SSRtOSOMES, 809
SCAUA MEDIA, 1123

fsCIIErsBR’s EXPEBIJfENT, 13SS
bCHILUSQ INDEX, 89
stages of, 89

‘^oiEEinr, canal of, 1399
FcIIONEEIN's DISEASE, 119

PcHCETZ, comma tract of, 1197
ScinvAB^cii, test of, 1450
bciiMAUM, sheath of, 1117

Sclera, 1310
Scleral ^rm, 1400
^CLEROCOnVBAL JUNCTION, 131G
SCLEROPKOTEINS

characteristics of, 771
examples of, 771

Sci EROsrs
disseminated,

clinical features of, 1200

genera] discussion on, 1209
multiple See Sclerosis, dis

semtnafed
Scoliosis, 90S
Scoroi ASithE, effects of oncho

hnoceptivo effectors,

1309
SCOTOMC CONDITIONS, 1327

f^OTOMC DOJIINATOB CURVE,
1350

SCOTOVIC LUMINOSITY CURYE,
comparison of absorp
tion curve of visual

purple ViTlh, 1330
SCDTOPIC SENSITIVITY, abso

lute, 1327
SCOTOPIC VISIBILITY CURVE,

1327
ScoTopic MsioN, visibility

curves for, 1346
''CRATCH REFLEX, general dis-

cussion on, 1163
Scurvy

role of, in discovery of vita

min A S99
Vitamin C necessarj to pre

vent, 935
Re.a y\ ater, of today, difference

from blood serum, 1

(footnote)
Secretion

choleretic action of, 644
climca) unit of,C35 (footnote)

Secretion—cor/
deatniction of, bj secre

tinT«e, 035
discovery of, importance of.

034
effects of, 635
h^ drochloretic action of, (>44

release of, tnggcnng action
for, 635

role of, in regulation of bilc

flow, &15
test,

for function of gall bladder,
639

for pmereattc function, 639
Secretinase, secretion tie

struction b3 , 635
Setretjons

digestive,
constituents of, 565
formationa of granules in,

SSO
gastric See Gastne secre

tions
jiancrcalic juice See Pan

crcnlic juicc, Pancreas,
accretion of

sahva. 685 (Sec afso Saliva)
Secretors, definition of, 46
Secretory riBtRs, definition

of, 580
Selm turcica, 957
Semen

ejaculation of, IfOS
emission of, 1103
general discussion on, 1101
mechanisms of. 535

paralytic. 692
reflex, 693

SBiUClRClL\n CANALS
anatom} of, 1175
disease of, reactions to. 1164
effects of rotation on, 1179
functions of, 1178
expenments on, 1179

maximal response of, 117$
relation of, to plane of skull,

1174
stimufation of,

by rotatioo 1183

caloric, effects of, 1183
effects of, 1179
galvanic, effects of, IIS3
mechanical, effects of, 1183

Semilunar QsNGLtON, 1296
Seminal vesicles

epithelium of, effects of
castration and testis faor

mooe on, 1105
general discussion on, 1101

SEMIMfXHOCS TLBLLCS, COn
voluted, 1100

Semistarvation
See aleo Starvation
effects of, 865

beneficial, in certain dis

eases, 8G5
on basal metabolic rate, 865
on bodi weight, SG5
on inteinal fat, SG3
on physical stamina, S63
on susceptibility to infec

tion, 865
psyvhologieal changes, 865

metabolism in 864

Seuitendinosus nerve, af-
ferent vollevs in, facih
tation of biceps reflex by,
I15C

Sensation
auaiysia of, 1139
cutaneous, 1139

dissociation of, 1143
double, minimal points of

separation necessary to
recognize, 1141

Io«s of, in talies dorsalis, 1209
paths and centers concerned

in. diagram of, 1225
vibration sense, 1145
tactile 1139
visceral, 728

Septal defects
See Atnal septal defects,

Ventncular septal de
fccts

interventricular,
circulatory effects of, 438
with pufmonaru hyper
tension, circulatory ef-

fects of, 439
Septum, mterauncular, de

fects of, 522
Serine chemical strveture of,

774
Serotonin

effects of,

on gastric secretion, 619
on renal circulation, 375

secretion of, by argentaffine
cells, 66G

Sertoli, cells of, 1100, 1101
bERCM
concentrations of different

forms of sulfur m, 785
human, use of, in trans

fusions, 49
Sebum alsauns puospkatasb

level, test of, for liver

function, 653
Serum calcium
curve, effects of irradiated

ergosterol on, 1061
effects of paratfij roitf extract

on, 1053
low, effects of, on low serum

calcium, 189
Serum cholesterol levels,

reduction of, SCO
Sex

characteristics,
effects of tumors of adrenal

cortex on, 1943
secondary, 1072

chromatin 1072
chromosomes, function of,

1072
cords,
pnmary, 1075
secondary, 1075

disorders, m the male, hor
monal treatment of, 1108

effects of,

on arterial Wood pressure.

on calone requirement in

diet, 942
endocrine organs of. 1072
genetic, determination of,

1072

Bold /acc nuMhera tiidicafe majnr discussion



BEX-80DIUM 1542

Sex—coni
genetic basis of, 1072
glands, accessorj, 1101

organs, eecondirj
,
1072

ratio, 1073
primary, 1073
secondary, 1073

Sexual deiiavioh
effects of removal of gonads

on. im
general discussion on, 1109

Sexual life, of females. 1077,
1078

Shadow TEST 5ce Retinoicopy
Sham rage, 1229

Shapes, visual differentiation

of, 1265
Shell ftsh
composition of, 716
energy content of, 746

Shock
anaph>lactic, 400

definition of 409
in the dog, 409
in the guinea pig, 409
111 the rabbit, 409
mechanism of, 410

burn, 408
eardiogeniQ rMth mjocardiat

infarction 336
circulatory adjustments m,

407
crush syndrome, 409
effects of, on coronary circu

lation, 331
myocardial infarction and,

effects of drugs ano
extracorporeal circula
lion in 336

pleural, 47S
primary, and secondary, dif

ferentiation between, 407
secondary S<« Shock, trail

matic
surgical See Shock, trau

made
fraumafic, 407
anuna in 407
cau«e of, theories concern
ing 408

circulatory adjustments in,

407
compensatory stage of,

407
inadequate cardiac filling

in, 407
initial stage of, 407
irreversible stage of, 408
niechaiusms of, initiating,

407
most characteristic feature

of, 407
oliguria in, 407

progressive stage of, 40S
reduction of circulating

blood volume in, 107

role of Inctcnal toxins in,

4tt8

stages of, 407
with myocardial infarction,

incidence of, 336
uoiind 5ee Shock, traumatic

Shrapnell’s membrane, 1420
Shlnt, arteriovenous, 631

Sickle CELufs), 16
anemia, 77
cause of, 77
deacnption of, 77

trail, 77
Siderophiun, 73
SiMiLARiTT, recognition of,

localization of. 1245
Simuond’s disease, general

diwasstoa on, 992
Singultus, general discussion

on, 477
SiNO AUBICLLAB BLOCK, 203

general discussion on, 204
Sinus ARRiivTiniiA, 203

general discussion on, 203
SlNLS BRADYCARDIA, 203
Skeletal muscle
tone of, 1164

basis of, 1164
Skiascopy See Retino«copy
Skin
blood flow in,

central nervous system
control of, 3S1

effect of perfusion pres
sure on, 349

experimental investigation
on, 346

of forearm,
control of 343
effects of temperature od,
343

regulation of iiody lem
perature bv 346

relationship lietween per
fusion pressure and, 3l9

color at
blood oxyhemoglobin and,
346

factors involved in, 345
role of cutaneous circuia

tion in, 345
dermogtaphism, 350
edema of local due to me

chanical sdmiiladon, 350
effects of dehydration on, 25
flare of, due to mechanical

stimulation, 350
lymphatic system of, 34
overlapping of innervation

in, IlOO
pain arising in route of

travel of, 1142
pigmentation of,

effects on depth of cyano
SIS, 526

in Addison's disease, 1012
sensations aroused in, by

stimulants of vanous
kinds, 1139

spreading flush of, due to
mechanical stimulation,
350

of forearm, bradykinin for

maiton in, 347
reactions of
to injury, causes of, 351
to mechanical stimulation,
350

to radiation, 39S
stimulation of, sensations

aroused b\, 1139
surface area of,

chart for determining, 765

Skin—con/
surface area of—coni

heat production in relation
to, 757

relation of height and
weight to, 765

triple response of, to me
chanical stimulation, 350

vascular responses of, to
stiiniilation bymechani
cal and other agencies,
350

veins in,

control of blood flow in 349
wheal of, due to mechanical

stimulation, 350
white reaction of, to me

chanical stimulation, S50
Skull
limbs, 1172
plane of, relation of semi

circular canals to, 1174
Sleep
cause of, theories on, 1271
cerebral ischemia theory,

1271
depth of, 1270
diencephalon and, 1272
effects of, on metabolism, 767
elcctr^ncephalograms in,

Kleitman’s theory of, 1274
lack of, effects of, upon

nervous system, 1271
nature of, theories on, 1271
neuron theory

,
1271

Pavlov’s theory of, 1273
physiological changes ao

companying 1270
physiology of, 1270
rec^uirementa average, 1270
reticular formation and, 1275
theories concerning, 1271
chemical, 1272

Slit lamp, use of, m examma
tion of eye, I3S5

Smell
See aho Odor, Olfactory
anomalies of, 1409
cerebral center for, 1247, 1248
disorders of, due to legions of

teniporaf fo5e 1Z4S
general discussion on, 1462
intensity of discrimination

of, 1469
olfactory nerves subserve,

1465

role of. In sensation of taste,

1459

sense of, 1453
physiology of, 1464

threshold stimuli, 1465
Snake

bites, hemolysis caused by,
63

venom, anticoagulant oction
of, 115

Snellen's test type, 1366
Smff, mechanism of, 1465

(footnote)

Sodium
absorption of, by injured tis

sues, 25

Sold face numbers sndteale major dtteussion
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5oDruM--eonf
delivered to tubule site, ef-

fect of, on potassium
excretion, 555

dietary requirements, OIS
distribution of, in blood

pk*>ma and tissue fluid,

20
exebanRO of, bj hydrogen

ions, 55S
excretion of,

regulation of, 553
role of adrenocortical

steroids in, 554
role of glomerular filtru

tion in, 553
role of kidtiex in, 532
role of osmotic diuresis in,

555
pump, 21
rcabsorption of, 552
transfer, mechanism of, 553
transport of, inhibition of,

555
SODIUXI BICAUBOVATE, cflectS

of, on gastric secretion,
517

SoDiL!! CHLORIDE, absorption
of, by intestines, G72

SODitiXt RREOVANEDIOL OLU
CDBOVIDE, 10S7

Solar plexls, i200
Somatic area 1, 1215
Somatic area If, 1245
SOXIATIC SERVE EVDlSGS, lib

cration of chemical sub
stance from, referred
viscera! pun due to, 732

Somatic nerves, stimulation
of, vascular reflexes re

suiting from, 269
SoMATRoriN, eiTccts of, on

secretion of insulin, 820
SOMESTIIBTIC AREA

in cerebral cortex, 1243
localization of taste lo, 1240

SoNe„ deflnition of, 1433, 1452
Sound

See also Audibility, Hearing
beats in, 1451
dimensions of, 1431
general discussion on, 1427
intensity of,

differentiation of, 12G5
measurement of, 1432
standard reference level of,

1433
loudness of,

measurement of, 1452
of different freriuenciea as

function of intensity
level, 1453

mechanical impedance of,

U30
nature of, 1427
pressure of, measurement of,

1432
pressure waveform of, 1431
relation between intensity

level and tone frequenej
at different loudness lev
els, 1432

spectrum of, 1431
line 1431

threshold of feeling of, 1435

SouvD—eont
waves,

action of, when encounter
mg obstacles, 1430

amplitude of, 1429
complex, 1429
m air, 1428
length of, 1430
particle velocity in, 1429
reflected, 1430
transients, 1430
velocity of propagation of,

1429
waveforms of, 1431
anxlyais of, 1431

Pour taste rbcmicaJ con
atiluents of, 1461

Soy BExN, ftmiQO aciil content
of, compared to that of
liver, 703

Space ruciiT circulatory
changes in, 397

Spasm
carpopedal, 1049
torsion, 1221

SPASMOPIlfUA, 1049
Spatiai ntcocMTiov, localiza

tion of, 1245
Spayinc, effects of, 1074

SPCA See Clotting factors,

factor VJI
Spectrlm antirachitic portion

of. 907
Speech

areas id cerebral cortex, 1250
disorders of. 1249

in cerebellar disorders, 12$S
heanogloss for, 1450
ph>siology of, 1249

SPEBXtATIOS flOO
Spermatocytes
primary, 1100
secondary, 1100

Sperxiatooenesis, 1101, 110’2

Spermatooemc cells, 1100
SpERXtATOOONIA. 1100
Spermatozoa, 1 101
Sphenopalatini, oancuon.

connections to internal
carotid plexus, 1294

Spkerocttes, IG

Spherocytosis, heredilar> Sec
Jaundice, chronic coo
genital hemolytic

Spbincter
external relaxation of, in

micturition, ^0
of Oddi, anatomy of, 054
pupillae, 1409
urethae roembranceae, 578
vesical, 578

SrniNGOxivEuN
chemical structure of, 641
contained in normal organs,

842
SPUTGOXlANOxrETERS

accuracy of, 237
inaccuracy of, comjiensa

tions for, 237
Spinal accessosi nerve, cen

trai connections of, liOi

Spinal cord
ascending pathways,
nonsensory, 1193
fMjiisory , 1193

Spinal cord

—

coni
central canal of, 118G
connections to cerebellum,

1282
corticohulbar fibers of, 1203
course of afferent impulses

m, 1192
ivision of, incomplete, cf

fects of, 1211
dorsal root fibers of, role of,

in skin rexetions, 351
dorsolateral fiber tnet of,

11S9
fiber tracts of, 1187, 1189

ascending, 1189
bulbospinal, 1196
Burdsch’s, 1192
cerebrospinal, 1195
corticospinal 1195
descending, 1195
fasciculus cuneatus 1192
fasciculus gracilis, 1192
Flechsig’s, 1191
GoMs 1192
mtersegmental 1196
long 11S9
olivospinal tract of Hel
weg 1J9G

reticulospinal 1190
rubrospinal, 1196
short U89
spinocerebellar IIOI

spino olivary, 1191

spinotectal 1101

spinothalamic lateral and
ventral, 1191

tectospinal, 119G
vestibulospinal, 119G

gray matter of 1180
structure of, IlSli

hemisection of, in thoracic

region effects of, 1206

injunes of. effects of, on
mictuntion

internal capsule
blood supply of, 1204
fiber tracts of 1203
internal structure of. out

line of, 1186
lesions of, at various levels

clinical effects of, 1206
longitudinal fasciculus of,

1197
oval area, 1197
pathways through, for con

trol of muscular activity,

1202
peripheral strand of, dor®aI,

1197
posterior funiculus, 1197
principal pathways ascend

mg through, summary of,

1193
role of, in control of va-o

constriction^ 254
subacute combined degen

eration of, 1205
clinic il features of, I20S

general discuA^ion on, 1208

thoracic region of, mam cell

groups in, 1188
tract of Lissauer, H89

^^ransverse division of,
N-«^ complete,

effects of, 1210

Bold face numhere indieale major dtxcussion



SPIAAL-STILB I5«

Spinal cord—cont
transverse division of

—

cont
complete

—

cont
retlex actiMty stage lot

loning, 1210
spinal shock following,

1210
white commisure of, IISO
white matter of, 118G

Spinal LEsiMsctrs
diagram of, 1194
fiber tracts in, 1194

Spinal nerves
distnbution of, segmental,

1188
roots of, 1168

anterior, 118S
posterior, 1183

Spinal preparation, UBO
use of, ID study of reflex ac

tioQs, 1150
Spinal shock, II6S

effects of, on reflex action,
1160

following complete trans
verse division of spinal
cord, 1210

mechanism involved in, 1168
posture and equilibnura in,

1168
recovery from, 1168

SlINOCERESBLLAR RECEIVISO
AREAS, 1284

Spinocerebellar TRACTS, 1191

dorsal, fibers of, 1279
Spino olivary tract, 1191
Spinotectal tract, 1191
Spinothalamic tracts, lateral

and ventral, 1191
Spinous cell layer, enidcr

mal, nuclei of cells in,

1073
Spiral lioament, 1422
Spirograms, of normal patient

sjjij JD vanous tbsordera,

482
Spirometer, Tissot, diagram

of. 701
Splanchnic orccits, 305
Splanchnic circulation See

CircuJatJon, splanchnic
Splanchnic nerves, distnbu

tion of, 1298
Spleen

as reservoir of blood, 366
circulation in, 67
diagram of, 68
emptying of, mechanism reg

ulating, 366
enlargement of, 69

patnological states associ

ated with, 69
/unetions of, 67

antibody production, 68
destruction of blood cells,

67
hemopoietic, in the cm

bryo, 68
influence on phlelets, CS
influence on structure and
number of blood cells, 68

hmphocyte production, 68

phagocytic activity, 68
reservoir, GS

irradiation and, 59

Spleen

—

eont
role of, in increase of red

cells, 13
Btrue^UTb of, 67

Splenic anemia, 79
Splenic circulation See Cir

eulation, splenic

Splbvomeqalt, hemolytic
See Jaundice, chrome
congenital hemolytic

Sprue, tetany of, 1050
Squint
cause of, 1418
primary deviation in, 1418
secondary deviation in, 1418

St Vitus’b dance, 1223
Staircase phenomena, due to

change in frequency of
stimulation, 14S

Stapedius, 1422
Stapes
annular ligament of, 1422
mobilization of, I4M

Starch, digestion of, role of

saliva in, 503
Starvation
See also Semistarvation
effects of,

on ammonia excretioo, 8G2
on creatinine output, ^2
on distribution of weight

loss, 8^
on insulin content of pan

creas, 82C
on ketosis, 8C3
on liver, 849
on mineral metabolism. 863
on nitrogen excretion, 862
cu)^^bo«phorus excretion,

on physiology, 862
on sulfur excretion, 863
on urea nilrogen, 862
on weights of major com
parlmenSs of boaj', 863

metaboIi«m in, 862
physiological effects of, 862

Static BrpLEXES, 1169
Stato tonic repleaes 1171
Status eulepticos 1254
States marmobatvs, 1224
bTATLS thymicolymphaticus,

1110
SrtLLATB CELLS Scs Reticulo

endothelial cells

Stellate oanolion, formation
of, 1290

Stenosis
aortic,

brachial artery pressure
curve in, 421

cardiac output m, 423
causes of, 423
classification of, 423

heart sounds in, 423
hemodynamic picture in,

424
left ventricular systolic

pressure curve in, 424
systolic murmur of, 423

treatment of, 424
valvular, preasnre record*

logs in left ventricle and
aorta in, 424

Stenosis—conf
mitral,

cardiac cycle of left side of
heart in, 420

circulatory abnormalities
resulting from, 421

enlargement of mitral on
fice in, 421

general discussion on, 419
heart sounds in, 419
hemodynamic function of

heart in, 419
increased pulmonary ar
tery pressure in, 421

increasing, hemodynamics
in, 421

murmur of, 420
treatment of, 421

pufmonory, 430
circulatory changes in, 431,
432

heart sounds m, 431
murmur of, 430
pathophysiology of, 431
treatment of. 432
valvular, blood pressure

recordings in nght ven
tncle and pulmonary ar
tery m. 431

Bupravalvular, 423
tricuspid
cause of, 426
circulatory changes in, 427
effects of exerci«e in, 426
heart sound* m, 426
hemodynamics of, 420
pressure curves from nght
atrium and nght ven*
tncJe in, 427

pressure tracings of nght
atnum and brachial ar
tery m, 427

treatment of, 427
Stercobiun £ee Urobilin
SrsKCOsmvoaev See Vro-

biliDogen
Stereognosis, 1146

localization of, 1245
Stereoscope, pnnciple of, dia

gram of, 1415
Stbrboscofic Acurrr, 1415
Stereoscopic parallax, 1415
Stereoscopic vision, 1413
Sterility

adolescent, 1079
adrenal, 1033
assay of, 1038
classification of, 1035
diabetogenic potency of,

relative, 829
effecting genital tract, 1038
effects of, on hydrogen ion

secretion, 563
listing of, 1038
physiological actions of,

1035
therapeutic uses of, 1011
urinary excretion of, 1038

role of, in regulation of
thyroid activity, 1019

unnary, chemical analy «is of,

1010
Sterols, occurringm body, 839
Stilb, defijiitjon of, 1329
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SjiLBFSTROi., clTecls of, on
m^ulm content of pin
creas, S2C>

SnuoiLS
See also under portion of

anatomy beinuelimulated,
neflexCea)

auclitorj, differentmtion of,

12C5
cliaraclcrs of, 1110
conditioned, definition of,

1201

cutaneous, difTercntiation of,

12G6
definition of, 119
duration of, HID
generalization of, 12G5
gustatory, dillcrentiation of,

12GG
intensity of, 1119
olfactory, dilTcrcntiation of,

12C6
perception of, general dis

cusston on, 12-15

proprioceptive, differentia

tion of, 120G
atrcnglh of, 1119
aubthreshold, 1119
8>ntliesi8 of, 1200
unconditioned, definition of,

1201

visual, differentiation of,

12C5
Stokes Adams syndrome
causes of, 193
Symptoms of, 103
treatment of, 103

Stomach
anatomical terms referring

to, 691
antipenstaltie travel in, dur

tng vomiting, 702
antrum of, definition of, 091
arrangement of food in, G9S
body of, definition of, 691
Carcinoma of, a‘>sociation of,

RithanacidiNifiifi
diatentjoD of, effects of, on

appetite and hunger 737
effect of splanchnic nerves

oB, 724
emptj

, periodic action of, 092
emptying of, 69S

factors infiuencing, 69S
regulation of, 699
enterogastnc reflex in,

700
role of pylone sphincter in,

699
Bummary of mechanics of,

700
with pylone sphincter in

operative, 699
filling of 69S
fundus of, gland from, 600
hypermotility of, 703
hj-pomotility of, 703
innervation of,diaeyam of,7IS
movements of, 691

See also Hunger contrac
tiona

abnormal, 703
digestive peristalsis G94
vomiting, 701
when empty, C92

Stomacii—cont
mucosa of,
anntomv of, SOO
potential difference across,
ue

non digestion of, by stomach
wall, 623

parietal cells in, distribution
of,C22

penataUte movements of,
relation of gastric muscle
tonus to,

positions of, diagram show
mg C93

pressure in, C9C
measurement at C9G

pyloric portion of, GOl
rate at nhich food leaves

factors determining 698
receptive relaxation dunng,

(>SS

shape of, vanations m C95
subdivisions of diagram of

692
ey^tolc and diastole of 69G
tone and peristaltic activity

cfTcct of vagus nerves on
724

tonus of 693
discu««ion on 695
cfrccta of on hunger con

tractions 692
rJij tbm after a meal 693

tubes See Gastnc tiil»cs

ulcers, location of, (121

Stovaine, effects of uiwn
ta«(e, 1462

STRABisMoa paralytic, cause of
1418

SnUWeERBY OALL BLADDER,
G5G

STBErrOKINASE, 112
STRepTourcivs, deafness due

to 1455
Stress

circulatory responses to, 32$
effects of aging on, 492

effects of on coronary cir
cuIatioD, 32S. 329

role of, m etiology of peptic
ulcer, 624

STBCTCn BeVLEXES, U62
effect of decerberalioa on,

1162
general djocussion on, 1162
mechanism of, 1162
most important structures

ID, 1153
of climcal importance, ll&l
of quadriceps, in cat, 1163
phasic and postural muscle

eontractioDs in. IIM
relation of, to knee and ankle

jerks, 1163
types of musele contractions

normal in, 1163
Stbiatom, 1215
Stroma

of red cells 5eeErythrocytes,
stroma of

plexus, 1316
SrBOMATOLTBIS, (S
Stromurb
Ludwig's, 207
mechanical, 207

STBOwu^THlv, effects of, on
cardiac output, 307

SpBAcroiTY, CIS
SpBARAafNOtD SPACES, 13S4
SUBDUlUL SPACES, 13S4
Subungual cland{3)

alveoli of, 588
electrophysioiogj of, 590
innervation of, 5SS

SuBMANDIBUl^AB OANCUON,
1300

ScTBirAXILLARV GANGUON, 5SS,

1300
SUBMAXILLART GLAND

alveoli of, 5SS
anatomi of, 5S7
elcctrophj-iology of, 590
innervation of, 5S3
of cat, functions of auto

nomic nerves to, 591
SuBATKATt utilization of, by

heart 320
Substantia gelitinosa, of

Rolando, IISG
Substantia mcra 1215
Substantia tbopria 1310
Subthalamic body of Luys,

1215
SucciMc ACID chemical struc

ture of 937 (footnote)

SuccihYLCiiOLiNE effects of,on
myoneural junction 1310

Stcccs ESTERfCtS 6C6
See also Intestinal juice, In

testinal secretions
fuDCtion of 669
secretion of

control of CCS
humoral regulation,

nervous regulation 66S
enzymes in regulation of,

CC9
paralytic fiCS

Slcrose space, 20
Sugar
absorption of, 809

in different parts of small
intestine 674

combustion of, effects of re

moval of pancreas on,

S14
oxidation of, 810

effects of insulin on, 820
Sulcus, of cerebellum, 1276
SULFAMLAMIDE
chemical structure of, 929
effects of, on leukocytic ac

tmtj, 93
Sclfate(s)
ethereal distribution of, 784
reabsorption of, 543

Solfhemoglobin, 57
detection of, 57

effects of, 57
formation of, 57

Sulfontlureas, use of, as

hypogly ceraic agents, 837

Sulfur
concentration of different

forms of, w whole blood

and serum 785

distribution of, in the body,
781

entrance of, into bodj ,
7S4
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SULtUR-TEMrERATCBE 1&40

Sulfur—coni
excretion of, during starva-

tion, SG3
in the bod> ,

history of, 7S4
loss of, from body, 784
metabolism of, 784
nonprotein, of the blood, 785
unnary, 784

Sun
maximum daily altitude of,

in vicinity of Toronto,
010

stroke, general discussion on,

891
SuriNATOR JERL,
Suprarenal capsule, section

of, 1023
Suprarenal cortical tumor,

effects of, on sexual de
velopment, 1044

Suprarenal glands See Ad
renal glands

SuPRAREMN See Adrenaline
Supraspinal pathwatb, for

nerve impulses, destruc

tion of, effects of, com
pared "ith those of

spina! centers or periph
era! nerves, 1205

Surface area
of skin See Skin, surface

area of,

of various shapes, 757
Swallowing, 684

action of rest of gastric

musculature during, GSS
buccopharyngeal stage of, CSC
esophageal stage of, 6S7
movement of tnc bolus dur

itig,

muscles of, innervation of,

CS9
nervous center controlliog,

oral stage of, CS5
pharvngea! stage of, 635

pressure changes in upper
gastrointestinal tract

during CS6
reflex,

artificial stimulation of,

receptors for, 6SS

role of vagus nerves in, 0S7

stages of, 084
Sw Eat

cold, 8S9
glands, acctjlcholine as

transmitter of effects to,

1306
secretion of,

control of, 8S9
effects of sleep upon, 1270

evaporation of water from

bodj in addition to, SS8

general di'cussion on, SS9

rate of, 890

pressure of, 890

Sweating
due to psjehic influences, 890

effect of humidity on effi

eieney of, 888

Sweet taste, chemical con

etituents of, 1460

Stulniiau’s chorea, 1223

Stupathetic fibers
distnbution of,

to abdominal Ti«cerT, 1298
to head, 1298

to limbs, 1297

to neck, 129S
to pelvic viscera, 129S
to periphery, 1297
to thoracic viscera, 1298

to trunk, 1297
outflow of, from central

nervous 83^tem, 1296
Sympathin, 1032

general discussion on, 1(X12

isolation of, 1033
Sympathin E, 1033
Sympathin 1, 1033

Sykpato aobenal system ac
tions of, 1031

Synapse, definition of, 1116
Stneresis, 109
Syringomyelia

clinical picture of, I2(S
general discussion on I20S

Systemic CTRCULATtoN See
Circulation, systemic

Systole caused by exciting
ventricle during diastole,

194
Systolic pressure

arterial, 275
left ventricular, in aortic

8teno->is, 424

T
Tabes dorsalis

clinical features of, 1208
general discussion on, I20S
signs and symptoms of, 1209

Tachtcardia
atrial, circulatory effects of,

m the dog, 415
auricular, 197
definition of. 302
effects of, on hemodynamic

function of heart, 415
m thyrotoxicosis, pathogene

SIS of 1002
nodal, 197
paroxysmal, I9G

differentiation from au
ricular flutter, 197

origin of extrasystoies in,

196
ventricular 197

circulatory effects of, in
the dog 415

Tactile discrimination, 1140
relation to mobihtv of part,

1140
Tactile localieation, 1140
Tactile sENsiBiuTT.reprcsen

txtion of. In cerebral cor
lex, 12*4

Taka Ara test, of liver func
tion, 654

Tancoreceptobs, 1139
Tapeta, 1320
Taste

after, 1462
area for, in cerebral cortex,

1240
bitter, cbeitucal constituents

of, 1461

Taste—cent
buds,
anatom\ of, I45S
vertical section through,
1459

chief nerves of, 145S
contrasts in, 1402
siimiJtaneous, 1462
successive, 1462

discrimination of intensity
of, 1460

disorders of, due to lesions
of temporal lobe 1248

effects of drugs on, 1462
effects of le«ioas of frigemi

nal pathwa^vs on, 1199
general discussion on, 14^
nerve supply of, 1458
on various parts of tongue,

1459
organs of, anatomy of, 1458
perception, theories on, 1460
receptors, stimulation of,

mechanism of, 1460
salty chemical constituents

of. 1461
sensations of, 1459
chemical constituents of,

1460
classification of, 1459
primary,

distribution of, on one
side of tongue, 14C0

thresholds of, 14C2
sense of 1458

arousal of, 1460
sour, chemical constituents

of, 1461
stimulation of,

electrical 1461
inadequate, 1461
mechanical, 1462
thermal 14C2

sweet chemical constituent*
of, 1460

thresholds of, of various sub
stances, 1462

Tay Ssachs disease, fat me
taboli«m in 859

Tears drainage of, into no»e,
1315

Tectocerebellar tract FI

BERN, 1279
Tectospinal fiber tracts,

lido 1196
Teeth

cleansing of by saliva, 596
form of CS2
role of vitamin D in devel

opment and maturation
of 910

structure of, 682
effects of fluorine on, 683
role of, in dental canes, 683

Telephone theory, of Ruth
erford, 1439

Tklereceptobs, 1139
Temperature

basal, changes in, at time of

ovulation, lOSO
body See Body temperature
effects of,

on blood pressure, in leg of

dog. 287

Bald face ntonbers tRJicale major dteeueston



1547 TEMPERATORE-TnREOVINE

Teupeuatore—font
etTects of—roni
on cutanpoHs blood floiv,

348
on reapualion, 601

environmental,
comfortable, 890
critical, 890

TEiiroRAL LOBE See Cerebral
cortex, temporal lobe of

TESDOSfs)
jerk, 1163
propioccptora of, U4G

Tends, capsule of, 1314
Tesson tyupass, 1422
TESTia(Es), 1100, 1101

See aijo Gonads
anatomical structure of, 1100
and pituitary, interaction of,

ilOG
dependence of, on piluitarv

gland. 1102
effects of androgens upon,

noG
endocrine activity of, role of

hypothalamus in 953
enilocnnc function of, 1103
function of, regulation of,

HOG
gajnetogemc function of, UOl

f
eneral diseussioo on, 1073
ormoiies secreted by

, 951
effects of,

on comb growth, of ca
pona, 1103

on epithelium of seminal
vesicles, 1105

physiology of, 1101
apermatogenic functioa of,

factors effecting, 1103
transplantation of, from

scrotum, effects of, 1103
Testostebovb
See aleo Androgens
chemical structure of, 1104
effects of, in the female, 1106
general discussion on, 1103
isolation of, 1103

Tetania parathibeofrivia,

and cataracts 1049
association of,

with alkalosis, 1050
with rickets, 1049

bicarbonate, 1050
calcium deficiency theory of,

10o2
causes of,

calcium de6cicncy, 1051
parathyroidectomy, 1049
ntamtn t> deficiency, 1051

citrae, 1051
gastric, 10^
byperneic, 1050
idiopathic, 1050
illustration of, 3050
in the dog signs and symip

toms of, 1049
infantile, 1050
latent, 1050
magnesium deficiency, 1051
of alkolosis, cause of, 1052

of osteomalacia, 1050
of sprue, 1050

Tetant—

«

ml
pathogenesis of, 1051
phosjduitc, 1051
seisurcs in mechanism re

sponsiiile for, 1052
signs and aymptoma of, 1049
treatment of, 10^
types of, 1051

TBTnaSTHYlAilUO\lUIl chlo
BIDE, effects of, on auto
nomic nervous system,

Tetraianopes 1350
Tetralogy of Falixit, 439, 523

ctreuiaiory effects of, 4iO
enera) discussion on, 439
cart sounds m 440
hemodynamic picture of, 441
treatment of, 441

Thalamic hand, 1237
Thalamic o\CR nEAcriON. 1227
Thalamic aTNuRoME, of D^je

rine and Roussy, clinical
features of, 1226

Thalamls, 1224
anatomical structure of, 1224
animai, 1166
actions of, 1168
descriptions of, 1163
posture and eauiltlirmm m,

1168
anterior nuclei of, 122o
anterior ventral nucleus of,

1225
divisions of, 1224
dorsoinedial nuclei of, 1225
fiber radiations from, 1204
functions of, 122Q
lateral nucleus of, 1225
lateral ventral nucleus of,

1223
lesions of,

abnormal involuntary
movements associated
with, 1227

effects of, 1226
monkey, posture of, 1169
nuclei of, 1224
categories of, 1226
central, 1226
centromedian, 1226
intralaminar, 1225
of lateral mass 1225
of medial mass, 1225
of midline. 1225
puivinar, 1226

pc^enor ventral nucleus of,

1220
rabbit, with intact laby

nntbs, posture of, 1170
sensations arriving in, crude,

1245
Thalassemia major, 78

Theca raTBSYA. 1076

Theelim See Eatrone
Theelol See Estnol
Thbophtlijne, conversion of,

to unc acid, 805
Thebmostbomuhr. 203

direct current, 211

Thetjns, 933
Teiaminasb
antmtamin activity of, 938
occurrence of, 917

Thiamine
chemical structure of, 917
chemistn of, 917
contained in average setv

mgs of common foods,
920

content of some common
foods, 936

deficiency of, 918
determination of, method

for, 918
dietary allowances, recom

mended, 947
enrichment, 919
function of, 918
identification of, 916
isolation of, 916
requirements of,

daily 919
effect of dietary protein on,
91S

sources of, 919
synthesis of 916
toxicity of, 919
units of, 919

T/irocrze acio
chemical structure of, 915
general discussion on, 915

TniOCTANATBts)
and the iodide trapping

mechanism, 1013
space 20

Thjolttic oeoradation, of

fat 856
2 Tihoubacil chemical struc

ture of, 1013
TinoPBEv
chemical structure of, 1013
effects of OR growth, 1016

Thirst
effects of adrenalectomy on,

25
excessive results of, 739
function of, in regulation of

water intake 22
sensation of,

causes of, 738
changes in blood compo

position, 738

drymg of pharyngeal mu
cous membrane, 738

Tbibt loop
definition of, 665
making, GC5
use of, m studying secretions

of the small intestine,
665

Thiry Vella loop, definition

of, 665
ThOKACIC CAetClTY
changes in, effects of, 471
enlargement of, during in

Bpiration, 473
Thoracic dlct, lymph of, com

position of, 35
ThoR-vcic lid, 473
THORAClCOLmiBAR OUTFLOW

See Autonomic nervous
system, sympathetic di

vision of
Thbeonike, chemical struc

ture of, 774
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T11R0MBI\-TI«!'?Ue{Fi) 154S

Thrombin
conversion of prothrombin

to. in blood coagulation,
110

properties of, 113
Tiirombo^noiitis obliterans
cause of, 357
general discussion on, 357
signs and symptoms of, 337

Thrombocytes, 97
functions of, 97
general discussion on, 07
numbers of,

conditions effecting, 97
determination of, 97

Thrombocytopen, 119
Tiirombocytopema, role of, in

purpura, 118
Tiirombocytopemc pukplra,

119
enlargement of spleen asso

ciated with, 69
Thromboplastin

formation of, in blood coagu
lation, 110

generation test, IlG
of plasma, deficiency of,

nemophilia ctused b\

.

118
properties of, 113

TiinoMRorLASTiNOGEN £esAn
tihemoplulic factor

TiIROMBO'^IS
causes of, 120
blood changes, 121
endothelial damage, 120
injury to the vessel, 120
platelet deposition, 120
flloKing of blood stream,

120
general discussion on, 110
postoperative, 120
formation of, mechanism

of, 121

t

irevention of, 122
ation of blood fat to, 121

spontaneous, 120
causes of, 120

tovic, 120
Tiirombls, 120
Thymidine, chemical struc

ture of, 804
TiiYiiiVE, 85
Thymocytes, 1110
Thymol tlrdidity test, use

of, in testing liver func
tion, 654

Thymus, 1110
anatomical structure of, 1110
experimental work on, 1110
possible functions of, 1110
role of, in leukemia, 95

TnYHoaLonuLis, 1009
general discussion of, 1011

Thtroglossal dcct, 997
Thyroid

activity of,

factors regulating, 1018
measurement of, 1018

blood hormone, 1018
cell, steps in hormone syn

thesis, storage and secre

tion by, 1010
changes in. resulting from

removal of pituitary , 9G4

Thyroid—con/
effects of, on coronary circii

lation, 329
endocrine activity of, rote of

hypothalamus in, 933
extract, use of, in treatment

of obesity, S6i
gland, 997

activity of, relationship to
availability of vitamin
A, 903

and pituitary, relationship
between, 9^

blood supply of, 997
development of, 997
ejects of, on carbohydrate
metabolism, 833

functions of,
diagram siiowing, 1019
outline of, 997

histology of, 9^
hormones secreted by, 051
by Mthyroid states, lOOO
influence of thyiotiophin

on, 901
nerve supply of, 997
of normal dog, compared

to that of dog receiving
anterior pituitary ex
tract, 901

of rat. stained nith hema
toxyhn and eosm, lOOS

radio lodme activity of,

effects of TSH on, 905
regulation of,

physiological factors in,

1018
role of nerve supply in,

1019
uptake of iodine by, 1007

histology of, 1018
hormone See Thyroxine
iodine in, 1007
stimulating hormone, 903
See alia Thyrotrophin
effects of, on rat thyroid,

1012
tissue, structure of,997
uptake of iodine, effects of,

on thyroid activity, 1018
Thtroidectomt

effects of,

in kids, 998
upon development of tad

poles, 998
Ththotbopiiin, 963
action of. development of

refractory state to action
of,9C5

assay methods for measuring,
966

effects of,

on activity of thyroid
gland, 964

on radio iodine activity of

thyroid, 963
on thyroid gland of dog,
961

excretion of, 906
inactivation of, 966
international unit of, 960
origin of, 964
procedures for obtaining, 901
quantity of, stored in pitui

tary gland, 965

Thyrotrophin—con/
release of, regulation of, 9GG
sensitivity of thvroid gland

to dosage of, 965
Thirotrophs, 958
Thyrotoxicosis, 1002
muscular weakness m, 1004

Thyroxine
actions of, 1015
administration of,

effects of, 833
on glycogen, 833

assav of, 1018
blood concentration of, cf

feels of, on release of
thyrotrophin, 900

cellular action of, 1017
chemical structure of, 1009
concentration of, id blood,

1015
effects of,

cellular action of, 1017
in myxedema, 1016
on blood sugar and liver

glycogen, 833
on cerebral metabolism,

1016
on growth, 1016
on beat production, 1015
on metabolic processes,

1017
on oxygen consumption of

tissues, 1015
on tissue differentiation,

1010
excretion of, 1017
formation of, 1009

peroxidase theory of, 1010
isolation of, 1009
metabolism of, 1017
release of, 1011
secretion of, 1014

blocking, 1012
normal rate of, 1014

storage of, 1011
synthesis of,

artificial, 1011
extrathyroidal, 1011
pharmacological ogents

and, 1012
synthetic, physiological

properties of, 1009
transport of, 1014

Tic dolorelx, 1199
Tickling, sensation of, origin

of. 1141
Tidal AIR, amount of. effects of

increase of carbon diox
ide in inspired air on, 520

Tidal volume, 481
Tissot method, of calorimetry

,

761
Tissot spirometer, diagram

of, 761
Ti8SDE{s)
bone as, concept of, 1062
carbonic anhydrase in, 463
central nervous, electrical ac

tmty of, 1159
combination of insulin with

821
excitability of, definition of,

136
extracts, relative phoapha

tasc activity of, from
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1M9 TlSSCE(s)-TnYPSlN

—(Onl
vanous mammalian lis

8U{“i, 1007
fliiidu in, SI
lipids of, distribution of, 840
normal, cholesterol content

of, 844
oxjpen demand in, manner

in ifthich call is met, 458
oxjgcn unloading m, 458
reactions of, effects of, on ne

(wn of insu/in, S32
soft, calcification of, lOCO
transport and delivcrj of

oxjgcn to, 45S
water content of, mainte-

nance of, role of body
fliiids in, 2

Titratxble acto, 659
Titration ci niEs, 542

splaj of, 512
Tosacto

clTects of,

in production of gastric ul

ror, 624
on gastric «ecrctiona and

gastric acidity, 618
Tocopherol Ste Vitamin H
Tone, pure, 1429
Tovovb

papillae of, 145S
taste sensations on various

parts of. 1459. 1460
Tovoveters, senes of, 455
Tonsil, of cerebellum, 1276
ToNoa

definition of, 695
plastic, 1153

Tooth
eoamel Sre Enamel, tooth
molar, section through, CS3

Topoososia, 1140
ToJlSJOV 8PAS3I, i22t
TorciJ

light,

sensation of, 1139
testing, 1140

minimal pressures nece«8ary
for sensation of, 1140

parietal lobe representation
of sensations of, 1245

receptors, stimulation of, ea
sential factor in, 1139

sensation of, Jocaiizatioo of,

1140
stereognosis, 1146
two point aensibility, 1140

TkaCTTLS INTERFASCICtTLams,
1107

TRANSAillDATION, 777
TRAVaXMlNATlON, 770
amino acids able to take part

in, 777
chemical processes mvohed

in, 777
definition of, 770

Transferrin, 73
TbansfdsionU), 42

artificial solutions for, re

quirements of, 50
Hood,

as factor in development of

ervthrobIasto«is fetalis,

47

TsANsrusiON
blood—eonf

incompatibility of blood
groups in, symptoms of,

45
temperature ri«e following.
43

usual rate, 42
using whole blood, 42
advantages of, 42
dangers of, 42
donor filth hepatitis, 42
health of donor in, 42
incompatibility m, 43
quantity, 43
rate of lransfu«ion, 42
asfeguarda to lie taken

in, 42
dangem of, too rapid a trans

fusion rate, 42
clTects of, on coronary circu

laiion, 32$
incompatibility iti, effects of,

44
univereal donors and rccip

lents, dinger of follow
mg concepts of, 45

using albumin fraction of

human serum, 50
u<ing animal geiitin, 50
using bovine plasma 50
using cadaver blood, 42 (foot

note)
using dextran, SO
ii«ing gum acacia, 50
using human pln«ma 49
using human serum, 49
advantages of, 49

using isinglass, W
ustog solutions of colloids.

50
using solutions of crystal

folds, 51
TrANSUEUBBANE rOTBVTJAL

IQ myocardial fiber, micro
electrodes used for dc
termination of, 137

mechanism of, 139
of atrium. 13C
of auricular fiber, 13S
of cardiac muscle, elTect of

inorganic ions on. 137

of PurkiDje fibers, 137 138
of specialized tissues ofmam

maliao heart. 137
of ventricle, 136
of ventricular conducting

system, 137
of ventricular filler, 138

Transmbtbtlation, 777
Tremor

cerebellar, production of,

nervous mechanism in,

12^
coarse,

caus^ by section of pe
dunctes, 12S3

in Parkinsoman ^ndrome,
1222

general discussioti on, 12S7

in cerebellar disorders, 1287

intention, 1220, 12S7
static, 1287

Trench foot, 359

Taewonjes, produciioa of, by
blood serum proteins, 7

Trichinosis, eosinophiUa in,
94

Trichromats, anomalous, 1356
TricCBPID COllMlSSCBOTOMT,

427
Tricuspid insufficienct, 427

cardiac output in, 42S
cau«c of, 427
circulatory changes m, 428
heart sounds in, 428
pressure tracings of rjpJij ar

tery and brachial artery
in, 427

Tricuspid salve, stenoMs of
See Stenosis, tricuspid

Trigeminal leiinistiv
diagram of, 1191
fiber tracts in 1104
formation of 1198

Trzceuinal verie
bulbospinal tract of 119S
central
connections of 1197
diagram of IJ97

mesencephalic nucleus of,

U98
mesencephalic root of )19S
motor root of 1198
pathways of, lesions involv

mg, elTects of, 1198
reflexes mediated through

1198
role of, in sense of tsate, 145S
roots of, 1197
sensory root of, 1198
spinal nucleus of, 1197
upper sensory nucleus of,

1198
TRirEMINAL NELRALQIA, 1199
Triglycerides, 839

chemical structure of, 839
distribution of, 840
effects of, on growth, 840
phjruolo^ of 840
resynthesis of fatty acids

into G77
Trigone 578
Trioonusi vesicae, 578
Triuydbonyestbin See Es

tnol
3 5 3' TrI lODorHYBOMAE
chemical structure of, 1011
formation of, in the thyroid,

1011
phy«iological properties of,

1009
Thipeptides, characteristics

of, 772
Tritanopes, 1356
Tritanopia, 1363
Trochlear nera'e, nucleus of,

1416
Troland, definition of, 1329
Trophic fibers, ilefinition of,

580
TROUSSEAL’s SION, 1050
Trunk, di‘*tribulion of sym-

pathetic fibers to, 1297
Trypsin

activation of trN psinogen by,

631
chemical characferixtics of,

031
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TRTPSIN-UROBILIN 1550

Trtpsin

—

cont
phjsical charactenstics of,

631
Trtpsinogen

activation of, by trypsm 631
chemical characteristics of,

631
physical characteristics of,

631
Tryptophane

chemical structure of, 775
relationship to nicotinic acid

924
Tuber ciNEREUM median emi

nence of, 957
TtBLLAR EXCRETION, 544
and plasma concentration,

relationship betw een, 544
use of in measurement of

renal blood flow, 545
Tubular secretion, 544
demonstration of, 544

inhibition of, 545
mechanism of, 544
transport mechanism in

volved in 545
Tubular secretory process

544

Tubules iSee Renal tubules

Tublli recti, 1100
Tunica albucinba, 1100

Tunica vaginalis communis,
1100

Tuning pork
amplitude of vibration, 1438

bone conduction hearing

tests using, 1456
mechanical impedance of,

1430
motion of, factors in, 1428

natural frequency of, 1428
simple harmonic motion of

1438
Tubacin, 54
Turbinometer, 207
Turner’s syndrome, 1074

Twilight vision, blueness

and, 1363

Two point sensibility, of

touch, 1140

Tympanic cavity, anatomy of,

1422
ligaments of, 1422

Tympanic membrane 1420

as viewed through external

meatus, 1423

movements of, diagram of,

1438
Tympanoplasty, 1454

Tyndall phenomenon, 1394

Tyhumine
chemical structure of, 1029

conversion of tyrosine to, 721

general discussion on, 1029

Tyrosine
chemical structure of, 775,

1023

conversion of,

to crcsol, 721

to phenol, 721
' to tyramine, 721

u
Ulcer For apeafie type see

name of vleer Duodenal
ulcer. Peptic ulcer, etc

Umbilical arteries, 522
Undernutrition

iSee oJso bemistarvation
and carbohydrate metabo

lism 835
metabolism in, 864

Unitarian school, concerning
development of blood
cells, 09

Urea
earned away in the blood,

564
chemical structure of 805
clearance of.

as index of renal function,
570

ratio to creatinine clear
snee 564

use in chnicat evaluation of
renal function, 564

concentration of, m urine
factors involved in, 563

decomposition of. by urease,
780

distribution of m body, 781
excretion of, 563 781

in nitrogen balance, 565
formation of, 780
chemical reactions in
volved in 780

nitrogen, excretion of, in
starvation, 862

permeability of cell mem
branes to. 563

production of,

role of ornilhioe cycle in
780

site of, 781
reabsorption of, 563
urease ammonia mecha

chanism, in gastric se
cretion, 623

Urease, decomposition of urea
by, 780

Uremia general discussion on
576

(i’reterCs^
anatomy of, 578
innervation of, 680
muscular layers of, 577
penstaltic action of, 578

Uric acid
chemical structure of, 805
content of blood,m gout, 806
conversion of,

from adenine 801
from guanine, 801

deposition of, in tissues,
causes of, 80G

derivation of,

from sllantoin, 801
from nucleic acid, SOI

destruction of, 802
endi^nous, 803
excretion of, 802
exogenous, 802
formation of, 800
hyperglycemia and glycosu-

na produced by, 836

Uric acid—coni

in blood, conditions associ

ated with, 806
production of, 802
reabsorption of, 543

Uricase, 800
UniDiNE-5' PHOSPHATE, chem

ical structure of, 804
Ukinart tract
anatomy of, 577
innervation of, 680

Urine
acidification of,

mechanism of, 658
quantitative aspects of, 561

amino acids in, 543
ammonia in, source of, 559
composition of, effect of

dietary protein on, 784
concentration of,

effects of, on flow of water,
552

factors effecting,

antidiuretic hormones,
652

distal tubules, 549
highest, 551
impairment of, 573
regulation of, 548
test for m evaluation of

renal function, 570
creatine in, 782
creatinine output in, 783
examination of in clinical

evaluation of renal func
tion 569

excretion of ketone bodies in,

853
excretion of metals in, during

starvation, SC3
expulsion of, mechanism of,

679
flow of,

relationship between solute

excretion and. in water
diuresis and during for

mation of concentrated
urine 553

relationship between unne
osmality and when sol

ute excretion changes,
553

formation of, 632
general nature of, 635

hypertonicity of body fluids

changed by, 549
indican in, 721
nonthreshold substances of,

543
pH of, changes in, effects on

excretion of weak elec

trolytes, 565
specific gravity of, use of, in

clinical practice, 551
sulfur in 784
tests of, use of, in evaluating

renal function, 569
threshold substances of, 543
urea concentration in, factors

involved in, 663
volume of, effects of sleep

upon, 1270
Urobilin, 642
couise of, 642
formation of, 642
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UBOBtIlSOl.lN, W2
aboorption of, 0-13

course of, C42
excretion of, ns test of liver

function, 652
formation of, 012
diagram ilhistrntinE, OH
)n arpjs other tlnn mtesti

nal tract, 043
UROLirftiAsrs, gpneral discus

Sion on 1000
URoponpiivniN(s), 54
chemicnl structure of, 58
formUionof 58

URTitAniA, ftcTiTints, 350
Uteri,!,

after osnricctonu, 1077
changes in, in menstrual c>

elc, lOSO
f letors eJTecting,

uilrennlinc, in pregnml
ent, 1028

lijT^oplij -ectomv , 973
progesterone, 10S7
'\hole posterior pitintnrj
extrnet, 981

growth of, in pregnnnev, role

of estrogen in, 1084
in anestrus, 1077
»n estrus, 1077
oxj toxic action on, of vi«o

prcssio.OSO
UTRtCLE
anatomy of, 1170
of animals, similarity of, to

otocyafc of prawn, 1161}

(footnotcl
slimulation of, 1183

V
Vaoisa, epithelium of, in rat,

during estrus cycle, 1079
Vaootqmy

double,
gastric motility depression
due to 020

in peptic ulcer, to reduce
gaitnc acidity (52tj

vADOTovrA, description of, 703
Vaoos

afferent fibers of, fSffl

nerve,

central connections of, 1201
innervation of taste buds

by. 1458
modiBcation of pancreatic

hinction by, 630
of pancreas course of, 636
parasympathetic fibers of,

1301
role of,

in nervous control of

heart, 302
m awaliowmB, 687

stimijlation of, effects of,

on respiration, 495
receptors in, left ntrnl, role

of, m control of circula

tion, 269
stimulation of, bronchocon

fitnetor effect of, 467
tone of,

role of, in control of heart,

303

Vaoos—eont
tone of—fonl

vanatioos in, heart beat
irregularities due to, 203

VAGosTurrE, 1303
Valise chemical strucluro of,m
VaLLVTF PAPIM.4B, 1458
Vallecui^, 1270
Valsalva vAvectER general

di'>ciission on, 479
Valvula coti See Ifcocolic

valve
Van Drs Berg test

direct and indirect reactions
to. causes of, G30

direct reaction, 019
for estimating liver damaze.

Co2
indirect rc iction GI9
use in quantitative cstima

tion of bilirubin. 04!)

reagents used m, 049
use of,

in detection of latent jaun
dice G50

insliidt of jaundice 049
Vapor aqueous, tension of at

various temperatures.
451

Varcable INOUCTASCB GAIICE,
used to measure ventnc
ular dimension, 222

VaS OEFEREN8, IlgatloR cf,
efTccIa of, licb

Vascular bed
capacity of, effects of hem

orrtiage on, 31
pulmonary , pressure volume

relationship of 103
Vascular disease, peripheral,

356
Vascular vbbies

of limbs
distribution of, 252

distal 232
proximal, 252

Vascular reactions
bafanced, £S2
peripheral, role of, in control

of circulation, 269
reciprocal, 2$2
resulting from stimulation of

somatic nerves 259
Vascular bfasu, detection of,

358
Vascular btsteai

effects of adrenaline on, 1025
effects of gravity on, 396
effects of noraurenahne on,

1025
hydrostatic pressures in, of

man in sitting position at
I G and 5 G, 30G

peripheral, effects of aging
on, 401

Vasoconstriction
control of,

central, 254
studies of interpretation

of results in, 234
role of cerebral cortex in,

250
role of faypotbolatnus in,
255

VASOCONSTniCTJON—ronf
control of—conf

role of medulla in, 254
role of spinal cord m, 254

m rabbit ear, in assay of
adrenaline, 102S

m the finger, 269
role of pre«so or barorecep

tors in 259
V'ASOCOSSTHrCTOR CENTER

TONE, effects of hyper
capma on, 392

VanoCONSTRICTOR riBERffil
discharge of, control of, by

cerebral cortex, 352
of head, distribution of, 252
of neck, distribution of, 252
sympathetic 252

action of, site and mode of,

252
control of capacity ve'^sels

In 2o3
control of heart “ize by,
253

dittnbiition of, 252
effect of on venous return,

2o3
functional eignificance of

253
Vasoconstrictor tone, main

tenance of, 255
Vasodilatation following

body cooling 347
Vasodilator fibers 256
parasympathetic, 258
syTTipathetic, 256

Vasodilator iiipulses, anti

dromic 257
Vasomotor action

cerebral, of oxygen, 344
lodex of use of penpboral

vascular resistance as,

166
Vasomotor tone

effects of, on venous distensi

bility patterns, 159
role of, m control of venous

S
ressure and venous
ood flow, 289

Vasofrbs^in, &S3
ammo acid structure of, 984
assay of 988
effects of,

antidiurctic,
hyperglycemic action, 986

on intestinal peristalsis,

9S0
on uterine action 98G

prc«'0r action of, 9SG
Vasqdez Osler disease See

Polycy themia vera
Vector analysis, id electro

cardiography , 177
Vegetable(s)
composition of, 747
energy content of, 747
extracts, effects of, on gastric

secretion, 618
vitamin content of, 936

VeinCs)
blood content of, 159

collapse of, tendency to, 293

cutaneous, control of blood

flow in, 349
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vein(3)-vision 1552

Vein(s)—coni
distenaibility patterna in,

effecta of vasomotor tone
on, 159

mechanical obstruction of,

edema due to, 39

pressure volume relation

ships in, IGO
Vevous plexus, subcapillary,

345
Venous return, effects of

respiration on, 291

Ventilation, pulmonary See
Pulmonary ventilation

VENTRICLPfs)
blood discharged by, effects

of, on arterial blood pres
sure, 279

circumference of, reduction
in, 241

diameter of,

effects of exercise on, 145
reduction in, 241

dimensions of, inafrumenta
u'cd in measurementa of,

222
emptying of, patterns of, 241

excitation of, during diastole,

systole caused ny. 10

1

filling of,

effects of atrial eontrae
tion on, 244

rapid, 244
slow, 244

left.

contraction of,

effects of

on right ventricular
ejection of blood,
241

on venous pressure

efficiency of, effect of oxy
gen usage on, 316

pattern of emptj ing of, 241

pressure receptors of,

demonstration of. 26S
role of, in control of cir

dilation 268

mu«cle layers of, tension be
tneen, during late dias

tole, 149

of frog, effects of excitation

of, on mjograms, 146

of turtle, effluogram of, 130

right,

action of on blood flow in

veins, 290
betloMS action of, 241

ejection of blood by, ef

fects of contraction ol

left ventricle on, 241

emptying of, factors effect

mg, 241
pressure changes m, during^

isometric contraction,

145
shortening of, effects of, on
ejection of blood by, 241

tran«membrane potentials of,

Ventricular activation,

schematic representation

of, ISO

Venthicdlab emciENCT
determination of, 315
reserves in, for stress, 314

Ventriculab fibbillation
See Fibrillation, ventne
ular

Ventriculab obadient, 181
Ventriculab iitpertbophy
electrocardiogram patterns

in, 183
left, electrocardiography in,

182
right, electrocardiography

in, 182
Ventricular metabolism, in

dex of. determination of,

321
Ventricular septal defect

,

437
blood flow through, 437
circulatory changes in, 437
heart sound in. 437
hemodynamic effects of. 437
systolic pre«sjjres m, 437
treatment of, 438

Ventricular volume, reserves
in, for streoa, 314

Ventriculocrams, 1293
Vevuue, collecting 345
Veratrum alkaloids, use of.

in treatment of essentia!
hypertension, 390

Verdoplavin, 920
Verliis

inferior, 1276
of eereiKlIum, 1276
superior, 1276

Vertigo, 1181
causes of, 1181

general discussion of, 1181,
1287

mechanism involved in, 1181
signs of, 1181

Vessels
effects of autonomic nervous

system on. 1^
innervation of, 1303
size of, alterations in, 251

Vestibular function, expcri
ments on, 1179

Vestibular patiiwat, prin
cipal, diagram of, 1182

V'ebtibular reactions, in dis
ease. 1165

Vestibulocerebellar tract
FIBERS, 1279

Vestibulospinal fiber
tracts, 1195, 1I9C

ViBRATiNo BODY, respoRseof, to
external force H30

Vibration sense, II4S
testing, 1146

Villi
of small intestines, 710
anatomy of, 711
(unction of, 711

ViOSTEROL, 907
Virilism, due to adrenal tu

mor, 1044
Viscera
See aI$o Alimentary tract
abdominal, distribution of

sympathetie fibers to,

1299
afferent nerves supplying , 732

Viscera

—

cont
pain in,

caused by liberation of a
chemical substance at
somatic nerve endings,
732

character of, 732
muscular contraction and,
730

referred, 728
due to reflex vasomotor
changes, 732

Mackenzie's theory of,

diagram illustrating,

729
theory of Ro=s and Mac-
kenzie regarding, 728

tension causing, 730
true, 728, 729
stimulus for, 730

views of Lents andKelgren
on, 732

pelvic, distribution of sym
pathetic fibers to, 1299

reflexes of general di*cussion

on, 1169
response of

,
to environmental

stimuli, rote of hormones
in, 025

tension m, as cause of pain,

thoracic, distribution of sym
pathetic fibers to, 1298

Visceral nerves
afferent, 1301
sympathetic division of, af

lerent fibers of, 1301
Visceral rbflfx arc, 1301
V'ISCERAL BKFLEXE8, 725
Visceral sensations, 728
Visceromotor reflexes, 729
Viscerosensory reflexes, 729
Viscerosomatic reflex, re-

ferred visceral pam
caused by, 732

Vision
aberrations of,

chromatic, 1394
spherical, 1393

acuity of, 1364
determination of, 1366
effect of overlapping recep

tive fields on, 1367
factors in. 1366
relation of illumination to,

136S
vernier. 1369

after images, 1372
binocular,

deflnilion of, 1402
demonstration of, 1403
image fusion in, 1412

blind spot of,

demonstration of 1403
general discussion on, 1403

color,

genera! discussion on, 1347

physiological basis for,

1357
color blindness See Color

blindness
color defects of, incidence of,

1354
conjugate deviation, 1418
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1553 VISION-MTAMIN E

Vision

—

cont
dark adaptahon See Dark

adaptation
detects of, optical, 1303
depth of field o^ 1390
depth perception, 1413
displacement threshold, 1309
disturbances of, due to le-

sions of temporat Jobe,
1248

double, causes of, 1419
duplicity theory of, 1341
effects of interruption of

retinal impulses on, 1408
fixation, 1417
flicker and, 1371

form sense, 1301

foveal, difference from nor
mal color Msion, 1300

irradiation, 1371
light intensity discrimina

tion, 1341
lighting and, practical con

sideritions recardinc,
1369

minimum separable, 1304
values for, 1367

monocular,
definition of, 1402
demonstration of, 1403
depth perception in, 1413

near, accommodation of eye
for, 1389

optical illusion, 1373
pereepfion of movement,

1370
perimetry of, 1404
phenomena of, 1385
photoebemistry of, 1327
physiology of, 1314
resolution threshold, 1304
role of tod and cone eelJs in,

1324
stereoscopic, 1413

threshold values for extreme
red and blue light 1344

visual angle, 1304
visual pathway

, 140S
VlSUAt, ANALflER, locatlOD Of,

1209
Visual cortex 1406
Visual fields
general discussion on, 1402
nasal, 1402
of right eye, perimeter chart

of, 1404
temporal, 1402

Visual hallucisations, asso
ciated with migraine,
1259

Visual pathway, 1406
lesions of, at different levels,

effects of, 1406
pupillo constrictor, 1410
pupillo dilator, 1410

Visual persistence, 1371
Visual purple, absorption of,

compared scotopic lu
minosily curve, 1330

Visuosensory area, locahta
tion of, in occipital lobe,

1249
VlSUOSPINAL reflexes, 1190
ViTAifERS, relative potency of,

911

VlTAMm(8)
See alto epecifie Yitamiits
absorption of, by intestines,

078
allcrnaltve namca of, 902
and grontb factora, early

views Oh comparison of,

900
antirachttie, 907
classificalion of, 899
concept, 000
development of, historical

review of, 899
content, of some common

foods, 030
currently accepted names

902
daily requirement, human,

902
deficiency of, effects of, 902
definition of, SM
effects of, on gastric eecre

tion, 016
fat soluble, 003
historical introduction to,

899
isomers, relative potency of,

911
original names of, 002
requirements of, in various

mammals, 903
tabular listing of, 902
the term UscU, historical

review of, 900
wafer soluble 916

Vitamin A
absorption of, by intestines,

079
activity of,

of fish liver oils, 900
of foods, 906

availability of, relationship
to thyroid activity, 905

chemistry of, 903
comparison with carotene,

901
content, of some common

foods, 930
deficiency of.

Causes of, 905
eltecls of, 905

dietary allowances, recom
mended, 947

discovery of, role of scurvy
ID. 899

general discussion on, 903
bypervitaroiooaia, 907
occurrence of, 903
requirements of, 906
sources of, 906
toxicity of, 907
units of, standard 906

Vitamin Ai
chemical structure of, 904,

1332
chemistry of, 904

Vitamin As
chemical structure of, 1331

chenustiy of, 904
Vitamin B

discovery of, historical re

view, 899
effects of absence of, on

weight gam in rata, 916

Vitamin B complex,
components making up 916
general discussion on 916

Vitamin Bi See Thiamine
Vitamin Bj 5eeIliboflavin
ViTAMiv See Pyndoxine
Vitamin Bi* , 931
absorption of, by intestines,

679
administration of, 82
animal protein factor, 931
chemical components of, 81
chemical structure of, 931
chemistry of, 931
deficiency of 932
dosage of, M
function of as growth factor,

82
hemopoietic principle of, 82
isolation of, 931
lipotropic activity of, 850
occurrence of, 932
production of 82
sources of 932
where found, 62

Vitamin BJ See Pteroylglu
tamic acid

ViTAMiv C See Ascorbic acid
Vitamin D 907
absorption of m intestines

ofs
and parathyroid function

lOCO
calcium absorption from in

teatina due to 90S
chemistry of 907
compounds falling under

heading of 007
deficiency of

effects of 90S
on growing bone 90S
tetany 1051

hypertrophy of epiphyseal
cartilages in 908

signs of 90S
dietary atJonsnees recom

mended 947
discovery of historical re

view 901
general discussion on 907
hereditary refractoriness to

effects of rickets in fam
lly witJ? 909

hypervitaminosis, 911
in common foods, 910
of dairy products, variation

in, 910
requirements of, 911
rote of,

in development of teeth,

910
in prevention of canes, 910

sources of, 910
standards of dosage, 911
toxicity of, 911

Vitamin D*
,
chemical struc

ture of, 907
Vitamin Dj , chemical struc

ture of, 90S
Vitamin E, 9U

absorption, by intestines, 679

chemistry of, 911
deficiency of, effects of, 912

forms of, chemical structure
of, 911, 912

Boldface number* induate nmjor discussion
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general di'-cii^sion on, 911
requirements of, 913
role of, in human nutrition,

912
sources of, 913

Vitamin G, discovery of, his

toncal review of, 903
Vitamin K, 913
absorption of, by intestines,

G78
chemistry of, 913
clinical use of, 914
de.lk.Me.vA’j of.,

effects of, 914
hypoprotiirombinemia
caused by, 117

general discussion on, 913
hypervitaminosis, 915
role of,

in blood coagulation 914
in formation of prothrom

bin, 914
synthetic, 914
tovicitj of, 915

Vitamin Kj , chemical struc
tiire of, 914

Vitamin 1\j ,
914

Vitamin K, ,913
chemical structure of, 013

Vitamin XI See I’terojlglu

tamic acid
ViTHEocs BOOT, anatomical

Btrueturo of, 139S
VotDMB CONDOCTOR, dipolo of,

electrical field of, 171

Vomeronasal oroan, 14C2
(footnote)

Vomiting
and nausea, 733
antip^nstaltic vaves during,

causes of, 701
motion, 701

center controlling, 701
stimulation of, ejects of,

701
central, 701
fall m blood chloride cau«ed

by 713
general discussion on, 701

iTiechaoism of, 702
of pregnancy causes of, 702
primitive typo of, 702 (foot

note)
projectile 702
reflev, 701
relief of, mechanism of, 733
stomach movements in, 702
sequence of 702

gubslances causing 701
V’oMiTcs, ejection of, mech

anism of 703
V’oN Dfstsy Auuior.KAM, 1450

Von BoNsnonrF s rirrNOME
NON, IftiO

VoN Gierke’s disease, en
largemeiit of spleen as«o
ciated mth, 69

V'oN jACKsen’s DISEASE, en
largement of spleen asso
ciated nith, ^

Von IIeceungiiaiisen’b dis
EASE See Hyperpara-
thyroidism

V’ORTEN VEINS, 1326

w
Wakefilness

lethal period of, 1271
prolonged, effects of, upon

nervaua UEtL
Water

balance, 21
maintenance of, general

discussion on, 21
regulation of, role of saliva

in, 597
brash 597
clearance of free, 552
drinking of, eflects of ad

renalectomy on, 25
evaporation of, effects of, on

regulation of body tern
perature, 887

CTcriiion of, by the kidnejs,

flow of, effect of unne con
centrationon 552

hard os source of calcium
1057

intake,

See also Thirst
regulation of. 73

neural mechanisms for,
739

intestinal absorption of C71
intoxication 25

effects of 25
follooing prolonged tsche
mic injury of tissues, 25

general discussion on, 25
ionization of. I2.y

ionized, neignt of 12C
latent heat of evaporation of,

2
melnboh«m of,

in fevers, 8%
role of adrenal hormones

in, 1034
properties of which are use

ful in regulation of body
temperature 2

reabsorption of, by the kid
neys 547

retention of,

estrogen and, 1081
in treatment of olicsity,

868
while on reducing diet, 6C7

secretion of, by digestive
glands, aS6

specific heat of, 2
thermal conductivity of, 2

WaTERIIODSE f'REDERKlIESEN
syndrome, 1043

staiabers tndicale mnjor dlscuss^

Waxes, occurring m body, 839
Weber test, 1456
Weight

effect of exercise on, 733
Joss of, due to dehydration,

24
Wenckebach periods, 191
WEKl-nOF’s DISEASE, 119
VV'ernicke, hemianopic pupil

lary reaction of, 1412
White

photopic, 1349
scotopic, 1349

VV.vATE. MAJccEB., nf. sxpjtni. cned-.

1186
VV'iilTNEY OALOE, principle of,

applied to a ventricle,

222
Wills pactor See Pteroylglu

tamic acid
Whooping colgh, hypopitui

tansm follorving, 994
W'ilson’s disease, 1222
WoLPF Parkinson White syn

DROVE, 193

causes of, 193

electrocardiography in, 193

Word BLINDNESS 1251

W’obd deafness, 1251

Wribsbebo nervusintermediua
of, 1200

y, z
Xanthine 800
chemical structure of, £05
oxidase, 800

Xanthophohes, D82
Xanthopterin, 85
Xerostomia 597
X zciNT, of cells 1037
Yeast, vitamin content of, 930

V ELLOM
,
indicator 1331

Yellow spot 1322

Yolk sac of embryo, hemato
poiesis ID, 99

Zeis
a.x a factor in growth, 793

effect of on growth, 794

Zimmerman reaction, IWO
"ZiNN, zonula o3,T388
Zollner’s lines, 1375

Zona fascicllata, of adrenal

gland 1022

ZoN A GLOMERutosA, of adrenal

gland, 1022

Zona pelllcida, 1076

Zona reticclaRis of adrenal

gland, 1022

Zonula ciliaris, 13S8, 139S
Zuckerkandlr organ, 1032

Zwaardmaker s olfactome-
ter 1407

Zymogen gbanilfs
definition of, 588

of pancreatic tissue cells, 629

Zw ITTERION THEORY, 771


